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MAJOR WAYS OF REDUCING ENERGY CONSUMPTION 

IN INDUSTRY

1.

1. J_______I n t roduc tion

Since man made energy technology h is s e rv a n t, to  gain independ

ence h'cm h is env ironm ent, many e ffo r ts  have been und e rtake n  to 

make b e tte r  use o f ene rg y .

The c u r re n t  ca ll fo r a more e ffic ie n t use o f ene rgy  is m ain ly due 

to the fo llo w in g  fac to rs :

In many sectors o f in d u s try ,  ene rg y  costs are a s ig n if ic a n t 

p ro d u c tio n  fa c to r. To m aintain com petitiveness, the cost 

s itu a tio n  m ust be eased by op tim is ing  ene rgy  techno log ies .

C oun tries  th a t are poor in n a tu ra l resources are fo rces to 

im port ene rgy  which is a heavy s tra in  on th e ir  c u r re n t  account 

and has caused fo re ign  debts to r is e . Th is  finan c ia l bu rden  

can be eased and a v a ila b ility  o f ene rg y  im proved i f  the  sources 

o f ene rg y  are d iv e rs ifie d  and technolog ies are selected c a re fu lly .

- Even co u n tr ie s  w ith  p len ty  o f n a tu ra l resources need to  aim 

at a more e ffic ie n t use o f ene rg y  fo r  p o lit ica l reasons arid to  

economise the lim ited q u a n tity  o f n o n -i enewable reserves ava ilab le .

- The steep rise  in energy tu rn o v e r  in in d u s tr ia lis e d  co u n trie s
has caused a considerable load on the env ironm en t in the fot m o f p o llu ta n ts , 

heat and, v e ry  o ften also, noise nuisance. In some deve lop ing  co u n tr ie s , 

the re  is the added r is k  o f env ironm enta l damage cau .ed  by degeu- 

e ra tion  in to  steppe, as well as c lim a tic  changes due to the increased 

use o f tim ber fo r energy p ro d u c tio n . A more e ff ic ie n t use o f energy 

is th e re fo re  o f v ita l im portance >.o env ironm enta l p re le c tio n .
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1.2______Energy a u d its  as a basis fo r  a more e f fic ie n t use o f energy

An abso lute p re re q u is ite  o f a ll de lib e ra tions  on a more ra tiona l use 

o f ene rgy is an ana lys is  o f the c u r re n t state o f a ffa irs  in e n e rg y .

To p ro v id e  a v a lid  basis, such ana lyses, o r a u d its , need to be 

based on tes ts  and measurements, ir re s p e c tiv e  o f w he ther they  

re la te to  in d iv id u a l p la n ts , machines, o r e n tire  o rgan isa tion s . Large 

areas are covered in the  ene rgy  balances o f reg ions o r c o u n tr ie s , 

fo r  instance. T h is  k in d  o f reg ional and nationa l balance, how ever, 

remains inadequate as fa r  as both  q u a lity  and q u a n tity  o f the data 

base is concerned because some data is based on guessw ork ra th e r 

than measured va lues.

F ig , 1-1 shows the example o f the Federal R epublic  o f Germany and 

the fin a l energy demand by sectors and type  o f consum ption.

I t  becomes c lear th a t heat p lays  a dom inating ro le . Space heating 

accounts fo r  33.5 pe r cen t and process heat fo r  some 32 per c e n t. 

T oge the r they  make up tw o - th ird s  o f the to ta l demand fo r  fin a l 

ene rgy in the Federal R epub lic  o f Germany in 1 982. T ra n s p o rt 

takes 23 pe r cen t o f the  rem ain ing e n e rg y , and some 10.5 pe r cent 

is used fo r meeting the demand o f all k in d s  o f d r iv e s  in the in d u s tr ia l,  

dom estic, commercial and a g r ic u ltu ra l sec to rs . The share o f fina l 

ene rgy  used fo r  lig h t in g  is ove r one pe r cen t.

The cha rts  on the r ig h t-h a n d  side o f the f ig u re  show, in abso lute 

f ig u re s , the fin a l ene rgy  consum ption in the  in d u s tr ia l,  dom estic, 

commercial and o th e r sec to rs , as well as in t ra n s p o r t.  These are 

subd iv ided  in to  shares re la tin g  to space hea ting , process h e a ting , 

lig h t  and mechanical ene rgy  (e le c t r ic i ty ) .  T h is  on ly  goes to u n d e r

line the dom inating p a r t p layed by space hea ting  in the domestic 

and commercial secto rs , at 77 and 53 pe r cent re s p e c tive ly , and 

process heating in the in d u s tr ia l sector a t 73 per c e n t. A t 6 per 

c e n t, e le c tr ic  lig h t and mechanical ene rgy  (e le c tr ic ity )  used in the

-  2 -
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domestic sector are o f m inor im portance. In in d u s try  and in the 

commercial sec to r, how ever, where 16 a n d /o r  25 pe r cen t is consumed, 

e le c tr ic ity  is a major source  o f e n e rg y . T h is  is even more obv ious 

in tra n s p o r t,  wh ich uses 99 p e r ce n t. W ith a v iew  to  ob ta in ing  

tang ib le  e ffe c ts  th ro u g h  a more e ff ic ie n t use o f ene rgy  in in d u s try ,  

th e re fo re , e ffo r ts  have to be focussed on the dom inating ro le  o f 

process heat in re la tion  to  mechanical e n e rg y , lig h t in g  and space 

hea ting . In o rd e r to  be able to assess fu tu re  tre n d s  i t  is necessary 

to analyse f i r s t  the e vo lu tion  o f ene rg y  consum ption so fa r .

F ig . 1-2 il lu s tra te s  the deve lopm ent o f in d u s tr ia l consum ption o f 

fina l e n e rg y , e le c tr ic ity  and m ineral o il in E C -co u n trie s . A ll co u n tr ie s  

show s im ila r tendencies. The con tinuous  rise  u n t il 1 969 in  the con 

sum ption o f f in a l ene rgy  is fo llowed by  some s tagna tion  a n d /o r a 

s lig h t d ro p . A s im ila r tre n d  is observed in o il consum ption . How

ever, e le c tr ic ity  consum ption grew  almost e v e ry  yea r a fte r  1969, 

a lthough g ro w th  rates were lower than in the  pe riod  before 1969 

/ 1- 2/ .

The lower p a r t o f the  F ig u re  shows the degree o f e le c tr if ic a tio n  e, 

which ind ica tes the ra tio  between ne t e le c tr ic ity  consum ption and 

fin a l ene rg y  consum ption, and the share o f oil p in to ta l consum ption . 

Due to s ta tic  fina l ene rgy  consum ption , desp ite  g row ing  demand fo r  

e le c tr ic ity ,  a g rea t increase in the ra tio  o f e le c tr if ic a tio n  has been 

noted in all co un trie s  und e r rev iew  a fte r  1969.

1,3 Way s and means tow ards a more e ffic ie n t use o f energy

In all ene rgy a p p lica tions , in c lu d in g  ene rgy  used in in d u s tr ia l 

p ro d u c tio n , the re  are bas ica lly  f iv e  ways o f op tim is ing  energy usage. 

These are

avo id ing  undue consum p tion .



re d u c in g  th e  spec ific  consum ption o f use fu l ene rgy  in ce rta in  

a p p lica tio n s ,

im p ro v in g  e ffic ie n c ie s  by  c u tt in g  ene rgy  losses, 

re co ve rin g  ene rgy  w herever m eaningfu l in e n g ine e ring  and 

economic te rm s,

m aking increased use o f form s o f ene rgy  th a t are perm anen tly  

ava ilab le .

-  4 -

1.3.1 A v o id in g  undue consum ption

Undue consum ption may be caused by 

id lin g  o f m achinery and p la n ts , 

ove rh e a tin g  o f space,

excessive requ irem en ts  placed on process param eters 

( 'fe a r  m arg ins ' on p ressu re  and te m p e ra tu re ), 

techn ica l de fects  (eg leaks in a steam system ).

In o th e r w o rds , undue consum ption app lies w henever the genera tion  

o f net ene rg y  does n e ith e r optim ise p ro d u c tio n  nor crea te  add itiona l 

services o r enhance com fo rt.

Some o f the  problem s mentioned can be remedied by techn ica l means, 

e ith e r by f i t t in g  a p p ro p ria te  co n tro ls  o r by  im prov ing  the se rv ice  

and m aintenance o f the m achinery in v o lv e d . However, an even b e tte r  

savings e ffe c t is  obta ined by g iv in g  o pe ra ting  s ta ff some fundam enta l 

physica l and process eng ineering  b a ckg ro u n d , beg inn ing  w ith  a cost 

appra isa l o f the va rious  k in d s  o f use fu l e n e rg y .

L ig h t and its  s ign ificance  as the source o f all o rgan ic  life  is norm ally  

o v e rra te d , a t least in a d v e r te n tly . T h is  is also tru e  o f power and 

mechanical ene rgy  w h ich , because o f o u r associa ting i t  w ith  muscle 

pow er, is also ra ted  h ig h . T h is  c o n tra s ts  s tro n g ly  w ith  heat w hich 

is ex trem e ly  u n d e rra te d , because we are on ly  able to pe rce ive
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tem pera tu res ra th e r than q u a n titie s  o f  heat.

-  5 -

1 .3 .2  Reducing the spec ific  ne t ene rgy  demand /1 -1 /

I t  is m ainly techn ica l means th a t can he lp  cu t the ne t ene rgy demand 

in ce rta in  a pp lica tions . T h is  means th a t an optimum ene rgy techno logy 

is also chosen fo r  a ll secondary uses.

For ins tance , mechanical instead o f therm al d ry in g  w ill cause the 

ene rgy demand pe r k ilogram  o f e x tra c te d  w ater to  d ro p  to one- 

h u n d re d th . O the r examples inc lude  vacuum evap o ra tion , p ressu re  

cook ing , bond ing  instead o f w e ld ing , n o n -c u tt in g  instead o f c u tt in g  
shap ing .

A change o f m ateria l can also lead to  subs tan tia l reduc tio ns  in 

energy consum ption . For instance , the  4 .4  MJ o f ene rg y  needed 

to  produce a 0 .3 3 - litre  t in  w ith  alum inium  top can be lowered by 

30 pe r cen t to 3.1 MJ fo r  the same t in  w ith  a t in  top .

The recove ry  o f raw m ateria l, such as g lass , pape r, and metal, 

th ro u g h  c la ss ified  waste d isposal also reduces waste p rodu c tion  

and , hence, env ironm enta l p o llu tio n , p lus  the  fa c t th a t it  
helps save e n e rg y .

The cum ulative ene rgy re q u ire d  to  make a 'eu rog lass ' b o ttle  o f

0.5 l i t r e  w ill d rop  by  2 .5  per cen t in power consum ption i f  the 

share o f c u lle t is increased from  17 p e r cen t to  36 p e r c e n t. Sim

u ltan eous ly , fue l consum ption w ill d ro p  by  11 per c e n t, and the 

to ta l fin a l ene rgy consum ption w ill fa ll by  10 pe r cen t /1 - 1 / .

The ene rgy  requ irem en t o f hea ting  and lig h t in g  in o ffice  b locks 

and p ro d u c tio n  fa c ilit ie s  can be reduced by  im prov ing  both  therm al 

insu la tion  and lig h t in g  a rrangem ent o f rooms.



" \

-  6 -

1 .3 .3  Im p rov ing  e ffic ienc ies

Design im provem ents o f p la n t and m achinery and , in  p a r t ic u la r ,  

the in te g ra tio n  o f modern c o n tro l techn iques w ill in many cases 

c u t ene rgy losses s ig n if ic a n tly .  For the p la n t i t  means a r ise  

in e ffic ie n c y , fo r  the p ro d u c tio n  process a re d u c tio n  o f  the spec ific  

energy consum ption . W herever te c h n ica lly  feas ib le , all b u rn e rs  used 

in com bustion systems should be f it te d  w ith  waste gas ana lysers  

and a su itab le  co n tro l to  a d ju s t n e a r-s to ch io m e tric  com bustion , 

because excess a ir  lowers the tem p era tu re  o f the  flame and ra ises 

waste gas losses. The rise  in fue l consum ption causedby excess a ir  

is  a fu n c tio n  o f the waste gas tem p e ra tu re , as is shown in  F ig . 1-3 

/1 -3 /.

An im portan t example o f how e ffic ie n c ie s  can be increased is the 

co -genera tion  o f e le c tr ic ity  and hea t. In co -g e n e ra tio n , the energy 
losses are much lower than the separate genera tion  of heat, and 

power p roduced  in a condensing tu rb in e , as is il lu s tra te d  in  F ig , 1-U fo r  th 

va rious  methods o f co -gen e ra ting  pow er and heat.

Especia lly the  small and m edium -sized power s ta tions u s ing  gas- 

f ire d  com bustion engines are an im p o rta n t a lte rn a tiv e  to  the  con

ven tiona l therm al power p lan ts  us ing  back p re ssu re  steam o r gas 

tu rb in e s .

Both energy losses and the e le c tr ic ity  and heat e ffic ie n c y  ra tio  are 

m ainly a fu n c tio n  o f the type  and size o f a p la n t, as well as the 

tem pera tu re  level o f the heat p rodu ced . The g rea t d iffe re n ce s  th a t 

ex is t in e le c tr ic ity  e ffic ie n cy  o f the va rio u s  types and its  v a ria tio n s  

are in no way the on ly  c r ite r io n  to be app lied  to process se lec tion , 

because the tem pera tu re  level o f therm al heat o r process heat tha t 

can be reached in a system is as im po rtan t as its  actua l requ irem en t.

The ways in which co-genera ted  heat and e le c tr ic ity  is used in
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in d u s try  depends p r im a r ily  on the amount and m ake-up o f the 

ene rgy re q u ire d . Since 'co -e n e rg ie s ', as the  name im plies, are 

generated a t the same tim e, and can be s to red  to a lim ited  ex ten t 

o n ly , i t  is o f c ru c ia l im portance to  match the  e le c tr ic ity  and heat 

demand c u rv e s . The time course  o f e le c tr ic ity  and heat demand, 

as well as the re q u ire d  tem pera tu re  leve l, must be tes te d . T h e re 

fo re , the requ irem en t has to be analysed and the  a v a ila b ility  must 

be de fined before  a ll components o f co -gen e ra tion  are com patib le .

O nly then can a usefu l com bination o f a ll p a rts  o f the  p la n t be 

assessed p ro p e r ly .

The p r in c ip a l source o f conserva tion  o f ene rgy  lies in  the advanced 

ope ra ting  mode and in the optimum u tilis a tio n  o f e x is tin g  energy 

technolog ies. In all ene rg y  sec to rs , a major p a r t o f the energy 

consum ption is not so much as fu n c tio n  o f load, b u t one o f size 

and type  o f the  p la n t o r  m ach inery. T h is  also means th a t the  spec ific  

consum ption d rops  as the load rises . O p e ra tin g  the  p la n t o r  m achinery 

to fu ll capacity  and avo id ing  downtim e, be i t  in  a tank  fu rnace  o r a 

b o ile r, w ill im prove the e ffic ie n c y  on a la rge  scale.

F ig . 1-5 il lu s tra te s  the s itu a tio n  o f two ch ip  d rie rs , one being ru n  

w ith  fre s h  a ir  in ta ke , the o th e r one w ith  re c irc u la te d  a ir .  Due to 

the d if fe re n t designs o f bo th  m achines, th e re  is a d iffe re n ce  in the basic 

requ irem en t and the  rise  in  load-dependen t ene rgy  in p u t.  T h is  

exp la ins w hy the f i r s t  machine shows reasonable ene rg y  consum ption 

a t a th ro u g h p u t o f over 1,100 kg o f w a ter evapora tion  per hou r, while 

it  is b e tte r  below th a t th ro u g h p u t fo r  the second machine.

The degression o f spec ific  ene rg y  consum ption w ith  a r ise  in th ro u g h 

p u t becomes more and more obvious in modern p la n t and m achinery 

because due to in c reas ing  m echanisation and autom ation , in c lu d in g  

co n tro l re q u ire m e n t, th e re  is also a r ise  in the amount o f energy 

th a t is independen t o f load. T h e re fo re , p la n t w ith  h ig h  shares o f 

load-independent ene rgy consum ption need more power d u r in g  down

tim es. T h e re fo re , it  is essentia l to cu t downtim es in such p lan ts  to
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make energy use more e ff ic ie n t.  W henever poss ib le , con tro ls  

should be automated so th a t undue id lin g  can oe avo ided.

Inves tiga tio ns  a t the Research C en tre  fo r  E nergy U tiliza tio n  

and Technology have shown th a t in machine tools about 30 per 

cent o f the to ta l ene rgy consumed d u r in g  one s h if t  goes in to  

downtim es.

I t  is also im portan t to match the capac ity  o f the  in s ta lle d  e q u ip 

ment w ith  actual needs. T h is  app lies in  p a r t ic u la r  to d r iv e s  

which tend to  be overd im ensioned because the  actual power re q u ire 

ments in in d iv id u a l p ro d u c tio n  cycles a re  unknow n . T h is  means 

th a t they are not on ly  u n d u ly  h igh  in inves tm en t cos t, b u t also 

in energy consum ption. M atch ing  the machine size w ith  the p ro d 

uction task can be done easily in s in g le -p u rp o s e  machines.

One way o f reduc ing  losses in overd im ensioned th ree -phase  c u r re n t 

d r iv e s  is to sw itch  the e le c tr ic  m otor from  de lta  to  s ta r connection 

mode, on cond ition  th a t the  d r iv e  w in d in g s  are  designed fo r  the  

main vo ltage and th a t the m otor is loaded w ith  less than 35 pe r 

cent o f its  ra ted  load.

For machines o pe ra ting  a t v a ry in g  loads, such as conveyor be lts  

and the lik e , load sw itches may be in tro d u c e d  to automate the sw itch ing  

from  delta to s ta r mode and v ice  ve rsa . Machines th a t re q u ire  v e ry  

h igh  ra tin g s  a t the s ta rt b u t lower ra tin g s  d u r in g  normal ope ra tion , 

such as pneum atic conveyors and c e n tr ifu g e s , lend themselves to 

s ta r t in g  on the de lta  mode and then s w itc h in g  ove r to the s ta r 

mode a fte r  fUn-up /1 -1 / .

Many branches o f in d u s try  employ d r iv e s  o f usua lly  m inor ra tin g s  

fo r  pum ps, fans and b low ers w ith  a va ria b le  power s u p p ly . I f  such 

a d r iv e  runs on d ire c t mains s u p p ly , the s u p p ly  can be reduced on ly  

by  the th ro tt le  a n d /o r bypass c o n tro l. The power used by the motor 

is ha rd ly  reduced. A s ig n if ic a n t amount o f ene rgy  can be saved 

i f  the motor speed is con tro lle d  th ro u g h  fre q u e n cy  co n ve rte rs  and
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vo ltage c o n v e rte rs . In many cases, such add ition a l components are 

econom ically ju s t if ie d  ( F ig . 1 -6 ) /1 -4 / .

-  9 -

1 .3 .4  E nergy recovery

In in d u s try ,  ene rgy re co ve ry  is always a synonym  o f heat re c o v e ry . 

The economical use o f waste heat is possib le  w henever waste heat 

is co nce n tra ted , ie bound to  one o r several d is c re te  mass flow s 

(w a te r, a ir ,  gases, so lid s ), ra th e r than  o c c u rr in g  d ispe rsed  o r 

sca tte red  in the  form  o f la rg e -s u rfa c e  losses to  the atm osphere.

The h ig h e r th e  tem p e ra tu re , the less com plicated and expensive  

heat recove ry  is .

F ig . 1-7 shows the tem pera tu re  level and the k in d  o f in d u s tr ia l 

p rodu c tion  o f waste heat in the  Federal Republic o f Germany in 1 978. 

Almost h a lf o f the in d u s tr ia l waste heat is em itted in concen tra ted  

form  and can th e re fo re , th e o re tic a lly , be used.

W herever waste heat is to  be re c o v e re d ,th e  processes th a t 

p roduce waste heat need to be analysed in d e ta il, and po ten tia l 

users o f waste heat need to be id e n tif ie d .

The ideal match o f both  s u p p ly  and demand is v e ry  ra re , and th e re 

fo re  heat accum ulators have to be used to b r id g e  the tim e-lag  between 

the two.

However, be fo re  t r y in g  to  optim ise the ene rg y  in p u t o f a system 

by re co ve rin g  the waste heat i t  p roduces, i t  is recommended to m in i

mise the y ie ld  o f waste heat as fa r as is te ch n ica lly  and econom ically 

feasib le by  a p p ro p ria te  design and ope ra tion . W hatever waste heat 

remains can be used accord ing  to the fo llow ing  p r io r it ie s :

1. the  waste heat p roduced in a m anu fac tu ring  process should be 

re c ircu la te d  in to  the same process w herever poss ib le ;

2. the waste heat p roduced in in d u s tr ia l p la n t should be re c irc u la te d
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fo r use in the same p la n t w herever poss ib le , and

3. only a fte r  exha us ting  the  f i r s t  tw o o p p o rtu n it ie s  shou ld  the  o u t

side use o f in d u s tr ia l heat be cons ide red .

I f  the waste heat cannot be used d ire c t ly  in the  p la n t, it 

can be conve rted  in to  mechanical o r  e le c tr ica l ene rg y  by a therm o

dynamic cycle p rocess. A t a tem pera tu re  leve l o f ove r 250° C 

of the waste heat, a conventiona l w a te r and steam cyc le  process 

is used, whereas an o rgan ic  medium ( ORC O rgan ic  Rankine C ycle) 

is ind ica ted a t a tem pera tu re  range o f between 100 and 250° C /1 -5 / .

In densely popula ted areas it  may also be w o rth  check ing  i f  the 

waste heat can be fed in to  the d is t r ic t  hea ting  ne tw o rk .

Problems a rise  in heat recovery  whenever the tem pera tu re  level 

o f the waste heat is too low, in w h ich case heat pumps are used 

to exp lo it the heat flo w . I t  needs to be no ted , how ever, th a t the re  

is a lim it to  the upper tem pera tu re  le ve l.

In d u s tria l heat pumps are designed to  app ly  one o f the fo llow ing  

p rin c ip le s :

- cold steam com pression,

- absorp tion  ,

- hot steam com pression, 

steam je t.

F ig. 1-8 il lu s tra te s  the respective  sw itch in g  d iagram s. The main 

d iffe rence  between the va rio u s  p r in c ip le s  is the  k in d  o f com pression 

(therm al o r mechanical) and the k in d  o f process co n tro l (open o r 

closed loop).

In mechanical com pression, p is ton  com pressors (small feed vo lum es), 

screw com pressors (small to  medium feed vo lum es), o r tu rb o  com pressors 

(medium to la rge  feed volumes) are used . Both gas and e le c tr ic  

motors are proven d r iv e s  fo r these com pressors.

- 10 -
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An in te re s tin g  com bination between com pression heat pum p, 

e lec trica l machine and com bustion engine is shown in F ig . 1 -9 .

In th is  k in d  o f tandem p la n t, wh ich uses 32° C -w aste  w a te r fo r  

the genera tion  o f process heat in the form  o f ho t w a te r, th re e  

machines are a rra nged  on a jo in t s h a ft. Three  d if fe re n t  modes o f 

operation can be selected by  a c tua ting  a c lu tc h . D epending on 

the energy re q u ire m e n t, the sources o f ene rgy  ava ilab le  and 

economic cons ide ra tion s , the system can be used as

- a gas heat pum p,

- an e le c tr ic  heat pum p, o r
-  a co -gene ra tion  p la n t.

Table 1-1 lis ts  the  ra tin g s  and e ffic ienc ies  o f the v a r io u s  modes 

o f opera tion .

-  11 -

Mode o f ope ra tion E nergy in p u t Energy o u tp u t E ffic ie n cy

Nat. E le c tr. Heat E le c tr .
gas

M otor Heat
pump

kW kW kW kW kW

Gas heat pump 270 158 532 - Heating 
capac ity  2.6

E lec tric  heat pump 98 - 503 - F igu re  o f 
m erit 5.1

C o-genera tion  p la n t 288 167 - 91 E ffic ie n cy  0.9

Table 1-1: Technica l data o f a tandem p la n t

¥
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1 .3 .5  U sing renew able form s o f ene rgy

Renewable fo rm s o f ene rgy  are fo r  the  most p a r t d ire c t o r  in d ire c t 

solar e n e rq y . such as the energy conta ined in w ind and flow ing  

streams, g ro u n d  heat, and chem ically bound biomass 

energy. In a d d it io n , the re  is geotherm al ene rgy  flo w in g  from  the 

hot in te r io r  o f the e a rth  to  the su rfa ce , energ ies from the g ra v it 

ational a ttra c t io n  between Earth and Moon, and the waste heat from 

anthropogen ic ene rg y  consum ption. T he re  are  several ways o f us ing 

th is  ene rg y , and a ltho ugh  some techn ica l and economic c o n s tra in ts  

p e rs is t, these a re  lik e ly  to  be overcome in  the  fu tu re .

I t  should be noted th a t,  u n like  foss il fu e ls , these sources depend 

upon technolog ies w h ich  are based on a g ro w in g  need fo r  a u x ilia ry  

ene rgy ; and i t  is e le c tr ic  energy th a t comes in to  cons ide ra tion  most. 

M oreover, the space and material requ irem en t per u n it o f power 

has to be h ig h e r than in conventiona l system s because the power 

densities o f n a tu ra l renewables are low.

There are on ly  s lig h t chances in the more developed in d u s tr ia lis e d  

coun tries  to  use renew able forms o f ene rg y  fo r  in d u s tr ia l p ro d u c tio n . 

However, the chances are b e tte r in many o f the  deve lop ing  co u n tr ie s  

because o f a more fa vou rab le  climate and bas ica lly  d if fe re n t  co n d itio n s . 

!n trop ica l and su b tro p ic a l c o u n tr ie s , in  p a r t ic u la r ,  so lar ene rgy 

could p lay a use fu l ro le  in  c o n tr ib u tin g  to ene rgy su pp ly  in a g r ic 

u ltu re  and in some sectors o f in d u s try .

The fo llow ing  app lica tions  have been id e n tif ie d  fo r  so lar ene rg y  /1 -6 / :

- p roduc tion  o f low -tem pera tu re  heat,

-  d ire c t gene ra tion  o f e le c tr ic ity  th ro u g h  solar ce lls ,

- p roduc tion  o f h igh  and v e ry  h igh  tem pera tures by  co n ce n tra tin g  

solar ene rg y  th ro u g h  optica l system s.

-  12 -
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The p ro d u c tio n  o f so lar ene rgy by pho tovo lta ic  systems o r in solcX 

towers o r solar fa rm s, w ill h a rd ly  be s ig n if ic a n t on a la rge  scale 

because o f the h igh  cap ita l e x p e n d itu re  in v o lv e d . An in te re s tin g  

a lte rn a tive  to so lar ene rgy p ro d u c tio n  is based on so lar ponds 

and closed Rankine tu rb in e  cyc le s , us ing  an o rgan ic  w o rk in g  

medium.

Possible app lica tions o f solar c u rre n t are in places where o th e r 

forms o f energy are e ith e r too expens ive  o r no t ava ilab le , and 

in special cases where e le c tr ic ity  is needed to  power and opera te  

a u x ilia ry  systems o f therm al processes w h ich also ru n  on solar 

ene rg y .

However, i t  is s im p ler and more e ff ic ie n t to  use so la r ene rg y  in 

thermal processes, ie usua lly  app lica tions  w h ich are  inconce ivab le  

in the climate o f c e n tra l Europe o r those th a t are in s ig n if ic a n t in 

Europe anyw ay. These are

- food re fr ig e ra tio n  and d ry in g ,

-  f ir in g  o f b u ild in g  m ateria l in solar fu rn a ce s ,

-  sea w ater desa lina tion ,

-  cooking in solar cookers (s u b s t itu t in g  wood as a fu e l) .

A wide app lica tion  o f so lar ene rgy in deve lop ing  co u n tr ie s  is 

im paired by  h igh  c a p ita l- in te n s ity .

T h is  is also tru e  o f w ind  ene rg y  a ltho ugh  w ind ene rgy  can be 

used fa vo u ra b ly  fo r  pow ering  small u n its ,  such as w ater pum ps, 

corn m ills , e tc .

There  are a num ber o f processes ( F ig . 1-10) /1 -7 / th a t c o n v e rt 

substances p roduced by  b iosyn thes is  (biom ass) in to  e n e rg y . M ention 

should also be made o f the p ro d u c tio n  o f biogas and fue l from  b io 

mass, in add ition  to the d ire c t com bustion o f wood, fo r  ins tance , 

which has caused de fo res ta tion  and soil erosion in many reg io ns .
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The p rodu c tion  o f biogas on the basis o f dung  o r p lan t waste 

is more o r less possib le  in  most c o u n tr ie s . Compared w ith  d ire c t 

combustion o f manure i t  has the m erit o f im p ro v in g  the q u a lity  o f 

manure w ith o u t keep ing  it  from  the fa rm la n d . Biogas can be used 

fo r cook ing , hea ting , e tc . in the domestic sec to r, and it  can also 

be combusted in eng ines.

While the p rodu c tion  and app lica tion  o f b iogas is lim ited to ru ra l 

areas, energy fa rm inq  opens in d u s tr ia l a p p lica tio n s . In B ra z il, 
fo r  instance, the  p ro d u c tio n  o f ethanol from  sugar cane has been 

developed on a la rge  scale. The p ro je c t cons is ts  o f an in d u s tr ia l 

p lan t and a power p la n t w h ich u tilise s  the waste o f the in d u s tr ia l 

p lan t to produce e le c tr ica l e n e rg y . E thanol can be used fo r  

b lend ing  or d ilu t in g  conven tiona l p e tro l o r fo r  com bustion in 

a purpose b u ilt  ca r eng ine .

Due to the p r io r i ty  to be placed on the p ro d u c tio n  o f food and fo d d e r, 

how ever, the w ide -sp read  use o f h ig h -y ie ld  farm land fo r  energy 

fa rm ing w ill be lim ited  to  co u n tr ie s  w h ich have gained a h igh  

degree o f s e lf-s u ffic ie n c y  in a g r ic u ltu re .

-  14 -

1. U______Problems and c o n s tra in ts  o f ene rg y  conserva tio n  /1 -1 /

As fo r a n y th in g  else, the re  is a p rice  to  pay fo r ene rgy conse rva tion . 

A lthough  the re  are many ways o f meeting the ene rgy demand more 

e ffic ie n tly  by  m aking b e tte r use o f e x is tin g  ene rg y  system s, a lot 

remains to be done in the way o f s tim u la tin g  the in fo rm ation  

process, encourag ing  a re - th in k in g  process on the p a rt o f the 

in d iv id u a l consumer o f e n e rg y .

In view o f the g rea t d iffe rences  in the cost b e n e fit- ra tio  o f various 

op tions, each case o f op tim is ing  ene rg y  usage has to be assessed 

on its own m e rits . Special a tte n tio n  is to  be g iven  to the cum ula tive  

e ffect o f isolated action o r measures taken in the same fie ld . In
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genera l, p r io r i ty  should be g ' 'e n  to measures th a t p ro d u c t 

maximum savings even i f  they  do no t appear to  be v e ry  

spectacu lar o r demand g re a te i a tte n tio n  in  the  ro u tin e  opera tion  

o f the process conce rned . T h is  k in d  o f inexpens ive  action ¿¡-one 

can help save ene rgy  to an e x te n t th a t makes co s tly  and c a p ita l-  

in tens ive  p ro je c ts , such as heat recove ry  system s, su p e rflu o u s .

C a p ita l- in te n s ive  measures do not on ly  lead to an increase in 

absolute f ig u re s ; more im p o rta n t is the  change o f the cost s t ru c t 

ure and th e  s h if t  tow ards g ro w in g  overheads. T h is  emphasises 

the need fo r  reach ing  h igh  load fa c to r: to  make i t  p ro fita b le .

M oreover, techno logy is g e tt in g  more and more complex in gene ra l, 

and its  fundam enta l concepts are  less and less ciea to  the layman, 

ju s t as to  the  e x p e rt. A c c o rd in g ly , re p a ir  and maintenance re q u ire  

in c rea s ing ly  q u a lifie d  and spec ia lly  tra in e d  s ta ff  and is th e re fo re  

deve lop ing in to  an im po rtan t fa c to r .

Any assessment o f the e ffe c t o f ene rg y  conse rva tion  measures on 

the na tiona l economy presupposes re le va n t data and causes problem s 

o f p ra c t ic a lity  fo r  th a t m a tte r. A ll aspects re la tin g  to any measure 

taken to  use ene rgy  more e ff ic ie n t ly  need to  be viewed in such an 

assessment. These aspects a re  o f an economic, eco log ica l, social 

and human n a tu re .

The fac t th a t ene rgy conse rva tion  has become the focus o f heated 

discussions and debates emphasises the g rea t cha llenge in vo lve d  in 

push ing  techn ica l advance in th is  d ire c tio n . H ow ever, in sp ite  o f 

all h o s t il ity  tow ards techno logy and e x p e rts , u n re a lis tic  expe c t

ations are placed in  'o v e rn ig h t ' im provem ents. More o ften  than 

no t, people believe th a t a n y th in g  can be done w ith  techno logy, 

bas ica lly , and th a t i t  is easy to develop an idea and to realise it  

w ith in  e ve r sh o rte r pe riods  o f tim e, seeing it  th ro u g h  to  a w e ll- 

tested, re lia b le , safe, m a in tenance-free  and low -cost p ro d u c t;



-  16 -

ig n o rin g  the fa c t, o f course , th a t techn ica l advance takes time 

to m ature from  f i r s t  conception to  f in a l dem onstra tion . I t  is the  

mere need to c a r ry  o u t f ie ld  te s ts , in a d d itio n  to  analyses and 

la bo ra to ry  te s ts , th a t ca lls fo r  a pe rio d  o f seve ra l, i f  not many, 
yea rs .

The e ffo r ts  u n d e rta ke n  so fa r  in the  f ie ld  o f technology and 

science have led to  the com m ercia lisation o f a num ber o f techno l

ogies and economical a lte rn a tiv e s  w h ich reduce the demand o f 

spec ific  e n e rg y . M oreover, a ll re a lis tic  op tions should be taken 

s im u ltaneously . There  w ill be no way to  'e te rna l ene rgy b lis s ',  

c e r ta in ly , and u rg e n t w a rn ings  should be ra ised aga inst mono
lith ic  so lu tions .
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2._______ NON-FERROUS METALS

2.1 ______ A lum inium

2.1.1 P roduc tion  o f alum inium  from  p rim a ry  raw m ateria ls

C u rre n t alum inium  p ro d u c tio n  is based on bau x ite  as a raw m ate ria l, 

which is f i r s t  con ve rte d  in to  a lum ina, o r  alum inium ox id e . T h is  is 

then reduced to  m eta llic  alum inium  in a py rom e ta llu rg ica l process 

and cast in to  ingo ts  which are  subsequen tly  m anufactured to  semis 

and cas ting s . G row ing a tte n tio n  is paid to p rodu c ing  alum inium  
from  scrap (see C hap te r 2 .1 .2 ) .  Due to the e n e rg y -in te n s iv e  processes 

used in the alum inium  in d u s try ,  low -cost energy has to  be re lied  

upon. Notes on the in te rn a tio n a l cost s itua tio n  in the alum inium  

in d u s try  are found  in /2 .1 -2 3 /.

2 .1 .1 .1  B a ux ite  w in n ing and alum ina p ro d u c tio n  in the Bayer process

B auxite  is almost e xc 'u s iv e ly  used as a base m ateria l fo r  the  la rge - 

scale p ro d u c tio n  o f alum inium  ox ide . B aux ite  is mined in open p its , 

then c ru sh e d , washed, screened, and p a r t ia lly  d r ie d ; th is  used to 

be done at a tem pera tu re  o f up to  400° C. Howevc-, in most cases 

the d ry in g  stage is om itted .

Depending on the co n d itio n s , the spec ific  fuel consum ption in the 

d ry in g  process is 0 to 1.8 GJ per tonne o f b ~ jx ite ,  w ith  the spec ific  

e lec trica l in p u t be ing 7.5 kW h/tonne o f ba u x ite . In all o the r stages 

o f baux ite  e x tra c tio n , 7.4 kWh is consumed in e lec tr ica l ene rgy  and 

0.08 CJ in fue l fo r  one tonne o f b a u x ite  /2 1 -1 /. The ene rgy  used 

fo r  tra n s p o rtin g  b a u x ite  to  the ox ide  p ro d u c tio n  p lan t has no t been 

considered here .

The on ly process be ing used fo r the p rodu c tion  o f alum inium  oxide 

today is the B ayer process /2 .1 -6 / .
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The B ayer process is based on the e x tra c tio n  o f h yd ra te d  aluminium 

oxide from  b a u x ite  us ing  a h ig h -te m p e ra tu re  so lu tion  o f sodium 

alumínate, separa tion o f the  so lid  res idue  { 're d  m ud1} a fte r  cooling 

the suspension, p a r t ia l p re c ip ita t io n  o f h y d ra te d  alum inium  ox ide  

from the o v e rsa tu ra te d  alum inium  so lu tion  th ro u g h  seed c ry s ta l

lisation and re c irc u la tio n  o f the so lu tion  a fte r  separa tion  o f the 

c ry s ta llis e d  h yd ra te d  ox ide . The system uses two phys ica l and 
chemical p ro p e rtie s  o f the A l20 3 - Na20 - H 20  system , ie the fac t tha t 

the s o lu b ility  o f the  h y d ra te d  alum inium  ox ide  in caustic  soda 

solution is a fu n c tio n  o f tem p e ra tu re , and the  m e ta s tab ility  o f o v e r

sa tura ted  alum inium  so lu tio n s . The re s u lt in g  h y d ra te d  aluminium 

oxide is d e h yd ra tise d  to form  alum inium  ox ide . A schematic o f the 

Bayer process is shown in  F ig . 2 .1 -1 . The process eng ineering  

has been m odified s u b s ta n tia lly  in the past few decades, and d i f fe r 

ent techn iques have been developed in Europe and in the U n ited 

States because o f the  d if fe re n t  types  o f b a u x ite  th a t were availab le 

in both areas. They were boehm ite -bearing  b au x ites  th a t were 

harde r to d iges t in Europe, whereas in U .S .A . h y d ra rg i l l i t ic  

bauxites were ava ilab le  th a t could be e x tra c te d  a t low tem pera tu res.

The fo llow ing  d e s c rip tio n  is an example o f the  con tinuous  process 

which is app lied  w ith  s lig h t v a ria tio n s  in modern European alumina 

p lan ts . B aux ite  is wet g ro u n d  in ball m ills  o r rod  m ills  and then 

fed con tin uous ly  by  a p is ton  d iaphragm  pump to the h ig h -p re s s u re  

d igestion system . T h is  system consis ts  o f a cascade o f ag ita ted  

autoclaves or a tube  re a c to r, where an in d ire c t p re -h e a tin g  

phase us ing  fla sh  e vap o ra tion , is fo llowed by in d ire c t heating 

up to the fina l tem pera tu re  (u p  to 270° C ), us ing  h ig h -p re s s u re  

steam o r sa lt m elt. The re s u lt in g  suspension, con s is tin g  o f red 

mud and sodium alum ínate so lu tion , is cooled down to  about 

110° C th ro u g h  fla s h , w ith  the vapour be ing  used fo r  p re  heating 

the baux ite  suspension , as m entioned above, and the re s u lt in g  

condensate be ing  used fo r  washing the red m ud.

-  18 -
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Most o f the ene rgy  in alum inium  ox ide  p ro d u c tio n  is consumed 

d u rin g  the  d iges tion  stage. In  the best case, ene rgy  consum ption 

is 2.2 CJ p e r tonne o f A l20 3 . Modern p la n ts  w ith  tube  reactors  

have an in p u t o f 3.4 C J /t  A l20 3 , a ltho ugh  in p ra c tic e  i t  may be up 

to 8.7 C J / t  A l20 3 /2 .1 -2 / .  Heat in p u t d u r in g  e x tra c tio n  is m ainly 

determ ined by the amount o f so lu tion  used, its  d iffe re n c e  in 

tem pera ture  upstream  and downstream  o f the e x tra c tio n  p la n t, 

and the typ e  o f heat tra n s fe r  medium /2 .1 -2 / .

As to the amount o f so lu tion , the re  is a c h a ra c te r is t ic  d iffe re n ce  

between U .S .A . and Europe. In U .S .A . 15 m3 o f so lu tion  is used 

per tonne o f A l20 3, in Europe i t  is 11 m 3. T h is  d iffe re n c e  in the 

specific so lu tion  volume, w ith  all o th e r co n d itio n s  being equal, 

exp la ins w hy U .S . p lan ts  use about 35 per cen t more heat fo r  
heating the so lu tion  than th a t consumed by European p la n ts .

The sodium alum inate so lu tion  is separated from  the  red mud in 

la rge-vo lum e s e ttlin g  tanks o r d ig e s te rs . To remove the major 
share o f adhe ren t a lk a li, the red mud is washed aga in , 

f ilte re d  in K e lly  f i lte rs  o r  vacuum f i l te r s  and then  la rg e ly  d isca rded . 

50 per cen t o f the  amount o f bau x ite  is d isca rded  in the form  of 

red mud. A lth o u g h  it  is possible to process red mud in o rd e r to 

recover its  c o n s titu e n ts  (sodium  a lum inos ilica te , iron  ox ide  and 

titan ium  o x id e ), such process has not been found  to be economically 

ju s tif ie d  so fa r .

The excess so lu tion  from the d iges te rs  undergoes an 

in d ire c t heat exchange w ith  c la r if ie d  so lu tion  (see be low ), and is then 

passed th ro u g h  a series o f b lo w -o ff ta n ks . H ere, a t a tem pera ture  o f 

70 to 55° C, a major fra c tio n  o f the h yd ra te d  alum inium  o x id e , 

which is d isso lved  in the o ve rsa tu ra te d  so lu tio n , is c la r if ie d , w ith  

hyd ra ted  alum inium  ox ide  ( h y d ra rg il l i te ,  AI ( O H) 3) be ing used as 

seeding. T h is  has p re v io u s ly  been separated on vacuum drum  

f ilte rs  o r leaf f i l te r s .  A m inor fra c tio n  o f the separa ted h y d ro x id e  

is washed again and fed to the  ca lc in e r. The c la r if ie d  so lu tion



\

(co n ta in ing  40 to  50 pe r cent o f alum inium  ox ide ) is preheated 

th ro u g h  in d ire c t heat exchange w ith  o ve rsa tu ra te d  so lu tion  (see 

above) and re c ircu la te d  in to  the ba u x ite  m ill, w ith  app rox im a te ly  

85 k g / t  A l20 3 being los t.

In the red  mud separa tion stage and o th e rs , heat is consumed 

mainly in the form  o f ra d ia tio n , am ounting to 1.3 G J /t A I20 3 or

2.1 G J /t A l20 3. Systems th a t separate im p u ritie s  from the so lu tion , 

such as vanad in  s a lt, soda, o r oxa la te , cause a heat consum ption 

o f 0.84 G J/ t  A '20 3 to 1.3 G J /t A l20 3. The to ta l ene rgy re q u ire 

ment fo r  losses and b y -p ro d u c t separa tion are  a c lear fu n c tio n

o f the c lim a tic  location o f the oxide  p la n t; the  mean tota l energy 

requ irem en t in Europe is 2.7 G J /t A l20 3 .

A fte r  c la r if ic a tio n , the alum inium h y d ro x id e  conta ins adheren t m oisture 

and chem ica lly bound w a te r, both o f w h ich have to be e x tra c te d  

before the e le c tro ly tic  process. D u rin g  c a lc in in g , a f ir in g  process, 

v ir tu a lly  all w a ter is removed a t a tem pera tu re  o f 1,100° C. Gas- 

f ire d  re c u p e ra tive  ro ta ry  k iln s  w h ich are up to  100 m long and 

4 m in d iam eter are fed w ith  alum inium  h y d ro x id e  a t the 

opposite end o f the  b u rn e r .  While m oving th ro u g h  the k iln ,  the 

aluminium h y d ro x id e  is deh yd ra te d  and ca lc ined in the ho ttes t

zone. H ow ever, m ostly flu id is e d -b e d  k iln s  are  used today , w hich 

consume cons ide rab ly  less ene rg y .

The spec ific  fue l consum ption o f a f lu id is e d -b e d  k iln  is about

3.1 G J /t A l20 3, w h ich compares w ith  about 5 G J /t A l20 3 fo r  the 

ro ta ry  k iln .  A major share o f the re s u lt in g  ox ide  is processed in 

aluminium sm elte rs. A m inor share also p re se n t in the form

of h y d ro x id e  is used in va rious  app lica tions  in the chemical 

in d u s try ,  in ceram ics, e tc .

Considerable im provem ents have bgen made in the past few years 

in the B ayer p rocess. P a rticu la r mention shou ld  be made here o f 

the change from  d iscon tinuous  to  con tinuous  ope ra tion , the in t r o 

duction  o f a tube  reac to r fo r  the d iges tion  o f ba u x ite , and the vacuum

-  20 -



A

-  21 -

drum  f i l t e r  fo r  the separa tion o f red  m ud, as well as the rep lace

ment o f ro ta ry  k iln s  by  flu id is e d -b e d  k iln s  fo r  the ca lc ina tion  o f 

hyd ra te d  aluminium ox ide . These im provem ents have re su lte d  in a 

considerab le  reduc tion  o f the amount o f heat re q u ire d  in the  

process. Modern European p lan ts  re q u ire  heat fo r  the p ro d u c tio n  

o f ox ide  in the o rd e r o f less than 10 G J /t  ox ide , while o ld  p lan ts  

used up to 24 G J /t .  The o u tp u t o f modern oxide p lan ts  is between 

0.5 and 1 m illion tonnes o f ox ide pe r y e a r, in some cases more 
/ 2 . 1- 6 / .

The e lec trica l in p u t is between 200 and 300 k W h /t A l20 3 . Data

fo r  the Federal Republic o f Germany in 1 982 show a fue l consum ption

o f about 14 3 G J /t A l20 3 and an e le c tr ica l in p u t o f 245 kVVh/t A l20 3.

It  becomes obvious th a t the ene rgy in p u t is sub jec t to g re a t 

va r ia tio n s , and th a t, th e re fo re , the  main e n e rg y - in te n s iv e  stages 

p resen t the g rea tes t saving p o te n tia l. While the ene rgy  demand 

in ca lc in ing  cannot be c u t fu r th e r  i f  a f lu id is e d -b e d  k iln  is used, 

a ll o the r energy-consum ing  stages be ing less s ig n if ic a n t, the  on ly  

stages th a t v a ry  most and th e re fo re  lend them selves to  susta ined 

energy conserva tion  are the e x tra c tio n  and evapora tion  phase.

2 .1 .1 .2  O the r processes used fo r  the p ro d u c tio n  o f alum inium  oxide

In add ition  to the Bayer process, th e re  are  a num ber o f o th e r 

processes fo r p rodu c ing  aluminium ox ide  w h ich , how ever, are 

in s ig n if ic a n t in c u r re n t p ra c tica l a p p lic a tio n . T h e re fo re , these 

processes are o n ly  lis ted  below by name:

Processing o f b au x ite : s in te r in g  w ith  soda, 

lime e x tra c tio n .

Hall p ro ce ss , 

H aglund process.



Processing o f n o n -b a u x ite  m a te ria l:

-  su lph ite  c lay p rocess, ,

-  s u lp h u ric  acid d ig e s tio n ,

-  A loton p rocess,

-  Griesheim p rocess,

-  Nuvalon process.

A t p re se n t, the developm ent and dem onstra tion  o f processes is 

pushed in the f ie ld  o f alum inium  o x ide  p rodu c tion  based on 

n o n -b a u x ite  raw m ate ria ls . These com prise , in te r  a lia , c lay , 

ano rthos ide , a lu n ite , and daw son ite . Because o f th e ir  a v a ila b ility  

in large depos its , c a o lin it ic  c lays a re  o f p a r t ic u la r  im portance.

The estim ated ene rgy in p u t quo ted  in  lite ra tu re  fo r  the p rodu c tion  

o f aluminium oxide  on the basis o f c lay  is 2.5 to  3 times th a t of 

the Bayer process /2 .1 -3 / .  R esu lts  o f the ia test s tud ies  suggest 

a fac to r o f 2, how ever.
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2 .1 .1 .3  E le c tro ly tic  reduction  o f alum inium  oxide

V ir tu a lly  the on ly  method used today fo r  p ro d u c in g  com m ercially 

pure  alum inium  (A l 99.9) is e le c tro ly t ic  re d u c tio n . The s o lu b ility  

o f the alum inium ox ide  (m e lting  p o in t o f about 2,050° C) in molten 

c ry o lite  helps e lec tro lyse  ox ide  a t a tem pera tu re  o f on ly  950 to  

980° C. Some of the c ry o lite  is consumed and needs to be rep laced . 

S yn the tic  c ry o lite  is used.

The e le c tro ly tic  ce lls cons is t o f c a rb o n -lin e d  ta n k s . Cathode lines 

are p lan ted  in  the  tank base. C a thod ica lly  separated liq u id  alum 

inium has a heav ie r spec ific  w e igh t than the rem a in ing  e le c tro ly te  

and se ttles on the  carbon bottom from  where it  is siphoned at re g 

u la r in te rv a ls . From above, the anode tha t cons is ts  o f carbon too, 

d ips in to  the ba th . I t  b u rn s  the oxygen  released from  the alum inium  

oxide , p ro d u c in g  m ainly carbon d io x id e . In p ra c tice , two types  o f
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anodes are used. These are

a) the se lf-b a k in g  S oderberg  anode w h ich  uses pa ten t fu e l, 

called 'loaves' o f S oderberg  paste (low -ash  coa l, con ta in in g  

25 to 35 w e igh t pe r cent o f c o a l-ta r  p itc h ) th a t a re  f il le d  

in to an alum inium  ja cke t. In the heat o f the cell they  bake 

and form  solid anode ca rb o n ;

b) p re -b u rn t d iscon tinuous  o r con tin uous  anodes o f la rge  carbon 

blocks ( fo r  instance, 1,900 x 500 x 600 mm, about 1.1 tonnes 

in w e igh t) w hich are in se rte d  from  above.

Anode consum ption r-. in the o rd e r o f 460 to  480 kg  C p e r tonne 

o f aluminium /2 .1 -6 , 18 /. The ene rg y  re q u ire d  to p roduce  anode 

carbon is about 10 to 11 kVVh/kg, in c lu d in g  non -e n e rg y  co nsu m p tion .

E lec tro ly tic  cells opera te  a t o ve r 150, 000 A . They are connected 

in g roups , one a fte r  the  o th e r, p ro d u c in g  a system o f long rows 

o f ce lls. The o pe ra ting  vo ltage  o f a ce ll is 4 to 4.5 V o lt w h ich 

is much h ig h e r than the  decom position vo ltage  o f the alum ina 

because vo ltage  losses occur in va rio u s  p a rts  o f the  system .

There is a tre n d  in e le c tro ly tic  ce lls fo r  la rg e r sizes, h ig h e r 

in tens ities  o f e le c tr ic  c u r re n t  and lower cell vo ltages. Today, 

in tens ities  o f between 150 and 180 kA  can be rea lised w ith o u t 

problem, in some cases even 240 k A .

In the p rodu c tion  o f a lum in ium , bo th  e lec tr ica l and chem ica lly 

bound energy is used. The la tte r  is p resen t in the form  o f carbon 

produced from  anode consum ption (d a ily  e lectrode consum ption 

about 1.8 to  2 m) and is a key fa c to r in de te rm in ing  p ro d u c tio n  cost 

and the e n tire  opera tion  o f the process.

S chm id t-H a tting  /2 .1 -4 / and C . Wilde /2 .1 -5 /  have ca lcu la ted  the 

amounts o f ene rgy  re q u ire d  in e le c tro ly s in g  alum inium .
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The e le c tro ly t ic  decom position o f a lum inium  ox ide  to  a lum inium  and 

oxygen at the usual tem pera tu re  o f about 950 to  970° C has 

a minimum ene rgy  demand o f 8.7 kW h/kg  A l, w ith  the  oxygen  

being separated a t the  in e r t  anode at a p re ssu re  o f 1 a t .  O u t 

of th is  amount o f e n e rg y , 6.6 kW h/kg  A l is in p u t in the  fo rm  

o f pu re  e le c tr ica l ene rgy  and 2.1 kW h/kg  A l in the fo rm  o f 

heat. T h is  is to be added to  the heat re q u ire d  fo r  hea ting  

the alum ina, w h ich  takes about 0.6 kW h/kg  A l , wh ich makes it  

a to ta l theo re tica l ene rg y  demand o f 9.3 kW h/kg  A l.

Under common techn ica l co n d ition s , the  carbon anode makes 

a theo re tica l c o n tr ib u tio n  o f about 3.7 kW h/kg  A l, ta k in g  in to  
account the  ene rg y  re q u ire d  fo r  its  own hea ting  (0 .22  kW h/ 

kg carbon -  0.1 kW h/kg  A l) .  T h e re fo re , the minimum ene rg y  

re q u ire d  to  decompose alum inium  ox id e , us ing  a carbon anode 

and a c u r re n t  e ffic ie n c y  o f 100 per c e n t, is ro u g h ly  5.6 kW h/ 

kg Al /2 .1 -6 / .

For many decades, alum inium  sm elters have focussed th e ir  

a tte n tio n  on the re d u c tio n  o f spec ific  ene rgy  consum ption in 

e le c tro lys in g  a lum in ium . T hu s , the spec ific  consum ption o f 

e lec trica l ene rg y  was c u t from about 40 kWh (d ire c t c u r r e n t ) /  

kg Al in the  f i r s t  s ing le  anode o r small ce lls us ing  round  anodes 

to 13 to  17 kWh (d c ) /k g  A l today. In 1980, the average cons

um ption in  the Federal Republic o f Germany was a t 16.8 kWh (a c ) /  

kg Al /2 .1 -1 8 /.

The spec ific  consum ption o f e lec trica l ene rg y  W ^ /k W h /k g  A l is 

ca lcu la ted on the basis o f two va ria b le s , ie the cell vo ltage  U (V ) 

and the c u r re n t  e ffic ie n c y  (= the re la tio n sh ip  between a c tu a lly  and 

th e o re tic a lly  p roduced  a lum in ium ):
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The cell vo ltage  was reduced from  about 10 V in the  pas t, to 

about 4.0 V today , and the  c u r re n t e ffic ie n c y  was increased 

from  o r ig in a lly  some 70 pe r cent to  almost 90 p e r cen t today . 

T he re fo re , the re duc tio n  in the spec ific  consum ption o f e lec trica l 

energy is la rge ly  due to  the  im proved cell vo ltag e , and to  a 

lesser e x te n t to  the increase in  c u r re n t  e ff ic ie n c y . Where

as the c u rre n t e ffic ie n cy  can h a rd ly  be increased to  more than 

the p resen t 90 pe r cen t in  p ra c tica l a p p lic a tio n , a fu r th e r  

reduction  is s t il l possib le  in  the cell vo ltag e , w h ich  can be 

achieved m ain ly to  op tim is ing  the  cathode d e s ig n , e x te n d in g  

bus bar cross sections and reduc ing  the  c u r re n t  d e n s ity  in the 

ce ll. However, a ll these steps ca ll fo r  a h igh  cap ita l e xp e n d itu re .

In  term s o f p ro f i ta b i l i t y ,  the re  is a lim it to  the specific  

consum ption o f e lec tr ica l e n e rg y , w hich is in the  o rd e r o f 

12 kW h/kg  A l;  th is  can be ach ieved , fo r  in s tance , a t a c u r re n t 

e ffic ie n cy  o f 91.5 p e r cen t and a cell vo ltage  o f about 3.7 V 

/ 2 . 1- 6 / .

F ig . 2 .1 -2  il lu s tra te s  the  ene rg y  flow  in e le c tro ly tic  

p rodu c tion  o f alum inium  /2 .1 -1 5 /.  The amounts shown in  th is  

source d if fe r  w ith in  ce rta in  lim its  from  o th e r va lues g iven  in 

o th e r sections o f the  p re se n t s tu d y .

2 .1 .1 .4  E le c tro ly tic  re fin in g

In a ll app lica tions  where a h ig h e r degree o f metal p u r i t y  is 

requ ire d  the th re e - la y e r  e le c tro ly tic  re fin in g  method (99.99 A l) 

has p roven  its  w orth  fo r  a long tim e. R ecen tly , the liqua tion  

method has also come to be used. I t  p roduces metal o f a p u r ity  

o f 99.96 to 99.99 pe r cent o f a lum in ium .

The consum ption o f e le c tr ic ity  in  e le c tro ly tic  re f in in g  is s ig n if ic -
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a n tly  h ig h e r. A cco rd in g  to  source /2 .1 -2 4 / ,  i t  is 20 to  22 kVVh/kg, 

and a typ ica l va lue  o f  the Federal R epub lic  o f Germany /2 .1 -1 8 / 

is 20.5 kVVh/kg. I t  shou ld be no ted , how ever, th a t the  on ly  

material to be used in  th re e - la y e r  re fin in g  is p r im a ry  alum inium  

a n d /o r a lloys w ith  v e ry  low fo re ig n  metal fra c tio n s .

2 .1 .1 .5  O the r ways o f p ro d u c in g  alum inium

Attem pts have been made to  develop new methods th a t cou ld  

replace the e le c tro ly t ic  p ro d u c tio n  o f a lum in ium . They have 

led to a num ber o f processes, in c lu d in g

- the Pechiney process,

-  the A lc a n -su b ch lo rid e  process,

-  the Alcoa process, and

- the To th  p rocess.

Because o f poor p ro f ita b i l i ty  and because o f problem s in des ign ing  

the process c o n tro l, the developm ent o f the  f i r s t  two processes was 

g iven up . The Alcoa process is app lied  in a p ilo t p la n t.

The process w h ich  was fu r th e r  developed by  A lum inium  Company 

o f America is based on the e le c tro lys is  o f alum inium  c h lo rid e  which 

is d issolved up to  7 per cen t in an e le c tro ly te  c o n ta in in g , fo r  

instance, 50 p e r cen t NaCI and 50 p e r cen t L iC I. S ta r tin g  w ith  

bau x ite , alumina is f i r s t  p roduced in the B ayer p rocess. T h is  is 

tu rn ed  in to  alum inium  c h lo rid e , w h ich  is then e lec tro lysed  in  

t ig h t ly  sealed c e lls . The ob jec tive  is to s ta r t  on the m inera l its e lf,  

in which case the B ayer process would become s u p e rflu o u s .

The advantages o f the Alcoa process are s ta ted  /2 .1 -8 /  as fo llow s:

- up to 30 per cen t sav ings o f e lec tr ica l ene rg y  in re la tio n  to the 
c u rre n t m ethod;

- replacement o f the  expensive c ry o ly te  by  less expensive  chem icals;

- e lim ination o f the  r is k  o f f lu o r in e  em issions;
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-  low s ite  area re q u ire m e n t;

-  low o p e ra tin g  co s t.

In the T o th  p rocess, alum inium  is  ob ta ined from  alum inium  ch lo rid e  

by reduc ing  it  w ith  manganese. Manganese c h lo r id e  is ox id ised  to 

manganese ox ide , p ro d u c in g  c h lo rin e . The re s u lt in g  manganese 

oxide is then  reduced to re-usable manganese. The suggested method 

would re q u ire  on ly  v e ry  l i t t le  e le c tr ica l e n e rg y , b u t i t  appears to  

be v e ry  complex and is  v iewed w ith  some sceptic ism  by e x p e rts .

A s u rv e y  among e xp e rts  showed a success ra te  o f on ly f iv e  per 

cent fo r  the  T o th  process /2 .1 -9 / .

2 .1 .2  P roduction  o f alum inium  from  secondary m ateria l

Remelted aluminium o r alum inium from  secondary m ateria l (new 

scrap, o ld sc rap , c h ip p in g s , d ross) accounts fo r  about 30 per 

cent /2 .1 -1 3 , 14/ o f a ll a lum inium  consum ption in the Federal 

Republic o f G erm any. I t  is  used almost e x c lu s iv e ly  fo r  cast 

a lum inium .

The average demand o f e le c tr ic ity  fo r  the p ro d u c tio n  o f second

a ry  aluminium from  va riou s  types  o f scrap in G reat B r ita in  is 

90 kWh pe r tonne o f secondary a lum in ium ; fu e l consum ption is 

14.3 G J /t  secondary a lum in ium , and the p r im a ry  energy re q u ire 

ment is 16.3 G J /t  secondary alum inium  /2 .1 -1 1 , p . 42/.

O ther sources state a p rim a ry  ene rg y  requ ire m en t o f 13.9 G J /t 

remelted alum inium /2 .1 -1 7 / a n d /o r 4.2 G J /t  /2 .1 -1 8 /.

The w ide d iffe re n ce  in quo ted va lues is m ainly due to the d if fe re n t 

equipm ent used in rem e lting  p la n ts ; b u t i t  is also due to the d iffe re n ce  

in the q u a lity  o f scrap  used and the a lloys  to be p roduced .
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2 .1 .3  M e lting  and ho ld ing  o f a lum inium  as a p re tre a tm e n t stage

Depending on the  two basic m ethods o f p ro d u c in g  alum inium  

(p rim a ry  and secondary a lum in ium , also re fe rre d  to as com m ercially 

pu re  and rem elted alum inium ) th e re  is a need to  add o th e r elements 

in o rd e r to  change the p ro p e rtie s  o f the  la rg e ly  p u re  base m aterial 

before i t  is tre a te d  fu r th e r .  A d is t in c tio n  is made here  between 

w roug h t a lloys and cast a llo ys .

W rought a lloys  pe rm it the a d d itio n  o f o th e r elements in small 

qua n titie s  o n ly . These elements a re , fo r  in s tance . S i, Fe, C n, Mn, 

Mg, C r, Zn , T i.  They are  added to  enhance the  s tre n g th  o r the 

chemical res is tance , among o th e r th in g s . W rought a lloys are used 

in the m anufacture  o f semis o r  p a rts  th a t are ro lled  o r p ressed .

Cast a llo ys , how ever, pe rm it the  a d d itio n  o f up to  13.5 pe r cent 

o f s ilico n . O the r elements can also be added in  la rg e r q u a n titie s  
than in w ro u g h t a lloys .

In  p ro d u c in g  such a lloys o r alum inium  ca s tin g s , m e lting  and ho ld ing  

aluminium liq u id  is a fre q u e n t p rocess. I t  is usua lly  done in two 

separate p la n ts .

T h e o re tica lly , 1.17 MJ is needed to heat one k ilogram  o f p u re  

aluminium from room tem pera tu re  to  a ca s tin g  tem pera tu re  o f 750° C. 

T h is  requ irem en t is composed o f the amount o f heat needed to  get 

to  the m elting  p o in t (660° C ), abou t 0.69 MJ, then  the  m e lting  heat 

o f 0.39 MJ, and the amount o f heat re q u ire d  to heat the molten metal 

by  another 90° C, which is 0.09 MJ. In many cases i t  is bo th  

techn ica lly  feas ib le  and econom ically ju s t if ie d  to use a fu e l- f ire d  

k iln  fo r m elting and an e le c tr ic  fu rn a ce  fo r  h o ld in g . A s u rve y  o f 

common types  o f furnaces and f ir in g  is g iven  in T ab le 2 .1 -1 .

Recommended ene rgy  consum ptions fo r  va rio u s  types o f fu rnaces  are 
shown in Table 2 .1 -2 .
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2 .1 .3 .1  C ru c ib le  fu rnaces

C ruc ib le  fu rnaces a re  fu rnaces w h ich co llec t the  molten metal in 

a po t-shaped co n ta ine r. To remove the m etal, the  fu rn ace  t i l ts  

fo r  p o u rin g  or the c ru c ib le  is lif te d  o u t. C ru c ib le s  are  made o f 

clay g ra p h ite , s ilicon  ca rb id e , o r cast iro n .

Gas o r o il- f ire d  c ru c ib le  fu rnaces are m ainly used as sm elting 

fu rn aces ; how ever, they can also assume the fu n c tio n  o f a ho ld ing  

fu rn ace . Modern autom atic gas and o il b u rn e rs  guarantee tro u b le -  

free  tem pera tu re  co n tro l and g re a t evenness o f tem pera tu re  d is t r ib 

u tion ins ide  the fu rnace  and in the  molten mass. I f  bo th  the design 

and the  serv ice  and maintenance o f the  fu rn ace  are  c o rre c t,  the 

melt does not get in to  con tact w ith  the com bustion gases. Pure 

m elting fu rnaces are p re fe ra b ly  t ilta b le  c ru c ib le  fu rnaces  w ith  

b u ilt - in  po ts ; the capac ity  is usua lly  350 k g , w ith  the ra te  o f 

m elting be ing  between 300 and 400 k g /h .  In recen t yea rs , p r io r i ty  

has been g iven  to deve lop ing  fu rn a ce  e n g ine e ring  w ith  a view  to 

c u ttin g  energy consum ption , im p rov ing  the metal q u a lity  and reduc 

ing env ironm enta l p o llu tio n ; and a h ig h  s tanda rd  has been reached 

in these fie ld s . T h u s , c ru c ib le  fu rnaces are now o ffe re d  w ith  

recupe ra to rs  fo r p re h e a tin g  the com bustion a ir ;  they  make up to  

35 pe r cen t b e tte r use o f the therm al e n e rg y . H ow ever, they also 

re q u ire  the use o f h ig h -q u a lity  in s u la tin g  m ate ria l, a favou rab le  

position o f the b u rn e r ,  b u rn e r  c o n tro l, autom atic tem pera tu re  

c o n tro l, m onitored ig n it io n  ar.d com bustion, in ad d itio n  to  the re c u p 
e ra to r.

C ruc ib le  fu rnaces can also be heated by e le c tr ic  res istance (alm ost 

exc lus ive ly  in  ho ld ing  o p e ra tio n s ), o r by  in d u c tio n . In in duc tion  

fu rn aces , the heat is genera ted  d ire c t ly  ins ide  the  metal to be 

heated (see C hapter 2 .1 .3 .3 ) .

B as ica lly , i t  can be s ta ted  th a t e le c tr ic a lly  heated c ru c ib le  fu rnaces
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fea tu re  low melt losses o r deads, ie about one p e r ce n t o f the  

in p u t w e igh t. In  fu e l- f ire d  fu rn a ce s , deads can be expected to 

be about two o r th re e  p e r ce n t.

2 .1 .3 .2  H earth fu rn aces  and ro ta ry  k iln s

Designs o f potless fu rn aces  are h e a rth  fu rnaces  (sometimes also 

called tank fu rnaces) and ro ta ry  k iln s .  F u e l- f ire d  h e a rth  fu rnaces  

can be used fo r  both  m e lting  and ho ld in g  a lum in ium .

A new app lica tion  o f th is  typ e  o f fu rn a ce  is in  s to rin g  and 

ho ld ing  molten metal w h ich is supp lied  by  the alum inium  sm elter 

to the p rocesso r. The main fea tu res  are a la rge ba th  su rface  in 

re la tion  to the dep th  o f  the ba th , and a flame which is usua lly  

d ire c tly  above the  su rface  o f the  b a th .

A deta iled d e sc rip tio n  o f the p ro p e rtie s  o f th is  typ e  o f fu rn a ce  is 

g iven in /2 .1 -1 9 , 2 .1 -20 , 2 .1 -21 , 2 .1 -2 2 /.

Rotary k iln s  are  p a r t ic u la r ly  su ited  fo r  m e lting  c h ip s , d rosses , 

and old scrap und e r a chemical c o v e r. T h e ir  main fea tu re s  a re  

good u tilis a tio n  o f  fue l and h ig h  m e lting  ra te s .

2 .1 .3 .3  Induc tion  fu rnaces

U n like  the res is tance-hea ted  fu rn a ce , th is  typ e  o f fu rnace  produces 

heat d ire c t ly  in  the  metal to be hea ted . The in p u t o f e le c tr ica l ene rgy 

is transform ed in to  heat th ro u g h  the  e ffe c t o f a m agnetic f ie ld  o f an 

induc tion  coil w ith in  the metal its e lf ,  in  which case the metal to be 

molten acts as the  secondary co il. The main advantages o f in duc tion  

heating are tha t in d u c tiv e  heat genera tion  is more economical than 

resistance hea ting  and the  ba th  to  be c irc u la te d  and s t ir re d  causes 
the desired tho rough  m ix ing  o f the  m elt.
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O ther advantages o f in d u c tio n  fu rnaces are h igh  e ffic ie n c y , the 

absence o f waste gas losses, low deads o f 0 .5  to  1.0 p e r cen t as 

a consequence o f the  small ba th  surface  area and the  mode o f 

action , good tem pera tu re  c o n tro l, h igh  m elting ra te s , clean o p e ra t

ion, no o ve rh e a tin g  o f the  fu rnace  feed because the  heat re q u ire d  

in the metal is p roduced  by in d u c tio n . B as ica lly , these fu rnaces  

operate on normal su p p ly  fre q u e n cy  o f 50 Hz. The main fu rnace  

charge is ramming m a te ria l. There  are two types o f in d u c tio n  fu r n 

aces, ie channel fu rnaces  and coreless fu rnaces .

Induc tion  channel fu rnaces

These fu rnaces have s tra ig h t  channels w h ich can be cleaned easier 

w ith  f ix e d  tools than  the  c u rve d  channels o f the  p a s t. The channel 

su rro unds  a b u i l t - in  p r im a ry  co il. Channel fu rnaces  always re q u ire  a 

closed secondary loop in the form of the liq u id  metal conta ined in 

the channe l. T h e re fo re , a liq u id  'hee l' must be m ain ta ined, ie a 

q u a n tity  o f metal be ing  up to h a lf the fu rn ace 's  c a p a c ity . The 

furnace m ust be s ta rte d  on liq u id  m etal.

Channel fu rnaces  a re  used as ho ld ing  and cas ting  fu rn a ce s . The 

channels may be e ith e r  below the actua l fu rnace  cham ber o r a t an 

angle on the  side. When used as a ho ld ing  re s e rv o ir  in  la rg e - th ro u g h -  

p u t ope ra tion , they  are p laced, in a k in d  o f tow er (w ith  a capac ity  

o f 3 to 15 to n n e s ), between the  m elting  and the cas ting  shop. Because 

o f the ease w ith  w h ich th e ir  tem pera tu re  can be co n tro lle d , channel 

furnaces are p a r t ic u la r ly  su ited  fo r  use in q u ie t in g , o r  dea d -m e lting , 

and in re f in in g .  Metal is d ischarged  th ro u g h  a tap hole.

Coreless in duc tion  fu rnaces

In co n tras t to  the  channel fu rn a ce , the coil in the coreless 

furnace su rro u n d s  the  fu rn ace  cham ber, usu a lly  a round  its  fu ll 

he igh t. The fu rn ace  can s ta r t  w ith  solid metal. Coreless 

furnaces are m ainly used fo r  m e lting . R ecen tly , ho ld ing  fu rnaces 

have also been des igned w ith o u t channels (s h o rt co il ho ld ing  fu rn a c e s ). 

Because o f its  p la in  and smooth shape, the fu rn a ce  is easy to clean.
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P repara tion o f th e  fu rn a ce  is simple and ra p id . The fu rnace  can 

be used in  in te rm itte n t opera tion  w ith o u t any p rob lem , a lloys 

can easily  be changed. M e ta ilu rg ic a lly , these fu rnaces  w o rk  w e ll; 

both the  mode o f  opera tion  and th e  small size o f the  bath surface  

help avoid contam inations. The bath  c irc u la tio n  can be ad jus ted , 

which is a good basis fo r  add ing  a lloy  com ponents, as well as fo r  

p re ve n tin g  the  separa tion  o f components o f the a lloy  because of 

d iffe rences in den s ities  (sepa ra tion  b y  liq u a tio n ) .

2 .1 .4  M anu factu re  o f alum inium  semis 

2 .1 .4 .1  P roduc tion  o f sheet alum inium

Ingots o f p r im a ry  alum inium  are m olten to  p roduce  sheet a lum in ium .

The scrap p roduced  d u r in g  the m anufactu re  o f s t r ip  can also be 

added to  the  m e ltin g .

The whole process o f sheet alum inium  m anufactu re  com prises the 

m elting process o f  s ta r t in g  m a te ria l, con tinuous  c a s tin g , a p re 

heating stage , a h o t- ro 'l in g  p la n t, a tw o -s tage  co ld  ro llin g  p lan t 

w ith  an in te rm ed ia te  annealing stage, as well as trim m ing  and conveying  

u n its . A cco rd in g  to /2 .1 -1 1 /,  the m anu factu re  o f one tonne o f 0 .5  mm- 

gauge sheet alum inium  re q u ire s  1,400 kWh o f e le c tr ica l e n e rg y .

2 .1 .4 .2  P roduc tion  o f aluminium fo ils

Foil is p roduced  by a con tin ua tion  o f the co ld  ro ll in g  process 

down to th icknesses o f 0.005 mm.

Based on the  above p rocedu re  on 0 .5  m m -sheet, o th e r co ld  ro llin g  

and annealing stages are added.

A ccord ing  to  /2 .1 -1 1 /,  the p ro d u c tio n  o f one tonne o f 0.02 mm-gauge
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alum inium  fo il requ ire s  2, 700 kWh o f e le c tr ica l e n e rg y , p lus

17.4 CJ o f e n e rg y  in the form  o f fu e l.
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2 .1 .4 .3  P roduction  o f alum inium  sections and pipes

V arious shapes o f alum inium section and p ipes are  used in 

d if fe re n t a pp lica tions , such as in ca r p ro d u c tio n  and c o n s tru c tio n . 

They are  made in e x tru d e rs .

The whole process includes stages fo r  m e ltin g , con tinuous  ca s tin g , 

saw ing, p re h e a tin g , e x tru d in g , and fin a l annea ling . A cco rd ing  to 

/2 .1 -1 1 /,  one tonne o f sem i-fin ished  alum inium  p ro d u c t takes 

1,030 kWh o f e lec trica l ene rg y  and 16.5 GJ o f ene rg y  in  the form  

o f fu e l.
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2.2______Copper

2.2.1 D escrip tion  o f the process stages (see F ig . 2 .2 -1 )

The raw m ateria ls fo r  the p ro d u c tio n  o f copper v a ry  acco rd ing  

to type  and o r ig in .  They th e re fo re  also de term ine to  a la rge  

ex ten t the process to  be a p p lie d . A b ou t 60 p e r cen t o f all com

mercial copper is made from  c o p p e r-b e a rin g  ores w ith  a re la t iv e 

ly  low copper con ten t o f one to  2 .5  p e r cent copper /2 .2 -1 / .  

A cco rd ing  to  the m inera logica l c o n d itio n , a d is tin c tio n  is made 

between s u lf id e  and ox ide  o res, w h ich , u su a lly , also conta in  

fra c tio n s  o f o the r noble metals (A g , A u , Pt) o r  base metals (Fe,

Pb, Sn, Z n ). For haulage reasons, copper m ills  a re  usua lly  near 

the m ine. The rem aining 40 p e r cen t o f commercial copper is made 

from old metal. T h is  inc ludes d ire c t ly  remelted process scrap 

(recyc led  m ateria l) and m ain ly co p p e r-co n ta in in g  sc ra p ; about 

th re e -q u a rte rs  o f the copper consumed re tu rn  to  the sm elter as 

scrap a fte r  a se rv ice  life  o f about 30 years /2 .2 -2 / .  Due to th is  

fac t the re  is a r ise  in the share o f scrap be ing used as a s ta r t in g  

material in copper sm e lting .

There are  bas ica lly  two com plete ly d if fe re n t  ca tegories o f copper 

e x tra c tio n . Most o f the com m ercially pu re  coppe r, ie about 

th re e -q u a rte rs , is p roduced in  p y ro m e ta llu rg ica l processes w hich 

are based on f i r s t  m elting the raw coppe r, and then  re fin in g  the 

re su ltin g  p ro d u c t. In co n tra s t to the p y ro m e ta llu rg ica l p rocess, 

the h yd rom e ta llu rg ica l process uses so lv ing  methods combined w ith  
e le c tro ly tic  re cove ry .

Commercial copper is ava ilab le  in severa l grades, acco rd ing  to 

the degree o f p u r ity .  With about 80 p e r ce n t, the major share is 

ca thode -e lec tro ly te  copper w ith  a copper con ten t o f a t least 99.90.

In the subsequent rem e lting  stage, va rio u s  elements are added to 

obtain the  m ix tu re  th a t is ta ilo re d  to its  fu tu re  usage. V a rious  copper
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a lloys are p ro d u ce d , such as brass as a C u-Zn a llo y , b ronze  

as an a lloy o f Cu and Sn, A l, o r Pb.

In an a p p ro p ria te  cas ting  process, w ire  b a rs , ro d s , o r slabs are 

p roduced . As a ru le ,  they  are then shaped in a series o f hot and 

cold w o rk in g  stages.

2 .2 .2  M in ing  and d ress in g  o f ores

A bout 80 p e r cen t o f  copper ores is m ined in open p its .  C o p p e r

bearing  beds are  b lasted  loose, and the  ore  is tra n s p o rte d  to a 

d ress ing  p la n t. T h e re , the  rock is f i r s t  c rushed  and f in e ly  g ro u n d . 

T h is  is fo llow ed by an o re  concen tra tion  process us ing  a floa ta tion  

method. D u rin g  th is  p rocess, the  f in e ly  g roun d  m inera ls o r stones 

which are d ispe rsed  in w a te r, deposit in gas bub b le s , depend ing  

on th e ir  spec ific  p ro p e rt ie s . They then appear a t the su rface  in 

the form o f charged  f ro th .  In th is  w ay, about 90 p e r cen t o f 

copper is ob ta ined  from  ro c k . The conce n tra te , o r  fin e s , conta ins 

15 to 40 p e r cen t copper and 15 to 30 p e r cent iro n , in ad d itio n  

to o the r metals th a t are p resen t a t low er co n ce n tra tio n s .

Some U .S . Am erican sources are ava ilab le  to p ro v id e  some in d ic 

ation on the  ene rg y  re q u ire d  in the m in ing  and d re ss in g  o f ores 

/2 .2 -1 , 4, 5 /. H ow ever, the re  are w ide d iscrepancies in the f ig 

ures p resen ted . Tab le 2 .2-1 lis ts  the  va lues /2 .2 -3 / re la tin g  to 

the fuel and e le c tr ic ity  in p u ts  in the va rio u s  stages and are  based 

on one tonne o f ore con ta in in g  one p e r cent o f copper.

2 .2 .3  H yrom e ta llu rg ica l processes

S u lfide  C u -con cen tra tes  are usua lly  smelted in p y ro m e ta llu rg ica l 

processes. In p r in c ip le ,  these processes are based on p ro g re ss ive  

ox ida tion  to  separate iro n  and s u lp h u r . The iron  form s a slag,



while the  s u lp h u r  is em itted w ith  the  waste gas in  the form of S 0 2.
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2 .2 .3 ,1  S tanda rd  process

The most im p o rta n t s tanda rd  process app lied  u n t il the  1960s com prised 

th ree  stages, ie ro a s tin g , sm e lting , and b la s tin g .

D u ring  ro a s tin g , the  concen tra te  is ox id ised  to  remove some o f 

the s u lp h u r and to  ob ta in  a q u a n tita tiv e  ra tio  between Cu and S 

th a t su its  the subsequen t sm elting s tage. D epending on the re q u ire d  

consistency o f the  m ateria l (e ith e r  lum py fo r  sm elting  in a sha ft 

fu rnace , o r  pow der fo r  sm elting in a re v e rb e ra to ry  fu rn a c e ), s in te r -  

roasting  is done in D w ig h t-L lo y d  s in te r  m achines, o r fine  ore 

roasting  is done in  s to re y  fu rnaces com pris ing  between 7 and I 1» 

hearths /2 .2 -6 , 7 / .  The roas ting  tem pera tu re  is about 800° C. When

ever the S -co n te n t o f the in it ia l concen tra te  is ove r 25 per cen t, 

the exotherm ic ox id a tio n  processes make fu e l- f ir in g  su p e rflu o u s .

In th is  case, the ro a s tin g  is s e lf-a c tin g . In a ll o th e r cases it  may 

be necessary to use add itiona l f i r in g ,  u su a lly  coal d u s t.  It is poss

ib le to p roduce  steam fo r  u t il is in g  the waste heat in a waste heat 

bo ile r.

In the fo llow ing  s tage , the smelted Cu m atte appears in a homo

geneous phase and cons is ts  m ainly o f  CuS and FeS. I t  has a 

tem pera ture  o f 1,185° to  1,300° C . Above it  is the slag la ye r which 

consists m ain ly o f S i0 2 and CaO. The types  o f fu rn aces  used are 

as fo llow s: sha ft fu rn a c e , re v e rb e ra to ry  fu rn a ce , e le c tr ic  fu rn a ce .

The sha ft fu rn ace  is used v e ry  l i t t le  nowadays and is su itab le  fo r  

lumpy m ateria l and small th ro u g h p u ts  in the  range  o f 100 to  500 

tonnes per day . The  on ly  fue l fo r  sh a ft fu rnaces is coke, w ith  the 

consum ption be ing  12 to  15 per cent o f the  fines  th ro u g h p u t, ie 

about 3.4 to 4.3 C J / t  feed.
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The re v e rb e ra to ry  fu rnace  is the  most w ide ly  app lied  sm elting 

u n it fo r  Cu m atte . I t  is  su itab le  fo r  tre a tin g  fin e ly  powdered 

m aterial a t la rg e  th ro u g h p u ts  o f between 300 and 1,100 t / d .  I t  

is fu e lled  w ith  coal d u s t, fue l o il, o r n a tu ra l gas, w ith  the 

spec ific  consum ption being a fu n c tio n  o f the  mode o f ope ra tion  

o f the fu rn a c e . I f  ho t roasted fines  a re  cha rged  (a t a tem p

e ra tu re  o f  abou t 500 to  650° C) the  consum ption  is abou t 3.0 

to 4.5 C J / t ,  i f  wet unroasted fin e s  are  cha rged  it  is about 6.0 

to 7.0 C J / t  re la tiv e  to the q u a n tity  fe d . T h ro u g h  a waste heat 

bo ile r abou t 30 to  45 pe r cent o f the c a lo r if ic  va lue  o f the fue l 

in p u t can be recove red  fo r the gene ra tion  o f steam.

When low -cos t e le c tr ic ity  is ava ilab le  i t  may be p ro f ita b le  to 

smelt the  Cu m atte in an e le c tr ic  fu rn a c e . T h is  is a lo w -sh a ft 

fu rnace  w ith  3 o r  6 Soderberg e lec trodes th a t d ip  in to  the  slag 

flo a tin g  on the  m elt. The major share o f heat is genera ted  th ro u g h  

c u rre n t pass ing  th ro u g h  the slag, because the e le c tr ica l c o n d u c tiv 

ity  o f slag is much lower than th a t o f the  m elt. One o f the main 

advantages o f e le c tr ic  fu rnaces is th a t the  waste gas emission is 

s ig n if ic a n tly  low er than  in re v e rb e ra to ry  fu rnaces  re la tiv e  to the 

feed q u a n t ity ;  and a t more than 10 per c e n t, the  S 0 2 co n te n t is 

by  one o rd e r o f  m agnitude above th a t o f waste gases em itted by 

re v e rb e ra to ry  fu rn a c e s . T h is  also accounts fo r  the g re a te r e f f ic 

iency in s c ru b b in g  the gas em itted by  e le c tr ic  fu rnaces  /2 .2 -8 / .  

Between 400 and 700 kWh is consumed for each tonne o f feed.

The Cu matte ob ta ined  from the fu rn a ce  is then overb low n w ith  a ir  

in  a c o n v e rte r . U su a lly , the f i r s t  matte is conve rted  to conta in  

75 per cent C u , and in  a second stage i t  is co n ve rte d  to  97 o r 

99 per cent b lis te r  copper. No hea ting  is re q u ire d  because the 

exotherm ic ox id a tio n  reactions libe ra te  s u ff ic ie n t ene rgy  to  main

ta in  the re q u ire d  tem pera tu re  o f o ve r 900° C. When low -C u matte 

is conve rted  th e re  may even be an excess o f heat which then 

requ ire s  the a d d itio n  o f adequate am ounts o f coo ling scrap .
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2.2. 3.2 Flash sm elting

T h is  process combines the ro a s tin g  and the  sm elting stage, w ith  the 

heat released in the  exotherm ic ro as ting  reactions be ing  ava ilab le  

fo r  sm elting. /2 .2 -9 /  states th a t about 10 p e r cen t o f the requ ire d  

heat in p u t needs to be covered by fu e l.

There  are bas ica lly  two process lin e s . In the  'O utokum pu process' 

the d rie d  ore fines  are charged  to the  sm elting  sha ft toge the r w ith  

preheated a ir .  In the sh a ft the reactions o cc u r. Both the matte and 

the slag are  separated in a special s e ttlin g  h e a rth . The waste heat 

is used fo r  p rehea ting  a ir  and fo r  g e n e ra tin g  steam, as the case may 

be. Its  S 0 2-  con te n t o f 10 to  18 pe r cen t suggests a favou rab le  basis 

fo r  m aking i t  in to  s u lp h u ric  ac id .

The 'Inco  p rocess ' uses te ch n ica lly  p u re  oxygen  instead o f a ir .  A bou t 

240 kg o f pu re  oxygen are used pe r tonne o f ore fin e s . Reactions 

take place in  the ho rizon ta l gas flo w . The waste gas cons is ts  o f up 

to 75 per cen t o f S 0 2. Because o f un fa vo u ra b le  s e ttlin g  p ro p e rtie s  

in both  processes, slags are re la t iv e ly  r ic h  in coppe r. T h e re fo re , 

the sm elting process is in te r ru p te d  a t re g u la r  in te rv a ls  to  reduce 

the C U -co n te n t o f the slag by  b low ing  in  a special s ilica concen tra te .

While the 'In co  process' d id  not s u rv iv e  because o f the  h ig h  consum ption 

o f te ch n ica lly  p u re  oxygen and re la ted  cos ts , the 'O utokum pu process' 

has become w ide ly  applied in the  1970s.

2,2. 3.3 D ire c t reduc tion  processes

In the B r ix le g g  process, the  s u lp h u r  conta ined in the concen tra te  is 

f i r s t  removed to a mere one p e r cen t in a f lu id is e d -b e d  fu rn ace .

Then q u a rtz  and lime are added, as well as 8 to  1 0 p e r cent o f 

reduc tion  coal, and in a tank  fu rn a ce  w ith  Soderberg  e lectrodes 

it  is smelted to 'b lack  copp e r' w ith  a C u -co n te n t o f 97 per cen t. The 

consum ption o f e lec tr ica l ene rg y  is h ig h e r than in matte sm elting
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in an e le c tr ic  fu rn a ce . /2 .2 -8 /  s ta tes a f ig u re  o f 635 kWh per 

tonne o f raw m ateria l (w h ich  co rre spond s  to  about 2 .3  G J ).

Recent developments in the f ie ld  o f  p y ro m e ta llu rg ica l p ro d u c tio n  

o f copper have led to  the C u -con cen tra tes  be ing d ire c t ly  processed 

to b lis te r  copper.

A ll processes have one fea tu re  in common, and th a t is  the sequence 

o f m eta llu rg ica l stages in  th re e  reaction  zones fo r  sm elting the 

charge under ox id is in g  co n d itio n s , fo r  c o n v e rtin g  molten s u lfid e  

in to  b lis te r  copper and slag th ro u g h  fu r th e r  ox id a tio n , and f in a l ly ,  

fo r  sm elting the c o p p e r-r ic h  slag down to  a res idua l lean con ten t o f 

about 0.5 per cen t.

The d iffe rences  between the va rio u s  processes lie m ainly in  th e ir  

process eng ineering  concept. T h is  may e ith e r be based on com bin

ing the th ree  zones in  one fu rn a c e , w ith  the m ateria l and the gas 

being c a rr ie d  e ithe r in a c o u n te r-flo w  o r in a jo in t  fo rw a rd  flo w , 

o r else in a spatia l separa tion o f the  zones in  d if fe re n t  fu rnaces 

which are in te rconnected .

-  39 -

2 .2 .3 .4  A comparison o f ene rgy  inputs in va rio u s  p y ro m e ta llu rg ica l 

processes

/2 .2 -1 2 / p resen ts a com parative  ca lcu la tion  o f f iv e  d if fe re n t  p y ro 

m eta llu rg ica l processes used to  co nce n tra te  D lis te r copper from  wet 

ore fin e s :

-  C o n v . :

-  E l. m atte:

-  B r ix le g g  process:

-  O utokum pu process:

- Worcra process:

conven tiona l matte sm elting in a re v e rb e ra to ry  

fu rn a c e ;

matte sm elting  in  an e le c tr ic  fu rn a c e ; 

d ire c t re d u c tio n  in an e le c tr ic  fu rn a ce ; 

flash  sm elting w ith  a ir ;

d ire c t re d u c tio n  in  one fu rn ace  u n it ,  w ith  low- 

copper slag be ing  produced in the same process.
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For the purpose o f th is  com parison, a un ifo rm  basis has been 

established in re la tio n  to  p la n t capacity  (nom inal th ro u g h p u t o f 

1,000 tonnes o f fines  pe r day) and capac ity  u til is a tio n  (100 pe r 

c e n t) , fo r  the com position o f the  concen tra te  feed , and fo r  the  

location at a cen tra l European w a terw ay.

Table 2 .2 -2  shows the  va riou s  va lues re la tin g  to  the  ene rgy  

consum ption per tonne o f concen tra te  feed. The f ig u re s  re fe r  to 

all stages o f the respec tive  process, as well as gas sc ru b b in g  and 

s u lp h u ric  acid p ro d u c tio n . A lso considered was the  recove ry  

o f waste heat and , w henever poss ib le , its  c o n tr ib u tio n  to the 

p roduc tion  o f e le c tr ic ity .

2 .2 .4  Copper re fin in g

The b lis te r  copper p roduced  in one o f the  py ro m e ta llu rg ica l 

processes conta ins between 1 and 10 pe r cen t o f im p u ritie s  in 

the form  o f m eta llic elem ents, and oxyge n . A ll elements w h ich , 

because o f th e ir  a f f in ity  w ith  oxyge n , v o la tilis e  o r  slag th ro u g h  

selective ox id a tio n , a re  separated th ro u g h  p y ro m e ta llu rg ica l r e f in 

in g . In o rd e r to  ob ta in  copper o f h igh e le c tr ic  c o n d u c tiv ity ,  o the r 

im pu rities  o f A g , A n , Se, Te, Pb, N i, e tc . have to be removed 

th ro u g h  e le c tro ly tic  re f in in g .  As a ru le , b l is te r  copper is sub jected 

to both  re fin in g  processes.

2 .2 .4 .1  P yrom eta llu rg ica l re fin in g

T h is  re fin in g  method consis ts  o f two p e rio ds . In  the ox id a tio n  period  

the im pu ritie s  are rem oved. F irs t ,  the b lis te r  copper is m elted (ba th  

tem pera ture  o f about 1,200° C) and then co n ve rte d  w ith  a ir .  The 

im pu ritie s  th a t ox id ise  d u r in g  th is  stage, form  a slag unless they 

are d issolved in the  C u -ba th  o r vapo u rise . The slag is removed 

from the bath at the end o f the ox ida tion  p e r io d . In the subsequent
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reduction p e rio d , the  new ly form ed fra c tio n  o f C u20  d isso lved  in 

Cu is reduced by  d ip p in g  g reen  a n d /o r wet b irc h  o r beechwood, 

fo llow ing w h ich the  bath  is covered  w ith  charcoal o r  coke (p itc h -  

toughe n in g ). The com plete p rocess, in c lu d in g  p o u rin g , takes 

about one day. The most commonly used size o f re v e rb e ra to ry  

furnace is 20 to 400 tonnes . For sm aller cha rges, e ith e r ro ta ry  

k iln s  or drum  fu rn aces  w ith  a capac ity  o f 8 to  30 tonnes are  used . 

They are f ire d  w ith  coal d u s t,  o il,  o r gas. The specific  consum pt

ion per tonne o f re fin e d  Cu is about 3 .0  to  3 .7  GJ . A b ou t 40 pe r 

cent o f th a t am ount can be recovered  from  the  waste gas w ith  

the aid o f a waste heat b o ile r .

Added to th a t is the  requ ire m en t o f  12 to  15 beechwood logs o f 

8 to 12 m leng th  fo r  p itc h -to u g h e n in g  a cha rge  of 250 tonnes.

2 .2 .4 .2  E le c tro ly tic  re fin in g  /2 .2 -1 0 , 11/

In e le c tro ly tic  re f in in g ,  the  copper to  be re fin e d  is used as an 

anode and is ca thod ica lly  separa ted  by  a p p ly in g  a vo ltag e . The 

e lec tro ly te  is a so lu tion  o f and CuSO^. The im p u ritie s

contained in the anode copper are no t d isso lved  b u t se ttle  in 

what is called the  anode slim e, p ro v id e d  they  are more prec ious 

than Cu in term s o f  th e ir  e lectrochem ica l se ries . However, the 

less precious com ponents, lik e  the anode copp e r, d isso lve  in  the 

e le c tro ly te . They do  not depos it on the  cathode b u t se ttle  as slime 

at the tank base, la rg e ly  a f te r  h y d ro ly s is  o r p re c ip ita t io n .

The share o f H2SO^ in  the  e le c tro ly te  helps lower the ohmic 

resistance and im prove deposition  on the cathode. For the same 

reasons, the bath  tem pera tu re  is ra ised  to  60 o r 65° C . Since 

e lec tr ic  heat losses in the ba th  are in s u ff ic ie n t ly  h igh  to maintain 

the tem pera ture , a u x ilia ry  hea ting  by steam o r hot w ater 

in an ex te rna l heat exchanger is no rm a lly  re q u ire d . T h is
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exte rna l hea ting  re q u ire s  cons tan t c irc u la tio n  o f the  e le c tro ly te  

and leads to a n a rro w in g  o f the  d iffe re n c e  in  conce n tra tio ns  between 

the areas adjacent to  anode and cathode . In so do in g , the vo ltage  

drops caused by po la risa tio n  are ke p t low, w h ich has a p o s itive  

e ffec t on the e lec tr ica l in p u t.  H ow ever, i t  needs to  be noted th a t 

the ro ta tiona l speed o f the  e le c tro ly te  cannot be increased ad 

in fin itu m . I f  cyc le  tim es o f the e le c tro ly te  are un d e r one h o u r, 

there is no way o f e n s u rin g  th a t the anode slime w ill se ttle  a t the  

base o f the ta n k .

The cen tra l process param eter is the ca thod ic  c u r re n t  d e n s ity .

The h ig h e r the c u r re n t  p e r square m etre o f cathode surface , 

the more in te n s ive  is the  C u -tu rn o v e r  from  anode to cathode. 

T he re fo re , the p ro d u c tio n  o u tp u t o f a p la n t o f a g iven size 

increases w ith  the  c u r re n t  de n s ity  a p p lie d .

On the o the r hand, h ig h e r c u r re n t d en s itie s  have th e ir  d isad 

vantages, too. The ba th  po ten tia l needs to  be h ig h e r because 

both the po la risa tion  vo ltages and the vo ltage  d rops  a t the 
ohmic res istance o f the e le c tro ly te  increase. T h is  causes the spec ific  

consumption o f e le c tr ica l ene rgy  to  r is e . I t  is t ru e  to  say th a t the 

energy re q u ire d  fo r  the  a u x ilia ry  hea ting  is c u t a t the same tim e, 

bu t due to d if fe re n t ra tes being pa id  fo r  d i f fe re n t  form s o f ene rg y  

h igher c u r re n t dens ities  also invo lve  h ig h e r ene rg y  costs .

A nother adverse e ffe c t caused by h ig h e r c u r re n t  dens ities  is the 

rise in co -p re c ip ita tio n  o f im pu ritie s  a t the ca thode . T h is  also 

means th a t the c u r re n t  d e n s ity  is lim ited  by  the re q u ire d  p u r ity  

o f the cathode coppe r. M oreover, a la rge  p a r t o f the precious 

metals (m ain ly An and A g ) conta ined in the anode copper cannot 

be recovered from  the anode slime w h ich , aga in , has an u n fa v o u r

able e ffe c t on the  costs i f  the c u r re n t  d e n s ity  is increased.

Two fac to rs  have a p o s itive  bearing  on the e le c tr ica l in p u t a t 

a given c u rre n t den s ity  ( in  add ition  to  the e ffe c ts  on bath
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tem pera ture  and e le c tro ly te  c irc u la tio n . These fa c to rs  are

- maximum p u r ity  o f  the anode c o p p e r, and

-  a h ig h e r C u -co n te n t o f the e le c tro ly te .

T h is  goes to show th a t the re  is a com plex in te ra c tio n  between 

the va rious  fa c to rs . The optimum p la n t design has to be determ ined 

in each in d iv id u a l case, espec ia lly  w ith  a view to  the p r ic e  level 

o f e lec trica l e n e rg y . In  the 1970s, the  genera l tre n d  in p la n t 

development was fo r  h ig h e r c u r re n t d e n s it ie s ,w ith  some o f the 

increase in  the  spec ific  consum ption o f e le c tr ic ity  be ing compens

ated fo r  b y  eng in e e rin g  and o p e ra tin g  im provem ents.

Modern conven tiona l p lan ts  opera te  a t c u r re n t  dens ities  o f 250 A /m 2; 

the specific  consum ption o f e le c tr ic ity  is between 220 and 280 kWh 

per tonne o f re fin e d  coppe r.

A s ig n if ic a n t increase in the c u r re n t  d e n s ity  to a maximum o f 

about 400 A /m 2 can be achieved b y  a p p ly in g  PCR e le c tro ly s is  

(PCR = Period ic C u rre n t R e ve rsa l). In th is  process, the  c u r re n t 

is reversed fo r  s h o rt p e rio ds , w h ich  has a p o s itive  e ffe c t on 

various fa c to rs . Some o f the  d iffe re n c e s  in  concen tra tion  a t the 

e lectrode su rfaces are levelled o u t, th u s  lim itin g  po la risa tio n  e ffe c ts ; 

passivation is avo ided , and the depos ition  o f im pu ritie s  a t the 

cathode is la rg e ly  p re ve n te d . E stab lished  p lan ts  can be re t ro 

f it te d  w ith  the PCR method, and p la n t th ro u g h p u t can be enhanced 

cons ide rab ly . T h u s , the spec ific  consum ption o f e le c tr ic ity  a t the 

M ontanwerke B r ix le g g  (A u s tr ia )  rose to  about 350 kW h/t Cu, w ith  

a rise  o f e ffe c tiv e  c u r re n t  d e n s ity  to  ro u g h ly  300 A /m 2. The 

consum ption o f steam was s t i l l  about 1.1 t / t  Cu which c o rre s 

ponded to a requ irem en t fo r  a u x ilia ry  hea ting  in  the o rd e r  o f 

about 2.6 C J / t  C u .
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2 .2 .5  H yd rom e ta llu rg ica l processes /2 .2 -7 , 13, 14/

H yd rom e ta llu rg ica l processes are m ainly used to smelt ox ide  

copper o res and b u rn t  o re . However, they  a re  also g a in in g  in 

im portance fo r  process ing  s u lfid e  ores because o f env ironm enta l 

aspects.

The main steps o f the process areas fo llow s:

-  R oasting, to tu rn  copper in to  leachable com pounds. A d is tin c tio n  

is made between s u lfa tis in g  roas ting  to tu rn  CuO in to  soluble 

CuSO^ and c h lo r in a tin g  roas ting  fo r  p rocess ing  b u rn t  o res , in 

which case the iron  conta ined in  the b u rn t  ores need to  be made 

in to  inso lub le  com pounds. Roasting is done in  s to re y  fu rnaces  o r 

f lu id is e d -b e a  fu rnaces at tem pera tures o f 500 to  600° C.

-  E x tra c tio n , to  separate com plete ly Cu and o th e r e x tra c ta b le  

metals from  the gangue. E x tra c tio n  a t e levated tem pera tu res 

im proves the  ra te  o f d isso lu tion  and the  y ie ld , b u t i t  also causes 

add itiona l cost fo r  h e a tin g . T h e re fo re , i t  is used p re fe ra b ly  fo r  

the more complex ores which produce v a r io u s  metals and saleable 
b y -p ro d u c ts .

-  Reduction o f Cu enriched  in the so lu tion  by

- cem entation, o r

-  e le c tro ly s is .

In cem entation, Cu is p re c ip ita te d  by add ing  iro n  sc rap . P rec ip 

ita tio n  is accelerated by heating and c irc u la t in g  the so lu tio n . Cement 

copper, ie p re c ip ita te d  copper, conta ins u su a lly  8 to 12 per cent 

o f im p u ritie s , in c lu d in g  ore p a rtic le s , res idua l p re c ip ita n ts , inso lub le  
components which have to  be removed by e lu tr ia tio n  o r 

flo a ta tion . R e fin in g  is re q u ire d  in the subsequen t stage.

To d is tin g u is h  e le c tro ly tic  reduc tio n  from e le c tro ly t ic  re f in in g ,
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the fo rm er is usua lly  also re fe rre d  to as e le c tro ly tic  re co ve ry .

In th is  p rocess, anodes cons is t o f inso lub le  m a te ria l, such as 

hard  lead. By a p p ly in g  a vo ltage o f 1 .9  to 2 .3  V p e r ce ll,

C u++-ions  are p re c ip ita te d  from the e le c tro ly te  in the form  o f 

cathode c o p p e r. The lean copper so lu tion  is then  re c ircu la te d  

to  the e x tra c tio n  stage, a p a rt from  some e lu tr ia te d  q u a n titie s .

In the course o f the e x tra c tio n  process, a num ber o f elements 

accumulate in  the  e le c tro ly te  w h ich in te r fe re  w ith  e le c tro ly tic  

re co ve ry . Fe^+-io n s  reduce the c u rre n t e ffic ie n c y  to a v e ry  

la rge  e x te n t, th e re b y  ra is in g  cons ide rab ly  the spec ific  consum ption 

o f e le c tr ic ity .  Cl - ions  and N 0 3-io n s  speed up anode wear and 

fa vo u r co rro s ion  o f metal equ ipm ent. O the r m eta llic  elements 

o f the e le c tro ly te  may d e te rio ra te  no tab ly  the  q u a lity  o f ca thod ic - 

a lly  separated copper.

There  are  two ways o f overcom ing these prob lem s:

-  E ithe r the ca thod ic c u r re n t  d e n s ity  is re s tr ic te d  to  a range 

between 85 and 150 A /m 2, w h ich used to be done u n t il the 

ea rly  1970s. Based on normal c u r re n t e ffic ie n c y  between 75 

and 90 p e r c e n t, the spec ific  consum ption o f e le c tr ic ity  o f 

such p la n ts  is usua lly  between 2,000 and 2,200 kW h/tonne 

o f cathode copper.

- O r the copper conta ined in the so lu tion  is se lec tive ly  made

in to  an optimum e le c tro ly te . T h is  aim has been pu rsued  since the 

ea rly  1970s when so lven t e x tra c tio n  came to be used. S o lven t 

e x tra c tio n  denotes the separa tion o f d isso lved  substances from 

liq u id  m a te ria l, us ing  liq u id  e x tra c ta n ts . In hyd rom e ta llu rg ica l 

C u -p ro d u c tio n , so lven t e x tra c tio n  o ffe rs  a way o f co n ce n tra tin g  

the low -coppe r so lu tions , o r re s p e c tive ly , to iso late copper from  

heavily  contam inated so lu tions . T h is  in tu rn  pe rm its  ope ra tion  a t much 

h ig h e r c u r re n t  dens ities  (u p  to 350 A /m 2) in e le c tro ly tic  recovery  

w ith ou t im pa iring  the p u r ity



46 -

A

o f the re s u lt in g  cathode co p p e r. I t  is t ru e  to say th a t 

add itiona l costs are invo lved  fo r  the  design  and opera tion  of 

the so lvent e x tra c tio n  p la n t, and the sp e c ific  consum ption o f 

e le c tr ic ity  is ra ised by about 8 to  10 p e r c e n t. H ow ever, much 

of the cost can be saved by em p loy ing  much sm aller e le c tro ly tic  

p lan ts re la tive  to the th ro u g h p u t. S o lven t e x tra c tio n , th e re fo re , 

opens up new app lica tions  in e le c tro ly tic  re co ve ry  w h ich  were o f 

no in te re s t before  because o f th e  h igh  cost in v o lv e d . T h is  is 

p a r t ic u la r ly  tru e  o f copper e x tra c te d  from  s u lf id e  ores, where 

hyd rom e ta llu rg ica l processes compete w ith  p y ro m e ta llu rg ica l 

processes, and w henever exac ting  c r ite r ia  a re  app lied  to  

p o llu tion  c o n tro l.

2 .2 .6  Casting and m anufactu re  o f sem i-fin ished  p ro d u c ts

M elting and a llo y ing  o f Cu is m ostly done in c ru c ib le  fu rnaces 

and hearth  fu rn aces . They are heated by gas, o il,  coke, o r 

e le c tr ic ity . The spec ific  ene rgy consum ption d if fe rs  acco rd ing  

to  the casting  tem pera tu res and c a lo r if ic  capacities c f  copper 

and its  a lloys.

The ene rgy e ffic ie n c y  o f fu e l- f ire d  fu rnaces is 10 to 25 pe r cent 

fo r  m e lting ; in e le c tr ic  fu rnaces it  is in the range o f 50 to  75 per 

cent /2 .2 -1 5 , 16/.

The type  o f fu rnace  used is o f p a r t ic u la r  im portance . C h a n n e l-typ e  

induc tion  fu rnaces have an in h e re n tly  h ig h e r e ffic ie n c y  than in duc tion  

fu rnaces o f the coreless ty p e . I t  is  a d isadvan tage  o f the channel 

fu rnace tha t the channel has to be kep t hot w ith  a liq u id  'h e e l'. M ore

ove r, the m ix ing  co nd ition  fo r  the fu rn ace  charge  is not as favou rab le  

as in the in d u c tio n  fu rnace  o f the coreless ty p e  w ith  its  typ ica l bath 

c irc u la tio n . There  are also d iffe re n ce s  in the  p o w e r/ca p a c ity  ra tio  /2 .2 -1 7 /

- low -frequency  c ru c ib e l fu rn aces : 200 k W /t,

- m edium -frequency c ru c ib le  fu rn a ce s : 600 k W /t.

- chan ne l-type  fu rn a ce s : 80 kW /t.
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In in d u c tio n  fu rn a ce s , the ra te  o f metal loss by 

ox id a tio n , is on ly  h a lf o r o n e -q u a rte r th a t o f  fu e l- f ire d  m elting  

fu rn aces . T h is  is  due to the even heat d is tr ib u tio n  and the re la tiv e 

ly  low tem pera tu re  a t the top o f the  ba th  in  the in d u c tio n  fu rn ace .

An add itiona l bonus o f the e le c tr ic  fu rnace  is its  low p o llu tio n  

and simple ope ra tion  which help crea te  a favourab le  w o rk in g  

env ironm ent fo r  ope ra to rs . Since th e re  are no com bustion gases 

it  is an easy th in g  to e ffe c tiv e ly  clean the waste gases removed 

from the fu rn a ce  chamber tha t c a r ry  the  im pu ritie s  conta ined in 

the cha rge .

Sem i-fin ished  p ro d u c ts  are usua lly  m anufactured in a num ber o f 

hot and cold w o rk in g  stages. D epending on the fo rm ats to be 

handled, one o f the fo llow ing  u n its  is re q u ire d  fo r  hea ting  to 

a hot w o rk in g  tem pera tu re  o f 850 o r 950° C /2 .2 -6 / :

- oil o r g a s - f ire d  chamber fu rn a ce , 15 to 50 per cen t e ff ic ie n c y ;

- res is tance-hea ted  fu rnace , 30 to  60 pe r cent e ff ic ie n c y ;

-  o i l- f i re d ,  g a s - f ire d  o r e le c tr ic  con tinuous fu rn a c e ,th e  e ffic ie n cy  

being usua lly  h ig h e r than in cham ber fu rn aces ;

- in duc tion  ho ld ing  u n its  fo r in g o ts , slabs and b ille ts ; 40 to  60 per 

cent e ff ic ie n c y .

F in a lly , the fo llow ing  types o f heat trea tm en t are ava ilab le  fo r 

Cu and C u -a llo y s :

-  homogenisation o f cast slabs and bo lts  a t about 800 to  950° C 

in o rde r to ob ta in  a unifo rm  s tru c tu re  fo r fu r th e r  p rocess ing ;

-  so ft annea ling  above the re c ris ta llis a tio n  level a t tra n s ie n t tem p

e ra tu re s  o f 550 to 620° C in o rd e r to  obta in  an even, f in e -g ra in  
s tru c tu re ;

-  s tress re lie f  annea ling  a t about 200 to  300° C in o rd e r  to  remove 

cold draw  s tress  a fte r  cold w o rk in g .

In genera i, these types o f trea tm ent can be handled e ith e r in ba tch - 

type fu rnaces o r in continuous fu rn aces , depending on the size and
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shape o f p ro d u c ts  to be heated and the th ro u g h p u t re q u ire d .
They are heated w ith  fue l o r e le c tr ic ity .  For hom ogenising and 

soft annea ling , s a lt-b a th  fu rnaces can also be used. They fea tu re  

good sealing p ro p e rt ie s ; how ever, th e ir  spec ific  ene rgy  consum pt

ion is much h ig h e r than th a t o f fu rn aces  w h ich operate on gaseous 

atmosphere o r vacuum .
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2. 3_____ O th e r n o n -fe rro u s  metals

2.3.1 N ickel
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A rough  s u rv e y  o f the va riou s  methods o f e x tra c tin g  n icke l is 

g iven in F ig . 2 .3 -1 . The g ro u p  o f s u lfid e  N i-o re s  appears m ostly 

in Canada and the U .S .S .R . I ts  share o f the to ta l n icke l o u tp u t 

has decreased in fa vo u r o f o x id e -s ilic a te  N i-o res  w h ich  make up 

the major share o f N i-reso u rce s  m ined m ainly in New Caledonia,

Cuba, and Indonesia .

U sua lly , Ni is ex tra c ted  from  s u lfid e  ores by  p y ro m e ta llu rg ica l 

methods, in c lu d in g  the fo llow ing  stages /2 .3 -1 , 21:

-  ore d re s s in g : c ru s h in g , m agnetic sepa ra tion , o r flo a ta tio n ;

-  p re -ro a s tin g  in a s to rey  fu rn a ce , o r in com bination w ith  s in te r 

ing in  a D w ig h t-L lo y d  m achine;
-  sm elting the  ore to matte (15 to  24 pe r cent N i) in a la rge  

re v e rb e ra to ry  fu rnace  a t about 1,550° C (coke consum ption

3.4 to  4.5 C J / t  charge ) o r in  a w a te r-ja cke te d  s h a ft fu rn ace  

(coke consum ption 2.0 to  3.7 G J /t  cha rge ) o r in an e le c tr ic  arc 

fu rnace  (e le c tr ic ity  in p u t about 860 kW h /t c h a rg e );

-  ove rb low ing  to c o n ve rte r matte w ith  about 70 p e r cen t o f n icke l 

(no fue l consum ed);
-  fu r th e r  p rocess ing  o f c o n v e rte r  m atte: ro as ting  and therm al 

reduction  (p a r t ia lly  under h ig h  p re ssu re ) acco rd ing  to  va riou s  m ethods;

-  e le c tro ly tic  re fin in g  in H yb in e tte  ce lls  w ith  a d iaphragm  between 

anode and cathode (e le c tr ica l in p u t about 2,700 kW h /t N i) o r in 

a s u lfa te -c h lo r id e  process developed in the 1 970s, w h ich has an 

e lec trica l in p u t o f on ly  about 1,800 kVVh/t Ni /2 .3 -3 / .

In a d d itio n , the re  are ways o f e x tra c tin g  Ni d ire c t ly  from  s u lfid e  

ores us ing  an ammoniacal leach w ith  excess p ressu re  as in the 

S h e rr it-G o rd o n  process, o r w ith o u t excess p ressu re  as in the Inco 

process, o r by  s u lp h u ric  acid leach. The la tte r  may also be combined 

w ith  so lven t e x tra c tio n  /2 .3 -4 / .  No mention o f its  ene rgy  in p u t is 

made in l i te ra tu re ,  how ever.

P 9
\



\

C o n ven tio na lly , N i-e x tra c tio n  from  o x id e -s ilic a te  ores passes 

th ro u g h  a matte stage , w ith  the coke re q u ire d  fo r  sm elting the 

matte in a w a te r-ja cke te d  sh a ft fu rnace  be ing  re la tiv e ly  h igh  

at about 8 .5  to  11.5 G J /t  cha rge . A n o th e r H to  4 .5  G J /t  charge  

are re q u ire d  fo r  the  p reced ing  s in te r in g  stage. T h is  is consumed 

in the form  o f coke and fue l o il.  NiO, w h ich  is p roduced in the 

roasting  s tage, is then  reduced . Instead o f the re v e rb e ra to ry  

fu rn ace , the e le c tr ic  fu rn a ce  is now more w ide ly  app lied  fo r  

re d u c tio n . I t  uses g ra p h ite  e lec trodes, and its  e lec trica l in p u t 

is between 2,200 and 2,700 kW h/t N i.

A num ber o f o th e r methods fo r  d ire c t re d u c tio n  o f o x id e -s ilica te  

ores have e ith e r  been developed o r op tim ised. They in c lu d e  the 

K rupp -R enn  method w ith  a coke consum ption o f about 5.5 to

6.5 G J /t  o re , and the e lec tro the rm ic  d ire c t reduc tio n  to  FeNi in  

an a rc  fu rnace  w ith  e le c tr ic ity  consum ption being v e ry  much a 

fu n c tio n  o f the  N i-co n te n t o f the o re . Data pub lished  in /2 .3 -2 /  

re la te  to tw o p la n ts  and s ta te  abou t 2,000 k W h /t ore con ta in in g  

about 10 p e r cen t Ni and ove r 6,000 kW h /t ore con ta in in g  on ly  

two pe r cen t o f n ic k e l. R eduction coal in the  form  of coke is 

consumed in a d d itio n  to  g ra p h ite  e lectrodes.

In the va rious  processes n icke l is ob ta ined in  the form  o f pu re  

n icke l, m eta llic  n icke l pow der, n icke l ox ide , and n icke l a llo ys .

O nly p a rt o f the  p u re  n icke l is processed as such ; ra th e r ,  like  

n icke l ox ide  and n icke l pow der, it is used fo r  m e lting  n icke l 
alloys.

The la rge s t n icke l use r is the steel in d u s try  w h ich re q u ire s  

large q u a n titie s  o f a lloyed n icke l fo r  the p ro d u c tio n  o f s ta in less 

s tee l. N ickel a lloys p lay a major ro le  in  the  m anufacture  o f a ir 

c ra ft ,  in  space and rocke t e n g in e e rin g , and in nuc lear techno logy .

-  50 -
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F ig . 2 .3 -2  shows the  most im p o rta n t stages o f e x tra c tin g  and 

p rocess ing  Zn. E x tra c tio n  is m ostly based on s u lfid e  Zn -o res 

which are  f i r s t  concentra ted  th ro u g h  se lec tive  flo a ta tio n  and 

then roas ted . Th is  stage y ie lds  about one tonne o f s u lp h u r ic  

acid pe r tonne o f b lende co nce n tra te . T h e re fo re , m arke ting  

ou tle ts  and ways o f u til is in g  the  s u lp h u r ic  acid ( in  fe r t i l is e rs ,  

fo r  instance) may decide upon the s it in g  and the p ro f ita b i l i ty  

o f zinc w o rks .

A t p re s e n t, the  fo llow ing  p lan ts  a re  m ain ly used fo r  ro a s tin g :

-  f lu id is e d -b e d  fu rnaces  w ith o u t a u x ilia ry  hea ting  fo r  f in e  ore 

roas ting  in  hyd rom e ta llu rg ica l e x tra c tio n  (e le c tr ic a l in p u t 

about 30 kW h /t b lende );

-  D w ig h t-L io y d  machines fo r s in te r - ro a s tin g  in p y ro m e ta llu rg ica l 

e x tra c tio n  ( fu e l consum ption 0 .5  to 2 CJ and e le c tr ica l in p u t 

40 to 60 k \V h /t b lende) /2 .3 -2 , 5 /.

The most im portan t stage o f e x tra c tio n  in term s o f ene rg y  

requ irem en t is the  reduc tion  o f ZnO, w h ich may be e ith e r p y ro 

m eta llu rg ica l o r  h yd ro m e ta llu rg ica l.

In py ro m e ta llu rg ica l e x tra c tio n  o f  one tonne of vaporous z inc , 

and accord ing  to the endotherm ic re a c tio n ,

ZnO + C = Zn + CO

about 5.5 CJ o f theo re tica l reaction  heat is consumed, p lus  

185 kg C . These theore tica l values are by  fa r  exceeded in 

actual p ra c tica l app lica tio n , as is  shown in Tab le  2.3-1 /2 .3 -1 ,

2, 5, 6 /.  The fue l consum ption quo ted  (most o f i t  is in  the  form  

o f coKe, o r  sometimes special g rade  o f coal) also inc lude  the 

amounts o f coal d u s t re q u ire d  fo r  re d u c tio n . The f i r s t  th ree

2 . 3 . 2  Zinc
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methods are  n o n -e le c tr ic , in the  rem aining methods e lec tr ica l 

ene rgy is used fo v- ge n e ra tin g  heat ( in  the S te r lin g  method 

th ro u g h  e le c tr ic  a rc s , in the methods app lied  a t Josephstown 

and D u is b u rg e r K u p fe rh iit te  th ro u g h  d ire c t res is tance  h e a tin g ).

In  1978, e le c tr ic  re duc tio n  methods held a share o f about 6 p e r 

cent o f Z n -e x tra c tio n  w o rldw ide , w h ile  n o n -e le c tr ic  methods 

accounted fo r  about 12 p e r c e n t. However, good p rospects  fo r  

a w ider app lica tion  e x is t on ly  fo r  the  process used a t Im peria l 

Sm elting Co. (U K ).

Most p y ro m e ta llu rg ica l e x tra c tio n  methods produce  s p e lte r, o r 

c rude  z inc , w h ich  is adequate fo r co rros ion  p ro te c tio n  (z in c 

p la t in g ) ,  b u t inadequate fo r  d ie ca s tin g , its  second most im p o rt

an t a p p lica tio n . For th is  pu rpose , c ru d e  zinc has to be re fin e d  

to h ig h -p u r ity  zinc o f a t least 99.95. To ob ta in  th is  p u r ity ,  

fra c tio n a l o r  p la te  d is t i lla t io n  and condensation is perfo rm ed in 

s tr ip p in g  co lum ns. T h is  re q u ire s  a fue l in p u t o f 8 to  9 CJ and 

an e lec tr ica l in p u t o f abou t 20 kW h /t h ig h -p u r ity  z inc.

However, h y d ro m e ta llu rg ica l methods produce fin e  Zn th a t 

does no t need subsequen t re f in in g .  Cathodic separa tion o f comp

act Zn from  s u lp h u r ic  acid e le c tro ly te  on ly  succeeds i f  the nega tive  

normal po ten tia l o f Zn^ is exceeded by a h ig h e r ove rvo ltage  o f 

H + . In o rd e r to  reach th is  ob jec tive  at a s a tis fa c to ry  c u r re n t 

e ffic ie n c y  o f about 90 p e r ce n t, the e le c tro ly te  needs to be free  

o f contam inants and im p u r itie s . T h e re fo re , a fte r  leach ing , where 

the ro as ting  p ro d u c t ZnO is d isso lved  in  s u lp h u r ic  ac id , the 

conta ined Fe is p re c ip ita te d  / 2 . 3 - 9 / .  Follow ing th a t, the so lu tion  

is c la r if ie d  th ro u g h  cem entation w ith  m eta llic Zn o f Cu, N i, Co, 

and C d. The subsequen t e le c tro ly tic  stage re q u ire s  h igh  c u rre n t 

densities o f about 300 to 1,000 A / m 2 and a tem pera tu re  o f the 

e le c tro ly te  cooled to 30 to  40° C. The specific  consum ption o f 

e le c tr ic ity  in e le c tro ly t ic  recove ry  is norm ally  a round  3,100 to 

3,400 kWh/ t  fine  zinc / 2 .3 -6 ,  7/ ,  in  some cases s lig h t ly  less / 2 . 3 - 8 / .
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The re su ltin g  Zn cathodes are then rem elted a t tem pera tures 

o f up to  480° C m ax. (e n e rg y  requ irem en t in fu e l- f ire d  h ea rth  

furnaces about 1.2 to  2 .0  C J / t  Zn, in in d u c tio n  fu rnaces 100 

to 120 kVVh/t Zn) and cast in to  s labs. In the  1970s, the h y d ro -  

m eta llu rg ica l Zn e x tra c tio n  came to  be the most w ide ly  app lied  

process w o rldw ide . I ts  share is assumed to  be ove r 80 p e r cent 
o f tota l Zn p ro d u c tio n  / 2 . 3 - 3 / .
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2 . 3 . 3  L e a d

Lead is e x tra c te d  from  ores con ta in in g  lead in the form  o f lead 

glance, PbS. T h is  is done by py ro m e ta llu rg ica l m ethods, ie 

the ro a s t-re d u c tio n  m ethod, a p a rt from  some special cases w here 

o ther methods are  used. A fte r  c ru s h in g  and fine  g r in d in g ,  the  

ore is conce n tra ted  th ro u g h  se lective  floa ta tion  to  a s u lfid e  conc

en tra te  o f 60 p e r cent Pb on ave rage . Then i t  is sub jected  to  a 

s in te r- ro a s tin g  stage, which has no rem arkab le  fue l consum ption . 

In s u lp h u r - r ic h  ores p re -ro a s tin g  may be re q u ire d , in s to re y  

furnaces fo r  in s tance , in  which case 1.5 CJ o f coal pe r tonne of 

concentra te  have to be added /2 .3 -1 / .

C rude lead (96 to  99.5 Pb) is obta ined in re d u c tiv e  m e lting  
o f the s in te re d  m ateria l in the sha ft fu rn a ce , w ith  coke be ing  

used both  as a fue l and a re d u c ta n t. The spec ific  consum ption 

o f coke is abou t 2 to  4 C J/tonne  o f s in te re d  m ateria l /2 .3 -1 / .

The im p u ritie s  conta ined in the w ork  lead, o r c ru d e  lead, a re  

removed by re f in in g .  The most w ide ly  used method is p y ro 

m eta llu rg ica l re fin in g  which com prises a num ber o f subsequen t 

stages. These are  /2 .3 -1 0 / as fo llow s:

(a) removal o f C u , N i, Co, by s t ir r in g  the melt as i t  coo ls ;

(b ) removal o f T e , Sb, As, Sn e ith e r by  se lective  o x id a tio n  at

750° C in a re v e rb e ra to ry  fu rn ace  ( fu e l consum ption about 

0.6 to  1.2 C J / t  P b ), o r accord ing  to  the  H a rr is  p rocess, ie 

trea tm en t w ith  molten a lka li salts a t about 400° C (n o  rem a rk 

able fu e l consum ption because o f exo therm ic reac tions) ;

(c) removal o f Ag by add ing  Zn on top  o f the coo ling b a th ;

(d ) removal o f Zn which is done m ostly  in vacuum d is t i l la t io n  a t

about 600° C nowadays;

(e) removal o f B i, depending on the  B i-c o n te n t e ith e r b y  add ing  

a lka li sa lts  a n d /o r a lka lin e -e a rth  metals o r by  e le c tro ly s is  in 

a B e tts  process (sp e c ific  consum ption o f e le c tr ic ity  abou t 110 

to 130 k W h /t Pb /2 .3 -1 / ) .
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/2 .3 -5 / States a sp ecific  fuel consum ption in lead refin in g  of

1.6 CJ and a sp ecific  consum ption of e lectrica l energy of 25 

kW h/t Pb.

In h ig h ly  in d u s tr ia lis e d  c o u n tr ie s , major shares o f lead p ro d u c tio n  

are based on recyc led  scrap . T h is  is e ith e r added to the  charge  

o f the reduc tion  sh a ft fu rn a ce , o r  d ire c t ly  molten in  re f in in g .

The so ft lead obta ined in  re f in in g  is molten and cast in to  in g o ts .

For subsequent p rocess ing , the  in g o ts  a re  molten again to  p ro d u ce , 

fo r  instance, a lloys  w ith  Sb (h a rd  lead) o r Sn, w h ich are then  cast. 

The most fa vou rab le  tem pera tu re  fo r  cas ting  is between 250 and 

400° C, depend ing  on the a llo y . M e lting  can be done in c ru c ib le  

fu rnaces o r tank  fu rn a ce s ; they are  gas o r o i l- f i r e d ,  o r e le c tr ic .

For e le c tr ic  fu rnaces  /2 .3 -1 /  quotes a spec ific  consum ption o f 

e le c tr ic ity  o f 30 to  50 kVVh/t Pb.
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2 . 3 . 4  Tin

F ig . 2 .3 -3  shows the  major stages in w in n in g  and process ing  

t in .  By fa r  the most im po rtan t t in -b e a r in g  m inera l is the  S n 0 2- 

bearing  ca s s ite r ite , w h ich covers more than  th re e -q u a r te rs  o f 

p rim ary  t in  p ro d u c tio n . I f  the enriched  co n ce n tra te  has an S -con ten t 

of ove r 0.5 pe r cen t, i t  is  roasted in h e a rth  fu rn a ce s  o r  ro ta ry  

k iln s , w ith  the spec ific  coal consum ption be ing  about 1 .5  to  3.5 

CJ pe r tonne o f concen tra te  /2 .3 -2 / .  I f  some metal c o n te n t is 

excessive, c h lo r id is in g , o x id is in g , o r ro a s t-re d u c tio n  may be 

ind ica ted .

To obta in  S n -be a ring  concen tra tes from  poor a n d /o r  complex 

s ta rtin g  m ate ria ls , a vo la tilis a tio n  method is used . T h is  is based 

on su lp h u risa tio n  ( i f  necessary) fo llow ed by  re -o x id a tio n . The fue l 

requ irem en t in ro ta ry  k iln s  a n d /o r  s h a ft fu rn a ce s  (coke on ly  can 

be u se d !) is between 5.5 and 7 GJ p e r tonne o f load. T in  is then 

found as S n 0 2 in a irb o rn e  d u s t w h ich is c lin k e re d  in a ro ta tin g  

re v e rb e ra to ry  fu rnace  a t a tem pera tu re  o f 900 to  950° C , in o the r 

w ords, i t  is c lo tt in g  to form  la rge  p a rtic le s  w h ich  are then roasted.

In ad d itio n  to  s u lp h u r . A s , Pb, and B i a re  also p a r t ia l ly  removed.

P rim ary t in  is won from  its  ox ide  by p y ro m e ta llu rg ic a l processes. 

Endotherm ic reduc tion  at a tem pera tu re  o f abou t 1,200° C requ ire s  

a theore tica l 2.1 GJ o f reaction  heat, p lu s  150 kg  C pe r tonne o f 

Sn. A c tu a lly , the  e x p e n d itu re  o f re duc tio n  coal in the  form  of 

low-ash a n th ra c ite  o r  low -tem pe ra tu re  coke is up to 200 k g / t  Sn.

The actual ene rg y  consum ption may be between 3.5  and about 

20 GJ pe r tonne o f tin  in  re v e rb e ra to ry  fu rn a ce s  w h ich  are the 

main typ e  o f fu rnace  used. Consum ption is a fu n c tio n  o f the size 

o f fu rn ace , the type  o f fue l used and the  u t il is a t io n  o f waste heat 

fo r p rehea ting  the com bustion a ir .  For the  s h o rt drum  fu rnace  and 

ro ta tin g  sh o rt re v e rb e ra to ry  fu rn ace  (w h ich  has a num ber o f process 

eng ineering  advantages) /2 .3 -2 / quotes a sp e c ific  consum ption o f
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fue l o il o f about 7 CJ pe r tonne o f  t in .  More recen t e le c tr ic  a rc  

reduction  fu rnaces consume about 1,000 to  1,300 kWh per tonne 

o f t in ,  as we'l as 5 to  8 kg o f s e lf-b a k in g  e lectrode  ca rbon .

The S n -y ie ld  from  the re duc tio n  o f o re  is on ly  about 90 p e r cent 

i f  a ce rta in  iro n  con ten t in the c ru d e  t in  is no t to  be exceeded.

The rem aining t in  is conta ined in the  s la g ; i t  is  processed in a 

re v e rb e ra to ry  k iln  at a tem pera tu re  o f 1,350 to 1,450° C , w ith  

about 350 kg o f lime and 120 to  180 kg o f re duc tio n  coal be ing 

added /2 .3 -1 /  to  ob ta in  Sn. Due to  the h igh  tem pera tu re  and 

the ra th e r long process ing  tim e, the  fue l consumed in f i r in g  is 

several times th a t o f o re  reduc tio n  in a re v e rb e ra to ry  k iln  ( r e l

a tive  to the m ateria l in p u t in e ith e r case ). For both processes 

combined, o re  re duc tio n  and slag re d u c tio n , in /2 .3 -2 / the normal 

fuel e xp e n d itu re  is s ta ted  to be about 8 to  9 CJ o f fue l and about 

220 kg o f re duc tio n  coal pe r tonne o f to ta l Sn p roduced , p ro v id e d  

the s ta rt in g  ore fines conta in  70 p e r cent o f Sn.

The im p u ritie s  conta ined in the c ru d e  t in  a re  m ostly removed by  

pyrom e ta llu rg ica l re f in in g  o r e le c tro ly s is . P yrom e ta llu rg ica l re fin in g  

is d iv ide d  in to  two stages: liq u a tio n  and p o lin g . I f  the c ru d e  t in  

conta ins more than some per thousand o f Fe, then the c ru d e  t in  must 

be maintained in the liqua tion  fu rn a ce  a t somewhat above its  m elt

ing tem pera ture  of 232° C, w ith  Fe and o th e r im p u ritie s  fo rm ing  

slag. /2 .3 -2 /  quotes a fue l in p u t in liq u a tio n  o f between 7 and 

18 GJ per tonne o f t in .  Waste gases from  the  liqua tion  fu rnace  

are used to  heat ke ttle s  th a t conta in  the  Sn melt a t a tem pera tu re  

o f 300 to 400° C. A ir  o r steam is b lown in to  the  melt ( 'p o lin g ')  to 

ox id ise the res idua l Fe and o th e r im p u ritie s  which can be skimmed o ff .

I f  the c rude  tin  con ta ins la rge  amounts o f A g , B i, Pb, o r Sb, 

no sa tis fa c to ry  re fin in g  e ffe c t can be achieved in p y ro m e ta llu rg ica l 

re fin in g . In  th is  case e le c tro ly tic  re f in in g  is app lied . C rude  t in ,  

o r p rim ary  t in ,  is used as an anode in  a Na2S -so lu tion  w h ich is 

maintained at 90° C by add itiona l steam h e a tin g . Refined Sn is



separated a t the cathode; its  p u r ity  o f 99. 98 a t the m inimum. 

However, some 2.5  pe r cen t o f the anode Sn in p u t rem ains in 

the slime toge the r w ith  o th e r im p u ritie s  th a t have been rem oved. 

By separate processes, Sn can be recovered from  the ba th  slime. 

With a c u r re n t e ffic ie n cy  o f 95 p e r c e n t, the  spec ific  consum ption 

o f e le c tr ic ity  in e le c tro ly tic  re fin in g  is about 180 kWh p e r tonne 
o f t in .

R e fin ing  produces cathode slabs w h ich  are melted and cast in to  

in g o ts . C ruc ib le  fu rnaces a n d /o r  tank  fu rnaces  are used fo r  

c a s tin g , os well as fo r  rem e lting  and a llo y in g . The spec ific  

consum ption per tonne o f molten m ateria l is between 35 and 

65 kWh in e le c tr ic  fu rn aces , and 0.2 to 0 .4  CJ fo r  o il o r gas- 

f ire d  fu rn aces .

The main app lica tions o f tin  in c lude  su rface  p ro te c tio n  t in n in g  

(u s u a lly  ga lva n is in g ) and the m anufactu re  o f metal a lloys .

-  5 8  -
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3.______ CONSTRUCTION M ATERIAL INDUSTRY

3.1 ____ Cement in d u s try

3.1.1 Process d e sc rip tio n  *

The p ro d u c tio n  o f cement is d iv id e d  in to  the  fo llow ing  stages:

1. raw m ateria l w in n in g ,

2. b e n e fic ia tion ,

3. ca lc in a tio n ,

4. g r in d in g  and m ix ing o f cement.

There are  two d if fe re n t  processes, the  wet process and the d ry

process. In the wet process, the so lid  m ateria l is f i r s t  c ru sh e d ,»
then wet g ro u n d  in drum  or ball m ills , fo llow ing  w h ich they pass 

on to bowl c la ss ifie rs  o r  screens in  the  form  o f s lu r r y  con ta in ing  

30 to 40 p e r cent o f m o is tu re . The s lu r r y  is pum ped to  equa lis ing  

tanks w here the  fin a l b lend and m ix tu re  is made w h ich is then fed 

in to  the  k i ln .  In the d ry  process, the m ateria l is c ru s h e d , and then 

the d ry  pow dered m aterial is f ille d  in to  the  k iln  w ith  w a te r be ing 

added. A ll o th e r stages are the same in bo th  processes. F ig . 3.1-1 

is a process flow  diagram il lu s tra t in g  the m anufactu re  o f cement 

accord ing  to  the two processes.

-  5 9  -

3.1 .1 .1  Raw m aterial w inn ing

A lthough  the raw m aterial used fo r  m aking cement is the same fo r  

all types o f cement, they may v a ry  in com position depend ing  on the 

fin ished  p ro d u c t to be m anufactu red . These va rie d  m ix tu re s  and the 

g rea t num ber o f a d d itives  and adm ix tu res  w h ich are used to make an 

end p ro d u c t have created a w ide range o f commercial cement g rades, 

each o f w h ich  has its  spec ific  p ro p e rtie s  and ap p lica tio n s . The raw 

m ateria ls re q u ire d  fo r  cement p rodu c tion  must conta in  usable q u a n titie s  

o f lime, S i0 2, and A l20 3 . N a tura l calcium depos its , such as limestone

* Quoted almost lite ra lly  from "H is to rica l T re n d s  and F u tu re  P ro jection  

fo r  E ne rgy  Consum ption in the Cement In d u s try "  /3 .1 -1 /
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and coqu ina , su pp ly  lime. N a tu ra l a rg il l i fe ro u s  depos its , such as 

c lay and slate d e p o s its , conta in  bo th  S i0 2 and A l20 3. N a tu ra l 

deposits  o f a rg illa ceous  limestone o r marl (a ca lcarious c la y ) supp ly  

all th re e  base m a te ria ls , a ltho ugh  p o ss ib ly  no t necessarily  in the 

re q u ire d  c o n d itio n . In some places in  the  n o rth -e a s t o f the  U .S .A . ,  

a special typ e  o f lime stone is q u a rr ie d , called cement stone, which 

is used fo r  m aking cement sim ply by  hea ting  i t  to  a h igh  tem pera ture  

and g r in d in g  i t  a fte rw a rd s .

-  6 0  -

3 .1 .1 .2  B enefic ia tion

The m ateria l is tra n s p o rte d  from  the  q u a rr ie s  to the cement w orks 

where i t  is c rushed  in va rio u s  c ru s h e rs  and then  g ro u n d . C ru sh in g  is 

genera lly  done in  two stages: f i r s t ,  c ru s h in g  in to  lumps o f 15 cm 

in  d iam eter, then fin e  c ru s h in g  to  u nd e r 2 cm in d iam ete r. Before 

the m ateria ls a re  reduced fu r th e r  by  g r in d in g  they are s to re d . In 

the  wet p rocess, w h ich  is norm ally  used fo r  c lay and m arl, ie mat

e ria ls  th a t are ra th e r  wet in them selves, the m ateria ls a re  then  f ille d  

in to  ball o r drum  m ills  where they  are  g ro u n d  to a g ra in  size o f 

under 0.1 mm in d iam ete r. Water is added d u r in g  g r in d in g  to  obta in 

a th in  s lu r r y .  T h is  s lu r r y ,  w h ich con ta ins  more than 30 p e r cent 

o f w a te r, is b lended in storage tanks  u n t il ready to  be taken to the 

k iln .  In  the d ry  p rocess, the  raw m ateria ls  a re  f ille d  in to  the  m ills 

in the desired  com position and g ro u n d  to  pow der. O ften , the raw 

m ateria ls are d rie d  be fore  g r in d in g ,  sometimes using  waste gases, 

then mixed and stored in hoppers o r s ilos .

3 .1 .1 .3  Ca lc ination

R o ta ry k iln  process

The cen tra l process in cement m aking is ca lc in in g  the raw m ateria l in 

a ro ta ry  k i ln .  The k iln  is a long c y lin d r ic a l,  b r ic k - lin e d  fu rn ace  

chamber th a t ro ta tes  s low ly a round  its  axle  and is s lig h t ly  in c lin e d .
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Today 's  commercial k iln s  o f th is  type  are 70 to  240 m long and 

up to  7 m in d iam e te r.

A fte r  hav ing  passed th ro u g h  a ll p rehe a te rs , the  raw m ateria l is 

fed in to  the  top o f the  k iln  whence i t  moves s low ly  in a c o u n te r

flow tow ards ho t gases and the bottom end , w h ile  th e  k iln  is ro t 
a ting  s low ly . The k iln  is f ire d  w ith  gas, o il,  o r coal d u s t.  While m oving 

th ro u g h  the  k iln ,  the tem pera tu re  o f the m ateria l rises  to  the level 

re q u ire d  fo r  essentia l reactions to o ccu r. The th ro u g h p u t o f the 

k iln  is m on ito red , and the tem pera tu re  o f  the raw m ateria l is m ain

ta ined a t the  level a t w h ich  the raw m ateria l com bines w ith  lime,

S i0 2, and alumina to form  the component c h a ra c te r is t ic  o f p o rtla n d  

cement. The ty p ic a l dw e ll tim e is 3 to  5 h o u rs , d u r in g  w h ich time 

the raw m ateria l heats up to  1,400 o r 1,450° C a t the  lower end o f 

the k iln  (see Tab le  3 .1 -1 ) .  The calcined m ateria l leaves the  k iln  

in the form  of coarse lumps o r g ra in s  o f a d iam eter o f between 

0.15 and 1 cm.

The re s u lt in g  c lin k e r  is cooled down, w ith  the waste heat be ing 

u tilise d  to  p rehea t the  com bustion a ir .  V a rious  c lin k e r  coolers are 

com mercially ava ilab le . Some use a tra v e llin g  g ra te , o th e rs  are  f it te d  

w ith  p ipes close to  the  c lin k e r  d ischarge a t the  b rim  o f the k iln .

The c lin k e r  d rops  in to  the pipes and ro lls  in s ide  them tow ards the 

o u tle t. A ir  is norm a lly  in tro d u ce d  in to  the  p ipes by induced d ra u g h t.

I t  is  preheated and serves as combustion a ir .

As a ru le , the da ily  o u tp u t is 3,000 to 4,000 tonnes o f c lin k e r ,  b u t 

capacities o f 6,000 to  8,000 tonnes per day are  in  no way ra re  /3 .1 -2 / .
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S haft fu rnaces  *
Shaft fu rn aces  o ffe r  ano the r way o f f ir in g  c lin k e r .  S ha ft fu rnaces 

consists o f re fra c to ry - lin e d  v e rtic a l c y lin d e rs  o f 2 to  3 m in d iam eter

* Quoted almost l i te ra lly  from  "Zem enttaschenbuch" /3 .1 -3 1
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and 8 to  10 m in  h e ig h t. They are  cha rge d  from  the top e ith e r 

w ith  pe lle ts  o f raw meal and fin e  g ra in  coal, o r coke. In the 

somewhat en la rged  top  section , the m ateria l passes th ro u g h  a 

sho rt s in te r in g  zone. I t  is  then  cooled by  the com bustion a ir  

blown in  from  the  bottom and leaves the  k iln  in the  form o f c lin k e r  

th ro u g h  a d ischa rge  a t the low er end .

The d a ily  o u tp u t o f sh a ft fu rnaces is u nd e r 300 tonnes of c lin k e r  

at a heat requ ire m en t o f 3.1 to  4.2 C J / t .  T h e re fo re , they  are 

on ly  p ro fita b le  in v e ry  small w o rks , w h ich  also exp la ins w hy th e ir  

number is decreas ing  ra p id ly  in  the  h ig h ly  in d u s tr ia lis e d  co u n tr ie s .

3 .1 .1 .4  G rin d in g  and m ixing o f cement p ro d u c ts

The last step in the  p rodu c tion  line  is g r in d in g  the c lin k e r  lump 

to fine  pow der. N orm a lly , c lin k e r  is g ro u n d  in two successive steps 

toge the r w ith  a small amount o f gypsum  (app rox im a te ly  3 to  5 per 

cent in w e ig h t) .  The purpose is  to  c o n tro l the c u r in g  time o f concre te . 

O the r substances are added to aid g r in d in g ,  o r  else to g ive  the 

cement spec ific  p ro p e rt ie s , such as im proved  f ro s t  res is tance . T h is  

k ind  o f a d d it iv e  is also used in the  concre te  m ix.

3 .1 .2  E nergy consum ption in cement m aking

A t 90 pe r c e n t, by  fa r  the la rge s t am ount o f ene rgy  in cement 

making goes in to  c lin k e r  f i r in g .  T h is  is m ostly done in ro ta ry  

k iln s  at tem pera tu res  o f 1,400 to 1,450° C . T h e re fo re , the fue l 

consumed in f ir in g  has a d ire c t bea ring  on the e n e rg y - in te n s ity  o f 

the p ro d u c t.

Th is  fac t is c le a rly  illu s tra te d  in F ig . 3 .1 -2 . There  is always a 

wide d iffe re n c e  between actual and th e o re tica l ene rgy consum ption
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in th a t actual consum ption is usua lly  doub le  o r ,  in the w o rs t case, 

th ree  times th a t o f the  theo re tica l in p u t .  * I t  is also exp la ined  by 

the typ e  o f process, w hether a w et o r  a d ry  process is used. Since 

the w a te r th a t is added in the wet p rocess needs to  be d r iv e n  o f f  

e ith e r be fore  the m ateria l is fed to  the  k iln  o r  in the k iln  its e lf,  

the wet process consumes 35 p e r ce n t more ene rg y  than the  d ry  

o r sem i-d ry  p rocess. I t  is not a lw ays poss ib le  to  co n ve rt the 

process because some c f  the raw m ateria l can on ly  be trea ted  in 

a wet process ( Tab le  3 .1 -2 ) .

There  is reason to  believe th a t the share o f e le c tr ica l energy 

is due to r ise  because more and more d r iv e s  used in w inn ing  

and d ress in g  are e le c tr ic . M oreover, more e le c tr ica l ene rgy is 

used in the  d ry  process fo r  c ru s h in g  and g r in d in g  than in the 

wet process .'F ig . 3 .1 -3 ) .

A key fa c to r is also the size o f the w o rk s . Large p lan ts  w h ich 

are us ing  th e ir  capacities to  the  fu l l ,  s u f fe r  sm aller losses (see 

also C hapte r 1 .3 .3 ) , and they  also tend  to  be able to  a ffo rd  

energy conserva tion  measures. The d iffe re n c e  in the specific  

energy consum ption is up to  16 p e r cen t in  the  Federal Republic 

o f G erm any, fo r  instance ( Table 3 .1 -1 ) .

Then, o f course , the a ttitu d e  tow ards e n e rg y  consum ption and 

d iffe re n t p rices be ing paid fo r  ene rg y  also exp la in  why ene rgy  

consum ption va ries  between c o u n tr ie s . T he  estim ated w o rld  average 

is 8.28 G J /t,  in Malaysia i t  is 4.24 G J /t ,  in  Ind ia  8.08 G J /t ,  in the 

IJ .S .A . ,  where the wet method is app lied  more than in the Federal 

Republic o f G erm any, 9.09 G J /t  /3 .1 -7 / .

-  6 3  -

• k Quoted almost l i te ra lly  from  "M og lichke iten  z u r E nerg iee inspa rung  

in der Z em entindustrie " /3 .1 -4 /
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3 .1 .3  E nergy conserva tion

E ffec tive  measures taken to  save ene rg y  have helped c u t s ig n if 

ica n tly  the specific  consum ption o f ene rg y  in the  past two dec

ades ( F ig . 3 .1 -4 ) .  In the  past few ye a rs , consum ption cou ld  not 

be reduced at the same pace so th a t in the  medium term  spec ific  

consum ption can on ly  be cu t fu r th e r  at h igh  cap ita l investm en t 

in e ff ic ie n t p la n ts . T h is  cos t, how ever, cannot be recupe ra ted  by  

the sav ings made in ene rgy  cos t.

The common ways o f reduc ing  losses have not been app lied to 

the process so fa r .  For exam ple, losses from  the  wall o f the 

ro ta ry  k iln  make up a major share o f to ta l ene rgy  lo s t. The drum  

has a ja cke t tem pera tu re  o f up to  350° C . I t  is t ru e  to  say th a t 

the heat tra n s fe r  is im proved when the drum  is in su la ted , b u t a t 

the same time the tem pera tu re  o f bo th  the  metal ja cke t and the 

lin in g  r is e s . T h is  in tu rn  reduces the  mechanical s tre n g th  and 

the life  o f the k iln .  M oreover, the re  is the  r is k  o f the  drum  m elt

ing i f  the k iln  is insu la ted  and the lin in g  fa ils .  Flowever, modern 

tes t fa c ilit ie s  and m on ito ring  o f the ja cke t tem pera tu re  seem to 

suggest th a t some k in d  o f in su la tion  can be cons ide red .

The same k in d  o f e ffe c t cou ld  be ach ieved by b o x in g - in  the k iln .

In th is  way convection heat losses can be m inim ised because h igh 
a ir  ve loc itie s  d u r in g  w ind are exc luded .

By coating  the k iln  w ith  alum inium  b ronze , fo r  ins tance , ra d ia tio n  

losses can also be c u t.  Flowever, w ith  m inor rad ia tion  to  the  atmos

phe re , th is  k ind  o f coating w ill make the tem pera tu re  o f the k iln  

jacke t r is e , which causes even h ig h e r convection  and produces 

all the adverse  e ffec ts  mentioned be fo re .

I t  becomes apparen t th a t all e x te rn a l in su la tion  is de trim en ta l to 

ope ra ting  sa fe ty . One way o f overcom ing th is  is to u tilis e  heat 

losses ra th e r than m inim ising heat t ra n s fe r .

V
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To th is  end , a re c u p e ra to r is f i t te d  a t the top o r on the  s ide 

o f the ro ta ry  k iln .  I t  is heated b y  some o f the  ra d ia tio n  em itted 

by the k iln .  Ins ide  the re c u p e ra to r flow s a heat tra n s fe r  medium, 

eg w ater which is hea ted . The key fac to rs  are the space 

between th e  re cu p e ra to r and th e  k iln ,  and th e ir  respec tive  tem p

e ra tu re s . Some o f the  re c u p e ra to r heat is released a t its  su rface  

th ro u g h  fre e  convec tion . H ow ever, th is  convection  can be m inim

ised by a top o r s ide co ve r, or a screen.

Theore tica l cons idera tions have shown th a t a heat flow  equal to 30 

kg o f fue l o il p e r h o u r can be saved w ith  an optim ised design  and 

c o n fig u ra tio n  o f th e  re c u p e ra to r, mean wall tem pera tu res  o f a round  

250° C, an ou ts ide  d iam eter o f the  k iln  o f 5 m, and a heat exchanger 

surface area or 200 m 2. T h is  am ount o f heat saved can be u tilis e d  

to d ry  coal o r raw m a te ria ls , o r  to heat b u ild in g s . The p ra c tica l 

app lica tion  o f these th e o re tica l cons ide ra tions w ill ,  how ever, re q u ire  

add itiona l research and deve lopm ent /3 .1 -5 / .

O ther ways o f c u tt in g  the  heat loss o f the k iln  cons is t in reduc ing  

the tem pera ture  in s id e  the  k iln  o r  sh o rte n in g  the  le ng th  o f the  k iln  

which w ou ld , how ever, presuppose an accelerated s in te r in g  stage.

Both ways aim a t a lte r in g  the  s in te r in g  p a tte rn  w ith  the  a id o f 

a d d itive s . M ine ra lise r, as they  a re  ca lled , are added to  the raw 

meal b u t may in some cases p roduce  adverse  e ffe c ts , such as

- increased e xp e n d itu re  in c lin k e r  g r in d in g ,

- c lin k e r  f ir in g  prob lem s,

- poor s e ttin g  o f the cem ent,

- delayed ea rly  s tre n g th ,

- reduced fina l s tre n g th ,

- env ironm enta l p o llu tio n  th ro u g h  emissions o f f lu o r in e  and s u lp h u r 

compounds, poss ib ly  causing  ad d itio n a l e x p e n d itu re  fo r  em ission 
co n tro l.

In view o f the above, it is v e ry  d i f f ic u l t ,  indeed , to  choose the 

best m inera lise r fo r  c lin k e r  f i r in g  because the q u a lity  s ta n d a rd , 

raw m ateria l base, techn ica l fa c il it ie s ,  and ecological aspects have 
to be taken in to  account.
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So fa r tes t re s u lts  have fa iled  to  suggest a ra tin g  o f the  a p p lic a b ility  

o f va rious  m ine ra lise rs  in  p ro d u c tio n . Most o f the expe rim en ta l w o rk  

was done at la b o ra to ry  o r semi-commercial scale. N o th ing  is c u r re n tly  

known o f any ongo ing  dem onstration p ro je c t.*

Since p re se n tly  ava ilab le  f in d in g s  suggest th a t the use o f su itab le  

m inera lisers opens a subs tan tia l ene rgy sav ing  p o te n tia l, th is  issue 

should be the sub jec t o f fu r th e r  research and deve lopm ent w o rk .*

O the r than wall losses, the  second loss fa c to r is waste heat em itted 

from exhaust gases. In the  1950s, the  cement in d u s try  f i r s t  s ta rte d  

to make d ire c t use o f th is  res idua l heat fo r  p re h e a tin g  the  raw m ate ria ls .

Both opera tion and maintenance o f the p rehe a te r are simple because 

it  does not have any m oving p a rts . A t p re s e n t, many d if fe re n t  makes 

o f p reheate rs  are  com m ercially ava ilab le . They w o rk  in one o r several 

stages which can be connected in  pa ra lle l a n a /o r  in se ries . The u n d e r

ly in g  p r in c ip le  is a pa ra lle l flow , co u n te rflo w  o r c ro s s -f lo w , w ith  

one fea tu re  be ing common to all th ree  p r in c ip le s , ie the  heat tra n s fe r  

th ro u g h  convection  from  the waste gas to the raw m ateria l o r  from  

the waste .gas, v ia  the  con tact su rfa ce , to  the raw m a te ria l.

In add ition  to a ll these ene rgy  saving m ethods, th e re  is ano the r 

way o f m in im ising ene rg y  consum ption by  us ing  the a p p ro p ria te  

process, as ind ica ted  in C hapte r 3 .1 .2 . Tab le  3 .1 -2  shows th a t 

the wet process is poo re r in terms o f ene rg y  consum ption . The 

30 o r 40 per cent (w e ig h t)  o f water w h ich is added to  the raw 

material d u r in g  the d ress in g  stage is to be d r iv e n  o f f  aga in , w ith  

energy being sp e n t. However, mention shou ld  also be made o f the 

fact tha t the m ois tu re  contained in local raw m ateria l may make i t  

unsu itab le  fo r the  d ry  process. In the Federal R epub lic  o f Germany 

on ly about 3 pe r cen t o f a ll w orks use the  wet p rocess.

* The section on m odified s in te r in g  p a tte rn s  has been quo ted almost 

lite ra lly  from "M og lichke iten  zur E n e rg iee inspa rung  in d e r Zement- 

in d u s tr ie "  /3 .1 -4 / .
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3 .1 .4  E n e rg y  s u b s titu t io n  *

Both h igh  demand fo r  cement and ra tio n a lis a tio n  w h ich  became imp

e ra tive  fo r  economic reasons, caused cement f i r in g  p la n ts  to grow  

in the e a rly  1970s. U pper lim its  o f u n it  capa c ity  a re  now about 

3,000 to 4, 000 tonnes pe r day and k iln .  L a rg e r k iln s  cause 

ope ra ting  tro u b le , ie sh o rte r lives  o f the re fra c to ry  lin in g  o f the 

ro ta ry  k iln  because o f h igh  mechanical and therm al s tre ss . In an 

e ffo r t  to rea lise  even la rg e r u n its , a new f ir in g  process is being 

developed in  Japan and in Europe, p ro v id in g  fo r  p reca lc ina tion  

w ith  secondary f i r in g .  In th is  p rocess, the  f i r in g  stage is d iv ide d  

in to  tw o, acco rd ing  to the two d if fe re n t  tem pera tu re  levels app lied 

d u r in g  d issoc ia tion  and s in te r in g . The p r im a ry  f i r in g ,  a t the d is 

charge end o f the  k iln ,  supp lies on ly  the heat flow  th a t is re q u ire d  

fo r s in te r in g  the neu tra lised  m ate ria l.

There are tw o ways o f des ign ing  th is  ty p e  o f secondary f ir in g .

F irs t,  the a ir  re q u ire d  fo r  com bustion is gu ided  th ro u g h  the 

ro ta ry  k iln  to  the com bustion cham ber, w h ich  re q u ire s  the diam eter 

o f the k iln  to be 20 p e r cent w id e r. In the second o p tio n , the 

com bustion a ir  is taken th ro u g h  a separate te r t ia ry  a ir  d u c t to  the 

combustion cham ber ( F ig . 3 .1 -5 ) .

In the f i r s t  case, where the a ir  passes th ro u g h  the  k iln  d u r in g  

p re c a lc in a tio n , the spec ific  volume load rises  from  2 t /m 3 to 3.3 t /m 3 

in the second, where the a ir  is ducted  ou ts id e  the  k iln ,  it  rises 

to 4 t /m 3 d . In sp ite  o f a h ig h e r volume load the  spec ific  c ross - 

sectional load is c le a rly  lower than in ro ta ry  k iln s  w ith o u t p re 

ca lc in ing  stage . T h e re fo re , the c lin k e r  o u tp u t can be increased 

cons ide rab ly  when an e x is tin g  k iln  is f it te d  subse quen tly  w ith  a 

p re c a lc in e r .

Many years o f experience have shown th a t p re c a lc in in g  does not 

a ffec t the cement q u a lity ;  how ever, k iln  ope ra tion  becomes more 
balanced.

* Quoted almost l i te ra lly  from "M og lichke iten  zu r E nerg iee inspa rung  

in der Z em en tindus trie " /3 .1 -4 /



A p a rt from  the  p o s s ib ility  o f ach iev ing  h ig h e r o u tp u ts , secondary 

f ir in g  has also opened a way o f sav ing  h ig h -g ra d e  fu e l,  such as 

fuel o il,  gas, o r coal, and o f s u b s t itu t in g  i t  b y  lo w -g rade  fu e l.

A d is tin c tio n  can be made between d ilu e n t fue l and fue l s u b s titu te . 

D iluent fue ls  in c lud e  coal and o il shale, mud coal and charcoa l, 

whereas fue l s u b s titu te s  consis t o f waste th a t con ta ins  some e n e rg y , 

such as domestic re fu se , used o il, waste ru b b e r ( ty r e s ) ,  and ac tive  

e a rth .

Low -grade fue l has a h igh  ash c o n te n t, low c a lo r if ic  va lue , and 

ve ry  o ften  conta ins env ironm enta lly  re le va n t com ponents, such as 

s u lp h u r, z in c , lead, c h lo rin e , e tc . The e ffe c ts  o f heavy metals 

on c lin k e r  q u a lity  and po llu tion  escapes a fin a l a n a lys is . However, 

i t  is c e rta in  th a t h igh  s u lp h u r and c h lo rin e  con ten ts  tend to 

d is tu rb  the  ope ra tion  o f the k iln .

There  are  bas ica lly  two good reasons fo r  u s ing  lo w -g rade  fu e ls , 

especia lly fue l s u b s titu te s , fo r the  p reca lc ina tion  o f cem ent. F irs t,  

no net c a lo r if ic  va lue  is re q u ire d  because ig n it io n  is always ensured 

due to  h ig h  meal and gas tem pera tu res o f 700 to  1,000° C. Sec

o n d ly , many o f the  substances re leva n t to the env ironm en t are 

in troduced  in to  the  process to g e th e r w ith  the fue l and are bound 

almost com ple te ly in the cement c lin k e r  w ith o u t im p a ir in g  its  q u a lity .  

What is more, the low -grade  fue l can norm ally  be used in the process 

d ire c t ly ,  ie w ith o u t p re trea tm en t.

The use o f p reca lc ine rs  opens ano the r o p p o r tu n ity  fo r  s u b s titu t in g  

ene rg y , th a t is so la r e n e rg y . In  the w in te r o f 1 983, f i r s t  ideas o f 

such a p la n t concept were p resen ted . A cco rd in g  to th a t concept, 

solar ene rg y  is de flected  by plane m ir ro rs ,  s ta n d in g  in a f ie ld  

next to the cement w o rks , onto a concave m ir ro r .  T h is  m irro r  is 

f it te d  on a pole h igh  up above the w o rks . I t  bund les  the lig h t and 

d irec ts  the  beam th ro u g h  a window in to  the  com bustion cham ber. The 

focal le ng th  o f  the m irro r  is la rge  enough to place the  focus exactly

-  68 -
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in the  ce n tre  o f the  flame. Many o f the ques tions  th a t determ ine 

the  rea lisa tion  o f the concept have remained unanswered so fa r  

/3 .1 -6 / .
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3.2 Lime in d u s try

The term  lime norm ally  denotes lim estone, q u ick  lime, o r  lime 

h y d ra te . These th re e  substances can be p roduced  in a cyc le  

process. The b u ild in g  in d u s try  uses limestone (C aC 03) as c rushed  

stone in  road b u ild in g  o r as an aspha lt f i l le r .  Q uick lime (CaO) 

is used in the m anufactu re  o f  lim e-sandstone and gas concre te , 

as well as in soil s ta b ilisa tio n  and fo r  m aking m orta r and p la s te r 

and ex te rna l re n d e rin g , like  hyd ra te d  lime (C a (O H )2) .

3.2.1 Process d e sc rip tio n

Limestone is q u a rr ie d  in open p its .  D r if t  m in ing is on ly  p ro fita b le  

i f  v e ry  pu re  C aC 03 can be w orked which perm its  subsequent 

processing to h ig h -q u a lity  p ro d u c ts . A f te r  s tr ip p in g  the o v e rb u rd e n , 

the matte is b lasted loose. I t  conta ins c lay and q u a rtz  im p u ritie s .

The f ly  rock is tra n s p o rte d  by lo r ry  to c ru sh e rs  where i t  is reduced 

in size in several stages. The most commonly used types are  jaw 

b reake rs  and ro ta ry  c ru s h e rs . A f te r  b re a k in g  the rock to  the 

desired  size, a ll im p u ritie s  in  the  form o f sand, c la y , and loam 

are washed ou t in va rio u s  u n its  w ith  a view  to  o b ta in in g  q u ick  

lime o f maximum p u r i t y .  Then fo llow s c la ss ifica tio n  and screen ing  

in to  grades acco rd ing  to  la te r use o r sales demand. O ve r-s ize J  

g ra in s  are g roun d  in  m ills .

3 .2 .1 .2  M anufacture  o f q u ick  lime

T e ch n ica lly , q u ick  lime is m anufactured by n e u tra lis in g  limestone 

a t tem pera tures above 900° C . In in d u s tr ia lis e d  co u n tr ie s , the  matte 

is b u rn t  in m odern, la rg e ly  automated k iln  p la n ts , whereas deve lop

ing coun tries  use the  s im pler sha ft fu rnaces which are charged  and 

emptied by hand.
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Today 's  k iln  p lan ts  consis t o f va rio u s  types  o f sh a ft fu rnaces  and 

ro ta ry  k iln s .  R o ta ry  k iln s  are s im ila r to  the k iln s  used in the  cement 

in d u s try .  They com prise a s lig h t ly  in c lin e d  c y lin d e r  th a t ro ta tes  on 

its  lo n g itu d in a l axle a t 0.5 to 2.5 re vo lu tio n s  pe r m inu te . In old 

type  ro ta ry  k iln s , th a t used to  be 30 times longe r than the  in te rn a l 

diameter o f  the metal ja c k e t, p re h e a tin g  is done in the upp e r end 

o f the k iln .  The specific  energy consum ption o f these long k iln s  

is re la tiv e ly  h igh  a t 6.6 to 8.4 C J / t ,  w ith  da ily  o u tp u ts  o f up to  

560 tonnes /3 .2 -1 / .

Th is  ty p e  o f k iln  was fu r th e r  developed in to  s h o rt ro ta ry  k iln s  

and separate p rehea te rs . In o th e r w o rds , the p re h e a tin g  zone is 

no longer p a r t  o f the ro ta ry  k iln  b u t it  is housed in  a separate 

b a tc h -ty p e  p re h e a te r. T h is  makes the waste gas tem pera tu re  d ro p . 

Heat consum ption is about 5.0 to  8.4 C J / t ,  w ith  d a ily  o u tp u ts  o f 

200 to 1,000 tonnes o f lime pe r day /3 .2 -1 / .

Compared w ith  sha ft fu rnaces , the advantage o f ro ta ry  k iln s  lies 

in the usage o f common fue ls , o th e r than coke. M oreover, they 

perm it changes in q u ick  lime q u a litie s  and are  p a r t ic u la r ly  su ited  

fo r  small g ra in  m atte. L ike in the  cement in d u s try ,  the k in d  o f 

raw m ateria ls in p u t and th e ir  m o is tu re  con ten t de term ine the k in d  

o f process to be used, wet o r d r y .  The q u a lity  o f lime b u rn t  in 

a ro ta ry  k iln  is h ighe r than th a t p roduced  in o th e r k iln s .

In c o n tra s t to th e ir  s ign ificance  in the m anufactu re  o f cement, 

sha ft fu rnaces  do have a reason o f be ing in the lime in d u s try .

Th is  is because investm ent costs are low er, and the  sha ft fu rnaces 

also consume less fu e l.

The c o k e -f ire d  o r a n th ra c ite - f ire d  sha ft fu rnace  has a round  

c ross -se c tion . I t  has no b a ffle s . Solid fue l is m ixed w ith  lime

stone ou ts ide  the k iln  and is charged  as a fin ish e d  m ix. Special 

p rov is ions  have to be made when ch a rg in g  the k iln  to  m aintain a
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un ifo rm  b lend o f lim estone and coke. For th is  pu rpose , cha rg in g  

bucke ts  have been des igned . T h e ir  d iam eter is  identica l w ith  the 

sha ft diamder, and th e ir  bottom flaps  open to d ischarge  the m ix.

In th is  typ e  o f k iln ,  a ll com bustion a ir  is en te red  as lime coo ling 

a ir  w hich makes the  tem pera tu re  v e ry  low a t w h ich the lime is 

discharged. Cooling a ir  is taken in th ro u g h  a m ushroom -shaped 

p ipe . Common types  o f d ischa rges  are a ro ta tin g  reamer and rams. 

Th is typ e  o f k iln  has a capac ity  o f up to  400 t / d ,  w ith  a spec ific  

energy consum ption o f 4.2 to  5.0 G J /t .

The an n u la r sha ft fu rn a ce  con ta ins a second c y lin d e r  in the k iln  

c y lin d e r. I t  is usua lly  f it te d  in  the lower end o f the k iln ,  and 

some o f the flu e  gases and the  cooling a ir  is gu ided  th ro u g h  th is  

c y lin d e r. The ann u la r space between bo th  c y lin d e rs  is f il le d  w ith  

the load to be b u rn t .  Com bustion does no t take place in the load 

b u t in separate com bustion cham bers w h ich are f it te d  a t the o u t

side o f the sha ft in  two leve ls . The flu e  gases emanating from  

the com bustion chamber e n te r the load th ro u g h  openings in the 

k iln  jacke t and are taken in a coun te rflow  to the  upp e r section o f 

the sha ft and in  a pa ra lle l flow  to  the lower section where the 

m ateria l is . The g ra in  size o f the load to  be b u rn t  is 40 to  70 mm. 

A n n u la r sha ft fu rnaces  w ith  an in te rn a l d iam eter o f 3.5 to 6.9 m 

o f the ou te r c y lin d e r b u rn  100 to  500 tonnes o f q u ick  lime per 

day, us ing  liq u id  o r gaseous fu e ls .

The p a ra lle l- f lo w -c o u n te rflo w -re g e n e ra tiv e  fu rnaces  consis t o f two 

o r th ree  sha fts  which are  in te rconnected  by  channels in the upper 

th ird  o f the he igh t o f the  s h a ft above the d ischa rge . A t its  th ro a t,  

each sh a ft is f it te d  w ith  devices fo r  c h a rg in g  the m ateria l to be 

b u rn t ,  a combustion a ir  in le t,  and a waste gas o u tle t.  A ll sha fts  

have a continuous d ischa rge  and a p re s s u re - t ig h t b u n k e r u n d e rnea th . 

The fue l is charged a t abou t tw o - th ird s  the h e ig h t o f the sha ft 

fu rnace  above the d isch a rg e . F ir in g  is done in cyc le s , w ith  one 

sha ft g e ttin g  fue l and com bustion a ir  w h ile  waste gas is removed
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from  the second s h a ft ( in  a tw o -s h a ft fu rn a c e ) o r  the  second and 

th ird  s h a ft ( in  a th re e -s h a ft fu rn a c e ) . T h is  cyc le  a lte rn a te s . The 

b u rn in g  s h a ft w o rks  in pa ra lle l flow , whereas the  o th e r one o r two 

waste gas sha fts  w o rk  in co u n te rflo w . A ll sha fts  a re  fed  w ith  cool

ing a ir  from  below the  d ischa rges . T h is  coo ling  a ir  is no t in vo lve d  

in com bustion. The most im po rtan t param eter in  k iln  c o n tro l is the 

tem pera ture  o f the  flu e  gas in the  ove rflow  channe l, w h ich is about

1,000 to 1,100° C .

T h re e -s h a ft fu rn aces  are  m ainly used fo r  sm all-s ize matte o f a 

g ra in  size o f 20 to  40 mm. P lants w ith  an in te rn a l d iam eter o f

2.5 to 4.0 m p roduce  a th ro u g h p u t o f 100 to  500 tonnes o f q u ick  

lime per d ay . O il o r gas can be used as a fu e l.  *

The type  o f k iln  described  above has a sp e c ific  heat requ irem en t 

lower than th a t o f o th e r known system s; the reason be ing th a t 

the a ir  used fo r  com bustion is preheated in a re g e n e ra to r as 

p a rt o f the limestone load. Waste gas tem pera tu res  are th e re fo re  

60 to  140° C. The tem pera tu re  cannot be lowered fu r th e r  because 

it  would fa ll below dew p o in t. The f ire d  load has a tem pera tu re  

o f 50° C . A n o th e r decrease in  spec ific  heat consum ption can on ly  

be s lig h t,  and i t  w ill on ly  be achieved a t h igh  cap ita l cos t.

In add ition  to  the  types  o f fu rnace  d iscussed , th a t are used in 

the lime in d u s try ,  th e re  are a num ber o f o th e r types  w h ich , how

ever, go beyond the scope o f the  p resen t s tu d y .

The lime charge  va ries  in its  chemical and phys ica l p ro p e rtie s  

so th a t is is g ro u n d  again a fte r  f i r in g .  T h is  is done in tube  m ills 

o r ro lle r  m ills , w ith  g r in d in g  a ids , eg alcohols o r am ines, be ing 

added in some cases. O fte n , na tu ra l gypsum  o r molasses are added 

to ad jus t the s la k in g  p a tte rn .

* The d e sc rip tio n  o f sh a ft fu rnaces has been quo ted  almost l i te ra lly  

from  "W ir ts c h a ft lic h e r B re n n s to ffe in sa tz " /3 .2 -1 / .
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3 .2 .1 .3  H y d ra tio n  o f q u ick  lime

Lime has to  be h y d ra te d  to be used on the b u ild in g  s ite . T h is  is 

re fe rre d  to  as s la k in g . While ene rgy  is lib e ra te d , the  fo llow ing  

reaction takes place:

CaO + H 20  —> Ca (O H )2 + E

There is a d iffe re n c e  between the wet and the  d ry  p rocess.

In the wet p rocess , w h ich is on ly  app lied  a t b u ild in g  s ites today, 

lime is m ixed w ith  w a te r and is s t ir re d  w ith  a p ic k . T h is  libe ra tes  

so much e n e rg y  th a t the  tem pera ture  rises to  ju s t below the  b o il

ing p o in t. In  some deve lop ing c o u n tr ie s , lump lime is sumped in 

p its  a t the w o rk s . The lumps b reak and the q u ic k  lime does not 

have to be g ro u n d .

The lime in d u s try  app lies a d ry  process e x c lu s iv e ly  now . Water o r 

strain is added in the q u a n tity  re q u ire d  to b r in g  about complete 

h y d ra tio n  o f the q u ic k  lime. A f te r  complete s la k in g , a pow der 

remains w h ich can be bagged im m ediate ly. The th ro u g h p u t o f 

modern h y d ra te  p la n ts  is about 15 tonnes a d a y . I t  takes 320 kg 

o f water o f s lake one tonne o f lump lime.

Any co nd ition  o r consistency can be ob ta ined by  add ing  more o r less 

w a te r.

3 .2 .2  E n e rg y - in te n s ity  of the p ro d u c t

In lime p ro d u c tio n , by fa r  the most ene rgy- in te n s ive  stage 

( F ig . 3 .2 -1 ) is the  f ir in g  of lim estone. W inn ing , hau lage, and 

d ress ing  consumes an average 0.083 GJ o f p r im a ry  ene rg y  per 

tonne /3 .2 -2 / ,  whereas a coke sha ft fu rnace  consumes 4.2 to

5.0 G J /t .  A n n u la r  sha ft fu rnaces take 3.7 to  4.4 G J /t ,  p a ra lle l- f lo w -
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co u n te rflo w -re g e n e ra tiv e  fu rnaces 3.6 to  4 .0  G J /t  and ro ta ry  k iln s

5.0 to 8 .4  G J /t  /3 .2 -1 / .
Tak ing  in to  account the percentage d is tr ib u t io n  o f process typ e s , 

the fo llow ing  mean values are a r r iv e d  a t fo r  the  Federal Republic 

o f G erm any, fo r  instance:

limestone

limestone powder

lump lime

p u lve rise d  q u ick  
lime

lime h y d ra te

5.39 kW h /t 

57.50 kW h /t

31.90 kW h /t

61.90 kW h /t 

27.70 kW h/t

33 M J /t 

118 M J /t

4.961 M J /t

4.961 M J /t 

3, 759 M J /t

/3 .2 -2 /.

3 .2 .3  E nergy saving po ten tia l

The therm al e ffic ie n cy  o f lime fu rnaces reaches 84 per cent which 

pu ts  them among the fu e l- f ire d  in d u s tr ia l fu rn aces  w ith  the h ighes t 

heat u t il is a t io n . In modern fu rnace  p la n ts , th e re fo re , more energy 

can on ly  be saved a t g re a t capital in ves tm en t. T h is  fa c t emphasises 

the need to choose e n e rg y -s a v in g  types  o f fu rn aces  whenever a 

new p la n t is p ro jec ted .

The type  o f fu rnace  th a t uses the h ig h e s t amount o f ene rgy per 

tonne o f lime produced is the ro ta ry  k i ln ,  w ith  o r  w ith o u t p re h e a te r, 

w ith  the  h ighes t losses being waste gases leav ing  the p lan t a t a 

tem pera ture  o f 250 to 350° C. These gases a re  always mixed w ith  

secondary a ir  g e ttin g  in a t the in te rfa ce  between ro ta ry  k iln  and 

p re h e a te r. I f  the p la n t were com ple te ly sealed, the waste gas temp

e ra tu re  would rise  to 430° C. T h is  would no t a ffe c t the balance sum 

of waste gas losses, because the ove ra ll am ount o f waste gas would 

be reduced a cc o rd in g ly . I f  the gas tem pera tu re  is h ig h , waste heat 

u tilis a tio n  is favou rab le . I f  the fu rn a ce  opera tes at an a ir  d e fic ie n cy ,
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com bustib le  components s t i l l  e n te r in to  the  p rehe a te r, com bust 

w ith  secondary a ir  and c o n tr ib u te  to  p re -n e u tra lis a tio n . The 

degree o f p re -n e u tra lis a tio n  can be up to  40 p e r cen t /3 .2 -4 / .

The p re -n e u tra lis a tio n  phase in  the  lime in d u s try  does no t fa v o u r 

energy s u b s titu t io n  by low -g rade  fue l because hme, u n lik e  cement, 

does no t b in d  the env iro nm en ta lly  re le va n t substances conta ined 

in fu e l. The lime q u a lity  would be la rg e ly  a ffec ted  w h ich  in tu rn  

would also cancel ou t the advantage o f the ro ta ry  k i ln ,  ie h ig h  p u r ity  

o f b u rn t  lime. As to  the re duc tio n  o f wall losses o c c u rr in g  in the 

ro ta ry  k i ln ,  th a t account fo r  90 p e r cen t o f a ll wall losses o f the 

complete p la n t, the same action app lies  as described  e a r lie r  in 

the section on the ene rg y  sav ing  p o te n tia l in cement m aking 

(C hap te r 3 .1 -3 ).

A ll energy saving  o p p o rtu n it ie s  have been seized so fa r  in sha ft 

fu rnaces used in the  modern lime in d u s try .  A casein p o in t is the 

para lle l ^ flo w -c o u n te rflo w -re g e n e ra tiv e  fu rn a c e . I t  is le ft  w ith  on ly  

two im portan t sources o f loss, ie waste yases and heat rad ia ted  

from the fu rn a c e . The waste gases a re  60 to  140° C hot when 

leaving the  regen e ra tive  fu rn a ce . T h is  waste gas tem pera tu re  can

not be reduced fa rthe r because it  would g e t near th e ir  dew po in t 

which is 52° C.

The on ly  way is to cu t the am ount o f waste gas, which can be 

done by reduc ing  the  amount o f coo ling  a ir .  However, th is  would 

cause the tem pera tu re  o f the lime d ischa rge  to  be h ig h e r than the 

o rig in a l 50° C . I f  the amount o f coo ling a ir  is ad justed 

to a level a t which the lime tem pera tu re  can be accepted by subse

quent conveyors  (100° C ), then the  heat saved from  waste a ir  

amounts to on ly  about 16 per ce n t o f the added losses from  a 

h o tte r d ischa rge . I t  also ra ises the  tem pera tu re  ins ide  the  k iln  

and th e re fo re  causes g re a te r wear o f the b r ic k  lin in g . The question  

remains w hether the r is k  o f increased wear o f the lin in g  should be 

in c u rre d  in view of the s lig h t sav ings th a t can be ga ined /3 ,2 -5 / .  

A p a rt from  the ro ta ry  k iln  the re  are on ly  a few m inor areas where
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savings can be made. They a ll v a ry  acco rd ing  to  the  typ e  of 

fu rnace  and boil down to  s lig h t m od ifica tions in cyc le  times and 

a ir  th ro u g h p u t.
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3.3 B r ic k  and t ile  in d u s try

The b r ic k  in d u s try  uses a g re a t v a r ie ty  o f s ta r t in g  m ateria ls  and 

produces a w ide range o f p ro d u c ts . Based on th is  fa c t and due to 

local co n d itio n s , a g re a t num ber o f technolog ies have been deve loped.

P roducts range  from simple wall b r ic k s  to  hollow b r ic k  boa rds , which 

is the la tes t ongoing deve lopm ent. I t  is a s ing le  s to re y -h ig h  b r ic k  

element made in  one piece th a t w ill be used in e ff ic ie n t b u ild in g  

c o n s tru c tio n . The range o f p ro d u c ts  also inc ludes  w e a th e r-re s is ta n t 

facing b r ic k s ,  a r t i f ic ia l ly  aera ted  lig h t-w e ig h t b r ic k s , and a m u lti

tude o f ro o f t ile  shapes.

3.3.1 Process d e sc rip tio n  *

3 .3 .1 .1  Raw m ateria ls

Raw m ateria ls are c la y , a rg illaceous stone, and loam. They conta in  

th ree  im p o rta n t m inera ls , ie k a o lin ite , i l l i te ,  and q u a rtz , which 

ensure h ig h -q u a lity  b r ic k  p ro d u c ts . V a rious agg rega tes , such as 

sand, soda, phosphate, p o ly s ty re n e  foam o r saw dust, a re  added 

to  the s ta r t in g  m ate ria ls . They a lte r  the shap ing o r s in te r in g  p a t

te rn , o r  else they  aerate the  b r ic k  because they  b u rn  d u r in g  the 

s in te r in g  stage.

The raw m ateria ls  are mined in  open p its ,  v e ry  ra re ly  u n d e rg ro u n d , 

and on ly  i f  c lay  is mined as a b y -p ro d u c t o f coa l, o r i f  i t  can be 

mined by  cheap labour from  under a ha rd  e a rth , o r g o b b in g . The 

dom inating p ro ce d u re , how ever, is machine s tr ip p in g  and in some 

exceptional cases, manual s tr ip p in g .

The raw m ateria ls are banked ou t a t the w orks fo r  a pe riod  o f up

* Data quo ted  from  "B r ic k  and T ile  M aking" /3 .3 -1 /
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to two ye a rs ; d u r in g  th a t time they  w ea the r, ie moisten th o ro u g h ly , 

and c layey substances swell e ve n ly . Then raw m ateria ls and a g g re g 

ates are g roun d  and m ixed. D epending on the  typ e  o f raw m ateria l 

and the shaping p rocess, w a te r is added (u p  to  30 pe r cen t) or 

e x tra c te d  a fte r  m ix in g . To im prove the  q u a lity  o f the m a te ria l, the  

mix is then evacuated, ie all enclosed gas is  rem oved. A th o ro u g h  

homogeneous m ix is v e ry  im po rtan t to  ensu re  a long cha in  reaction 

d u r in g  b u rn in g .

3 .3 .1 .2  M ould ing

The g r^ a t v a r ie ty  o f ceram ic m ate ria ls  and the  p o s s ib ility  o f v a r y 

ing the w ater co n te n t also pe rm it the use o f a wealth o f m ould ing 

and shaping m ethods. A lth o u g h  hand m ould ing is one o f the  o ldest 

methods i t  is s t i l l  a p p lie d , m ainly in deve lop ing  c o u n tr ie s . The 

prepared mix is p ressed by hand in to  a wet wooden mould which 

is open a t the top and a t the bo ttom . The fram e is taken o f f  and 

the b r ic k  is le ft  to  d r y .

Th is  method was superseded almost com ple te ly by mechanical m ethods, 

w ith  c u r re n t  o u tp u ts  o f up to 30,000 b r ic k s  p e r h o u r. The machine 

presses the clay in to  au tom atica lly  fed  steel moulds o r a cha in  of 

moulds. O n ly so lid  b r ic k s  can be made in th is  ty p e  o f m achine.

O ther shapes can be made in an e x tru d e r  p ress  in which a c o n tin 

uous screw o r a series o f kn ives convey and fo rce  the raw m ateria l 

th rough  the head o f the  p ress . Due to  the  ro ta tio n  o f the con tinuous 

screw , the c lay  is again blended th o ro u g h ly . A d ie  a t the head p ro d 

uces a column w ith  g rooves and ho les. P ipes can also be p roduced 

on such an e x tru d e r  p ress .

Based on the w ater con te n t o f the c la y , the e x tru s io n  process 

is d iv id e d  in to  two ty p e s , ie s t i f f  e x tru s io n , us ing  clay o f a m oisture  

content o f 12 to  20 p e r cen t, and so ft e x tru s io n , w ith  a m oistu re
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con ten t o f 20 to  30 per cent re la tiv e  to  the  w e igh t o f the  wet 

ware. S t i f f  e x tru s io n  produces wares o f good dim ensional s ta b il ity .

I t  is m ain ly app lied  in the U .S .A . ,  Canada, A u s tra lia ,  and South 

A fr ic a . In E urope , so ft e x tru s io n  is used because b r ic k s  are  more 

p e rfo ra te d , and p ressu res would have to  be too h ig h  i f  s t i f f  

e x tru s io n  w ere used.

I f  p ro d u c ts  need to  be made to even more exac tin g  requ ire m en ts , 

the d ry  p ress  method is recommended. The c lay  then con ta ins u n d e r 

8 per cen t o f m o is tu re , and a p lu n g e r presses i t  u nd e r h igh  p ressu re  

in to  a steel m ould.

-  8 0  -

3. 3 .1 .3  D ry in g

A fte r  shap ing  and m ould ing, the b r ic k  is d r ie d . D epend ing on 

the k iln  used , the  b r ic k  must on ly  con ta in  0.5 to  6 pe r cen t o f 

res idua l w a te r be fore  f i r in g .  C onvection is the  on ly  form  o f d ry in g .  

D u ring  d r y in g ,  the b r ic k  s h r in k s  by as much as 5 pe r cen t which 

exp la ins w hy slow d ry in g  is essentia l so as to  avo id  c ra cks .

The o ldest m ethod o f d ry in g  is hack where d ry in g  is perform ed 

in the open a ir  and is v e ry  much a fu n c tio n  o f w eather and tim e. 

The slow d ry in g  ra te  necessitates la rge  spaces fo r  s to c k in g . T h is  

method is econom ically ju s tif ie d  on ly  w here ene rg y  is expensive  

and labour cheap.

Large -s ize  d r ie rs  make use o f the  waste heat escaping from  the 

k iln  s t ru c tu re .  They are placed above the k iln ,  sometimes a t d i f fe r 

ent la ye rs . A lth o u g h  c o n tro llin g  is somewhat d i f f ic u l t ,  d ry in g  ra tes 

are s h o rte r than  in o p e n -a ir d ry in g .  D ry in g  is independen t o f o u t

door w e a th e r. W ith the in tro d u c tio n  o f h ig h -p e rfo rm a n ce  k iln s , 

how ever, la rg e -s ize  d r ie rs  have lost th e ir  s ig n ifica n ce .
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U nlike  la rg e -s ize  d r ie rs ,  chamber d r ie rs  can be re a d ily  c o n tro lle d  

because heat and a ir  flow s can be regu la ted  in  the cham bers. They 

are p e r io d ic a lly  loaded and unloaded. Severa l cham bers are  re q u ire d  

to  pe rm it q u a s i-co n tin u o u s  ope ra tion .

Pure ly con tin uous  d ry in g  can be perfo rm ed in a tunne l d r ie r  in 

which the  green b r ic k s  move in  batches th ro u g h  a heated tu n n e l. 

Th is  crea tes a fa vou rab le  basis fo r  autom ation o f the p ro d u c tio n  

process. The d ry in g  time is much s h o rte r than  in the chamber 

d r ie r ,  o p e ra tin g  costs are low er, b u t investm en t costs a re  h ig h e r . 

Tunne ls  a re  c u r re n t ly  used in modern and e ff ic ie n t b r ic k  w o rks .

The la tes t deve lopm ent is a h igh -speed  d r ie r  in w h ich the m ould ings 

are ove rb low n  from  all sides so as to  avoid g rea t d iffe re n ce s  in 

m oisture con ta ined  in  evapora ting  su rfa ces . D ry in g  times can be 

reduced to u n d e r s ix  hou rs .

3 .3 ,1 . 4 F ir in g

A fte r  d ry in g ,  the  b r ic k s  are ready to be used in some a pp lica tions . 

For the m a jo rity  o f a pp lica tions , how ever, s tre n g th  and w eather- 

resistance have to  be im proved ; th is  is done by  f i r in g .  When the 

tem pera tu re  s ta r ts  to  r is e  the re  is f i r s t  a separa tion  o f w ater from 

the clay m ine ra ls . Up to  a tem pera ture  o f abou t 150° C, res idua l 

pore w a ter evapora tes , and above a tem pera tu re  o f 400 to 600° C 

the chem ically bound w ater is re leased. In the  tem pera tu re  range 

up to 900° C, fu r th e r  gas-re leas ing  reactions occu r, such as the 

decomposition o f calcium carbonate in CaO + C 0 2. M oreover, c a rb 

onaceous com ponents, such as humus and saw dust, o x id ise . D u ring  

the actual f i r in g  stage a t a tem pera ture  o f 1,050° C, the fine  raw 

m aterial p a rtic le s  are ir re v e rs ib ly  bound to a so lid  th ro u g h  s ilic a t
isation .
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The p ro d u c ts  are cooled to a tem p era tu re  o f abou t 20 to  40° C 

th ro u g h  heat exchange w ith  the com bustion a ir  and p re h e a tin g  a ir  be ing 

draw n to  the coo ling zone.

F ir in g  is perform ed in a g re a t v a r ie ty  o f  fu rn aces  and types o f 

fu rn aces , w ith  some o f th e ir  u n d e r ly in g  p r in c ip le s  be ing v e ry  o ld .

For ins tance , many deve lop ing co u n tr ie s  s t i l l  use charcoal k iln s .

The fu e l, eg peat o r  coal, is p ile d  in  a lte rn a tin g  laye rs  w ith  mould

ings and sealed w ith  loam. Some f ir e  holes are le f t  open a t the base 

o f the p ile , it  is f ire d ,  and w ith  heat be ing  gene ra ted , successive 

layers  o f fue l are ig n ite d . O n ly  some o f the  b r ic k s  in the p ile  can 

be used a fte r  f i r in g .

A d is tin c tio n  is made between th re e  d if fe re n t  types  o f k iln s :

-  in te rm itte n t k iln s ,

-  sem i-continuous k iln s ,

-  con tinuous k iln s .

In in te rm itte n t and sem i-continuous k iln s ,  ru n n in g  up the k iln ,  

p re he a ting , f ir in g ,  and cooling make up one com plete cy c le . In 

sem i-continuous k iln s , flue  gases are used fo r  hea ting  the n e x t k iln .

A ll types o f chamber k iln s  f ig u re  in these g ro u p s .

C ontinuous k iln s  consis t o f one closed f i r in g  channel w h ich is 

e ith e r rin g -sh a p e d  o r c r is s -c ro s s e d , w ith in  which the  f i r in g  zone 

moves th ro u g h  a soph is tica ted  f ir in g  system . Cooling is perfo rm ed 

th ro u g h  hea ting  o f fresh  a ir ,  and p rehe a ting  is done by some o f 

the hot exhaust gases. I t  is loaded and unloaded always in the 

coolest zone of the k iln .  A n n u la r and tra n s v e rs e  a rch  ( F ig . 3 .3 -1 ) k iln s  

belong to th is  type  o f continuous k iln .

A n o th e r k in d  o f continuous f i r in g  is pe rfo rm ed  in tunne l k iln s .

T h e ir  f ir in g  is s ta tic , and the  green b r ic k s  tra v e l th ro u g h  the 

tu n n e l, in c lu d in g  the p rehea ting  zone, the f i r in g  zone, and the 

cooling zone. Here aga in , the com bustion a ir  and some o f the
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preheating  a ir  is heated in  the  cooling zone. M oreover, some o f 

the exhaust gases c o n tr ib u te  to  p re h e a tin g .

The b r ic k s  are  tra n s p o rte d  th ro u g h  the tu n n e l on tu n n e l ca rs  

o r conveyor b e lts . The le ng th  o f the f i r in g  channe ls  in  modern 

k iln s  is between 40 and 200 m, the w id th  between 1 and 10 m, 

and the h e ig h t up to  2 .5  m. Tunnel k iln s  a re  f ire d  w ith  l ig h t  

c rude  o il,  heavy fue l o il,  coal, wood, pea t, n a tu ra l gas, o r  liq u id  

petroleum  gas. T u n n e l k iln s , when associated w ith  tu n n e l d r ie rs ,  

o ffe r  the most economical way o f f ir in g  b r ic k  on a la rg e  scale 

because th e ir  f i r in g  ra te  is fa s te r, ene rg y  e ffic ie n c y  is b e tte r ,  

and they have the  m e rit o f autom ation. M oreover, the  w o rk in g  

env ironm ent is optim ised because the re  is n e ith e r heat n o r dus t 

nu isance. Tab le 3.3-1 lis ts  the t im e -f ir in g  c u rv e .
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3.3 .2  E nergy in p u t

Due to the g re a t v a r ie ty  o f processes and the  w ide range  of 

p ro d u c ts , i t  is  a p ra c tic a l im p o ss ib ility  to sta te  a s ta n d a rd  va lue 

fo r the p rim a ry  ene rg y  in p u t  in  b r ic k  m ak ing . For exam ple, 

d iscon tinuous k iln s  consume tw ice as much ene rg y  as tu n n e l k iln s . 

One im portan t fa c to r  th a t d ic ta tes  the e n e rg y  in p u t o f the d r ie r ,  

is its  shape because th a t determ ines the  w a te r c o n te n t o f the c la y ; 

contents v a ry  between 4 and 30 per ce n t. The e n e rg y  d is tr ib u tio n  

represented in F ig . 3 .3 -2 , th e re fo re , can on ly  be taken as a 

mean va lue . A c c o rd in g ly , b r ic k  p rodu c tion  in the  Federal R epublic 

o f Germany re q u ire s  2,799 MJ o f p rim a ry  ene rg y  p e r tonne o f 

b r ic k ;  fo r  c lin k e r  i t  is 3,115 M J /t,  and fo r  ro o f tile s  3,084 M J /t 

/3 .3 -2 / .  The d iffe re n ce s  are  due to the d if fe re n t  tem p era tu re  levels 

a t s in te r in g . F ig . 3 .3 -2  also c le a rly  shows th a t d ry in g  and f ir in g  

consume a major share o f the energy in p u t .



3 .3 .3  E nergy sav ing  po tentia l

The la rges t am ount o f  ene rgy goes in to  d ry in g  and f i r in g  so tha t, 

the re fo re , the  g re a te s t savings can be made in these two stages.

Due to the m u ltitu d e  o f p roduction  processes th e re  a re  many saving 

o p p o rtu n itie s .

Mention shou ld  be made here o f the most im po rtan t o p p o rtu n it ie s :

The choice o f the  m ould ing method has an e ffe c t on the w a ter con ten t 

of the c la y . When c o n v e rtin g  to d ry  m ethods, ene rg y  can be saved 

in the d r ie r .  H ow ever, i t  is not always poss ib le  to p ic k  the most 

economical p rocess because the raw m ateria ls  may be ava ilab le  w ith  

h igh w ater co n te n t o n ly , o r else the load on the  p re ss , especia lly 

when m aking e x tru s io n s  w ith  a h igh  degree o f p e r fo ra tio n s , may 

be too h ig h .

C onverting  from  in te rm itte n t to con tinuous  opera tion  he lps avoid 

in te rm itte n t p re h e a tin g  o f dead mass. In  the  con tin uous  process, 

the re  are also more o p p o rtu n it ie s  o f u t i l is in g  the coo ling a ir .  And 

the a ir  th a t heats up in the cooling zone can be used as hot comb

ustion a ir  and as d ry in g  a ir .  The u til is a t io n  o f f lu e  gases fo r  d ry in g  

and p re h e a tin g , how ever, s t ill creates problem s because the im p u ritie s  

contained in  the  exhaust gases have a d ire c t bea ring  on the q u a lity  

o f b r ic k  p rodu ced . T h a i is why d ire c t usage is to  be exc luded in 

most cases. The so lu tion  to the problem  is a heat exchanger th a t 

does not on ly  heat a ir  b u t also w a te r, and th e re  are p lans to 

connect b r ic k  w o rks  v /ith  continuous ope ra tion  to  the d is tr ic t  

heating n e tw o rk .

When co n v e rtin g  to  tunne l ope ra tion , th e re  are also the  losses 

invo lved in the tu n n e l c a r. These heavy iro n  ca rs  tra n s p o r t in g  the 

ware th ro u g h  the tunne l k iln  store  h igh  am ounts o f e n e rg y . Using 

f la t conveyors ins tead  o f tunnel cars can c u t the loss.



A ll k iln s  ra d ia te  heat th ro u g h  the k iln  w a ll. S av ings can be made 

by in su la tin g  the  k iln .  The in su la tio n  has to be app lied  a t the 

inside because o the rw ise  tem pera tu res  o f  th e  k iln  ja cke t would rise  

too h ig h . D r ie rs , on the o th e r hand , can o n ly  be insu la ted  on the 

outside because the  tem pera tu re  in vo lve d  is lo w e r.

The a ir  em itted from  the d r ie r  has a tem p era tu re  o f 30 to  50° C 

and is v e ry  hum id . I f  the ene rgy  con ta ined  in  th is  a ir  is to be 

u tilise d  th a t can be done th ro u g h  e ith e r  a space hea ting , o r the 

energy is to  be recyc led  to  the  d r ie r  in p u t  v ia  a heat pum p.

Clay a lways con ta ins  a c e rta in  share o f com bustib le  substances, 

fo r instance , humus components w h ich  release th e ir  ene rgy  to 

the green b r ic k  d u r in g  com bustion, ie f i r in g .  Sometimes a po in t 

is made o f adm ix ing  fo re ig n  m a tte r, lik e  p o ly s ty re n e  pe lle ts  o r 

saw dust. The u n d e r ly in g  idea o f a dd ing  such substances is th a t 

cav ities form  when a d d itive s  are  com busted w ith o u t res idue  and th a t,  

th e re fo re , the  therm al c o n d u c tiv ity  o f the  b r ic k s  is im pa ired . C u rre n t 

research seems to  suggest th a t the ad m ix tu re  o f powdered lig n ite  

increases the  ene rg y  conta ined in  the  c lay  mass to  a level th a t 

meet: fu l ly  the  ene rgy  demand fo r  d ry in g  and f i r in g .  These b r ic k s  

have many small p e rfo ra tio n s  w h ich g ives  them a favou rab le  heat 

tra n s fe r c o e ff ic ie n t, and a t the same time the  mass o f c lay p e r f ire d  

b r ic k  is kep t sm all. In ad d itio n  to  th a t,  losses o f f lu e  gases are 

small because the  heat is genera ted  ins ide  the stone and f ir e  is 

on ly used to  ass is t in the s in te r in g .

3 .3 .4  Sand-lim e b r ic k s

Besides c lay  b r ic k s , sand-lim e b r ic k s  also p lay an im po rtan t p a rt 

in the b u ild in g  in d u s try .  Sand-lim e b r ic k s  are  wall b r ic k s  o f 

s ilica te concre te . T h e ir  therm al capa c ity  is  g re a te r than th a t of 

b r ic k s , w h ich makes sand-lim e b r ic k s  a su itab le  b u ild in g  m aterial
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in reg ions where tem pera tures d i f fe r  w ide ly  between day and n ig h t .

Less energy is needed to make sand-lim e b r ic k s .  The raw m ateria ls 

are lime, s ilic ious  sand and w a te r. U sua lly  the  sand, th a t accounts 

fo r 90 per cen t o f a ll raw m ateria ls  used in sand-lim e b r ic k  m aking , 

is q u a rr ie d  near the b r ic k  w o rk s , whereas lime has to be hauled 

over long d is tances. The raw m ate ria ls  a re  th o ro u g h ly  b lended and 

m ixed. Good homogenisation is im pe ra tive  to reach a h igh  com pressive 

s tre n g th . A f te r  m ix in g , the m ix is conveyed  to  reaction  s ilos where 

the f ire d  lime hyd ra tise s  com plete ly w ith in  2 to  3 h o u rs . The m ateria l 

is m ixed again and wate^ is added to  b r in g  i t  to  the re q u ire d  m ould

ing m ois tu re .

M ould ing is done in mechanical o r  h y d ra u lic  p resses. The green 

b r ic k s  are then loaded onto a c a r, ca rs  a re  connected to tra in s  th a t 

tra ve l in to  14 to  16-m long au toc laves. In s id e  the au toclaves, the  b r ic k s  

are cured  fo r  4 to 8 hou rs  u n d e r steam o f  8 to  20 atm ospheres and 

tem pera tures o f 160 to 220° C . 75 p e r cen t o f  the  time spen t in the 

autoclave is fo r  c u r in g , the rem a inder fo r  p rehe a ting  and p re c u r in g . 

Then the b r ic k s  are draw n from  the  k iln  and packed.

The p rim a ry  energy in p u t is 871 M J /tonne  o f b r ic k  /3 .3 -2 /  w h ich 

is d is tr ib u te d  among in d iv id u a l p rocess stages as shown in F ig . 3 ,3 -3 .

To make b e tte r  use o f the ene rg y  con ta ined  in the steam, it  is ducted  

to the next autoclave a fte r  com ple ting  the  c u r in g  process in one 

autoclave. The steam is re -used  severa l tim es; f i r s t  fo r  c u r in g ,  then 

fo r  p re h e a tin g , and f in a lly  fo r  pass ing  the  res idua l ene rg y  to  a 

condenser. The condensate, how ever, is no t used again because 

it  is too d i r t y  to be used in the steam b o ile r .  Fresh w a te r consum ption 

is 100 to 110 litre s  pe r tonne o f b r ic k s  p ro d u ce d ; c u r in g  takes 

100 k ilogram s o f steam per tonne . Where th e re  is not enough w ater 

the condensate can be used fo r  p re p a rin g  the  raw m ate ria ls . In th is  

way some o f the ene rgy  conta ined in  the condensate can be recyc led  

to the process and th u s  sho rtens  the  p re h e a tin g  phase.
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Almost 50 p e r cen t o f the amount o f ene rgy remains in the 

b r ic k s  when they leave the au toc lave . T h is  ene rg y  is em itted 

to  the  am bient a ir  when the b r ic k s  cool o f f .  As has been dem onstr

ated in  the  clay b r ic k  and t ile  in d u s try ,  th is  ene rgy  cou ld  be 

used fo r  p rehea ting  the  com bustion a ir  re q u ire d  fo r  steam g e n e ra tion .

Since sand-lim e b r ic k  m aking is a process th a t can be va rie d  o ve r 

a w ide range o f p re ssu re  and tim e, and since the steam tem pera tu re  

is no t too h ig h , i t  could also be ru n  on solar e n e rg y .
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3. 4_____ F la t g lass in d u s try

3.4.1 Process d e sc rip tio n

3 .4 .1 .1  Raw m ateria ls

Class is one o f the  o ldest m ateria ls o f m ankind . The c h a ra c te r is t ic  

phys ica l fe a tu re  is its  s o lid ify in g  to  an am orphous, ra th e r than a 

c r is ta llir .e  state when coo ling . Glass is an e la s tic , ye t v e ry  ha rd  

m ate ria l. The typ e  o f g lass p re fe ra b ly  used fo r  m a n u fa c tu rin g  f la t  

glass is soda-lim e g lass . I t  cons is ts  o f 70 to 75 p e r cent o f S i0 2 ,

4 to 10 p e r cen t o f CaO, 15 per cen t o f Na2, the rem ainder 

in c lu d in g  MgO and A l20 3 /3 .4 -1 / .

For the main in g re d ie n ts , raw m ateria ls  need to  be ava ilab le  in  la rge  

q u a n titie s  and a t low co s t. The most p ro fita b le  sources o f raw 

m aterial a re  s ilica  sand fo r  S i0 2, lime fo r  CaO and soda fo r  Na2.

The most im po rtan t im p u ritie s  are  A 20 3 and Fe20 3. Iron  oxide

is a nega tive  fa c to r because it  is responsib le  fo r  the green co lo u rin g

o f g lass.

Before m e lting , the raw m ateria ls a re  m ixed; c u lle t,  o r scrap g lass, 

can be added. A homogeneous mix is to  be achieved w ith  a v iew  to 

the q u a lity  o f the  fin ish e d  glass p ro d u c t.

3 .4 .1 .2  The g lass melt *

In m e lting , a d is tin c tio n  is made between d iscon tinu ous  and con tinuous  

processes. The d iscon tinuous  method is rep resen ted  by the age-o ld  

g lass m e lting  po t. W ithin a fu rn ace , a f ire d  c lay  po t ho ld ing  50 

to  300 lit re s  o f melt is heated up to  the m e lting  tem pera tu re  o f 

g lass. Then the m ixed batch  is in s e rte d , m elted, f in e d , and b lended

* Quoted almost l i t e r a l ly  from  "W e rk s to f f  G las " / 3 . 4 - 1 /
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even ly . Small gobs o f glass are ga the red  on a b low ing iro n , o r 

a ll the m elt con ta ined  in  the  po t is pou re d  o u t. The g lass is then 

formed th ro u g h  b lo w in g , p u llin g , p re s s in g , ro llin g  o r  cas ting  

in a m ould. A p o t fu rn a ce  can have severa l po ts . T h is  process is 

s t il l p ro fita b le  today  w he reve r d if fe re n t wares are p roduced  in 

small q u a n titie s .

The con tinuous m ethod w orks w ith  a m e lting  end . T h is  fu rn a ce  

com partm ent is b u i l t  o f  re fra c to ry  ceram ic m ateria l (S i0 2, Z r 0 2) .

Its  size is de term ined by the  th ro u g h p u t o f th e  connected p ro c 

essing m ach ine ry . The  raw m ateria ls a re  au tom atica lly  w e ighed, 

m ixed, and the  m ixed batch is fed c o n tin u o u s ly  to the  m e lting  end . 

A t the opposite  e n d , the fin ished  glass flow s  th ro u g h  a na rrow  

ou tle t in to  the w o rk in g  end th a t feeds the  p rocess ing  m achines.

The main fue ls  used in  m elting are n a tu ra l gas o r o il;  e le c tr ic  

furnaces and e lec trodes are not as common. In gas o r o i l- f i re d  

fu rnaces, the flames a re  de live red  above th e  g lass level and cover 

the  surface  o f the  m elt w h ich  is  between 2 and 400 square  m etres. 

Depending on the  p ro d u c t to  be made from  the  m elt, th e  q u a n tity  

o f molten glass con ta ined  in the  tank is in the  range o f  0 .5  to  

more than 1,000 tonnes . The d a ily  o u tp u t o f  g lass is  between one 

tonne and more than  one hund red  tonnes. T em pera tu res a t the 

charg ing  end is some 1,500° C, in the c e n tre  o f  the tank  in 

the re fin in g  zone some 1,450° C ,and  near th e  p o r t  to  the w o rk in g  

end some 1,350° C. T h is  d iffe re n ce  in  tem p e ra tu re  causes a g ita tion  

in the tank  th a t m ixes the g lass e ve n ly .

In the ch a rg in g  zone, the raw m ateria ls s ta r t  to  react w ith  one 

ano the r. These reac tions  form  a dou gh like  b u b b ly  mass. D u rin g  the 

re fin in g  stage th a t fo llows the bubbles r is e  to the top and lib e ra te  

trapped gases (m a in ly  C 0 2) .  These bubb les  m ix and homogenise 

the g lass. To acce lera te  the process, small q u a n titie s  o f substances 

like  sodium sulphate o r  arsen ic oxide and antim ony ox ide  a re  added 

to the m ix. A t re f in in g  tem pera ture  they  lib e ra te  many gases th a t
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r ise  in b ig  bubb les  e n tra in in g  small bubb les  known as seeds 

and c a rry  them to the top o f the m elt.

R e fin ing  re q u ire s  lo w -v isco s ity  g lass fo r  the  gases to  be lib e ra te d . 

However, glass o f such low v is c o s ity  canno t be p rocessed, and 

th e re fo re  i t  is conveyed to a second ta n k , the w o rk in g  e nd . T he re , 

the glass is m aintained a t a tem pera tu re  th a t g ives i t  the  v is c o s ity  

requ ire d  fo r  subsequent p rocess ing .

-  90 -

4 .3 .1 .3  Form ing *

The molten and re fined  glass is usua lly  processed to  the  fin ish e d  

p ro d u c t in the  same g lassw orks. In v iew  o f the fa c t th a t the g lass 

has the c o rre c t tem pera ture  (v is c o s ity )  when m olten i t  would be 

uneconomic to  le t i t  cool and then heat i t  again a t a la te r  stage.

The f i r s t  f la t g lass d raw ing  machines were using  the  F o u rc a u lt 

method. In  th is  m ethod, a con tinuous flow  o f g lass swells th ro u g h  

a je t pressed in to  the  glass melt and is pu lled  to  the  top  in  the 

form  o f a r ib b o n . T h is  ribbon  is cooled to a lower tem p era tu re  and 

is then passed between two p a irs  o f ro lle rs  th a t a re  p a r t  o f the 

actual d raw ing  machine. The sha ft o f the  d ra w in g  machine serves 

as a cooling p a th . Above the machine, on what is ca lled  the  c u tt in g  

room, the glass ribbon  is c u t to the  des ired  shape. G lass is  always 

somewhat undu la ted  when i t  comes o f f  a metal p la te ; o r ,  when a 

v iscous glass r ib b o n  is passed th ro u g h  two ro lle rs , a p la n e -p a ra lle l 

sheet is ob ta ined . However, the su rfaces th a t have been in con tact 

w ith  the metal need p o lish in g . The e ffe c t is  fa vo u ra b le  fo r  g iv in g  

the glass a te x tu re  o r m aking w ired  g lass ; th is  is done by reso ften ing  

two sheets so th a t they can be un ited  by  ro llin g  p re s s u re  o ve r the 

in te rv e n in g  w ire  mesh.

The most modern method used in m aking sheet g lass is  the  f lo a t-  

glass process. A con tinuous ribbon  o f g lass is  taken from  the  m elting



tank on to  the  su rface  o f a pool o f molten t in  conta ined in a closed 

cham ber, in  w h ich the tem pera tu re  is ke p t c o n s ta n t. The glass 

ribbon  is lig h te r  than metal and floa ts  on the  metal b a th . Ins ide 

the chamber, the g lass is k e p t u n d e r an atm osphere o f in e r t  gas. 

As soon as the  g lass r ib b o n  hardens it  is conveyed on asbestos 

ro lle rs  th ro u g h  a coo ling zone and can be taken o f f  the ro lle r  be lt 

a fte r  c u t t in g .  F loat g lass has an exce llen t su rface  q u a lity  th a t 

compares w ith  the  best g lass p roduced in the  more co s tly  g r in d in g  

and p o lish in g  p rocess.

3. 4. 1.4 Cooling *

In a ll types  o f processes, the g lass needs to  be cooled slow ly 

a fte r  fo rm in g . D u rin g  coo ling it  undergoes some s tru c tu ra l 

sh rinka ge  a t a c e rta in  tem pera tu re  leve l. S ince glass is a poor 

therm al co n d u c to r, some th in  sections o f the  surface  o f th ic k  

glasses cool much fa s te r . In wares that cool fa s te r  s tru c tu ra l 

s h r in k in g  stops sooner. When the  ware is cooled com plete ly it  is 

fou nd th a t s low -coo ling  wares s h r in k  more because they  a re  exposed 

to  s tru c tu ra l sh rin ka g e  fo r  a longer period  o f tim e. In te rn a l stresses 

may deve lop . Most g lass p ro d u c ts  become b r i t t le  because o f these 

so-called frozen  s tresses. When cooling them to am bient tem pera tu re  

o r room tem pera tu re  they may even b re a k . T h is  exp la ins  w hy all 

g lassw ares, a f te r  fo rm in g , have to  be heated to  a tem pera tu re  

which is above the  tra n s fo rm a tion  po in t a t w h ich the in te rn a l 

stresses can be balanced th ro u g h  in te rn a l g lass flow . T h is  tem pera ture  

level is not too h igh  to  deform  the  p ro d u c t. As soon as the  in te rna l 

stresses d isappear the wares are cooled s low ly  and even ly  to  a temp

e ra tu re  below the  tran s fo rm a tion  po in t and then  somewhat more ra p id 

ly  to  room tem p e ra tu re .

*  Quoted  a lmost l i t e r a l ly  from  "W e rk s to f f  G las" / 3 . 4 - 1 /
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3 .4 .2  E nergy  consum ption in f la t g lass p ro d u c tio n

To produce f la t  g lass, ene rgy  is re q u ire d  in  ba tch  p re p a ra tio n , 

m elting , fo rm in g , and coo ling , w ith  m e lting  ta k in g  the  la rge s t 

amount o f e n e rg y . The theo re tica l ene rg y  in p u t is 2.94 C J /tonne  

/3 .4 -2 / .  Due to  h ig h  losses, up to 13 G J /t  is used in the  Federal 

Republic o f  Germany /3 .4 -1 /  fo r  m e lting  the m ixed ba tch . Table 3.4-1 

shows the to ta l ene rgy  in p u t in  UK f la t  g lass p ro d u c tio n . I t  shou ld  

be noted th a t on ly  3 .6  p e r cent o f the m elting heat is e lec tr ica l 

ene rg y . A c c o rd in g ly , the to ta l spec ific  ene rg y  in p u t is 11.87 G J /t 

fo r  the UK and 16.9 G J /t  fo r  the Federal R epub lic  o f G erm any, as 

quoted by /3 .4 -1 / ,  and 18.4 G J /t fo r  th e  U .S .A .

3 .4 .3  Energy sav ing  po ten tia l

Glass m aking has been a well m astered c ra f t  fo r  a v e ry  long tim e. 

There have been no fundam enta l changes in g lass m aking technology 

in the past few ye a rs . Some of the fo llo w in g  o p p o rtu n it ie s  fo r  sav ing  

energy exc lude one a n o th e r. T h e re fo re , each o p p o r tu n ity  w ill have 

to  be assessed on its  own m e rits .

O ver 80 p e r cen t o f the ene rgy used in g lass m aking is conve rted  

in m elting fu rn a ce s . The major share o f the ene rgy  in p u t is em itted 

to the env ironm ent th ro u g h  the surface o f the fu rn ace  in  the form  

o f waste gases.

The heat t ra n s fe r  th ro u g h  the fu rnace  walls can be reduced 

by in su la tion . H ow ever, such insu la tion  needs to be done in the 

ins ide , ra th e r than the  ou ts ide  because o the rw ise  the v a u lt and , 

in p a r t ic u la r ,  the  steel founda tions  would be exposed to excess ive ly  

h igh  tem pera tu res. T h e re fo re , i t  is no t su itab le  to  app ly  an insu la tion  

to established fu rn a ce  p la n ts . R a the r, i t  needs to be inc luded in 

the early  p lann ing  stage o f a new fu rn a c e . By c re a tin g  an even 

tem pera ture  d is tr ib u t io n ,  how ever, the in su la tio n  causes the
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convection flow s to decrease, w h ich may lead to  in s u ff ic ie n t 

hom ogenisation o f the glass m elt.

Flue gases leave the fu rnace  a t a tem pera tu re  o f 1,2C0 to 1,400° C 

and more /3 .4 -2 / .  They can be used fo r  p rehe a ting  the com bustion 

a ir  when heat exchangers are  em ployed. The  heat exchangers may 

be recupe ra to rs  o r regen e ra to rs .

R ecuperators are  con tin uous ly  o p e ra tin g  heat exchangers  w ith  

both media be ing separated from  each o th e r by a cond uc ting  w a ll. 

Because o f the h igh  exhaust gas tem pera tu res invo lved  in glass 

m aking, rad ia tion  recupe ra to rs  a re  o f p a r t ic u la r  im portance. Since 

heat tra n s fe r  th ro u g h  rad ia tion  is low at a tem pera tu re  below 

650° C, a possib le  remedy is to f i t  a convection  re c u p e ra to r dow n

stream. The tem pera tu re  o f the com bustion a ir  th a t can be reached 

is below 800° C /3 .4 -2 / .

R egenerators are d iscon tinuous heat excha nge rs . They consis t o f 

a b ig  cham ber in  which b r ic k s  a re  stacked as s to rage m ateria l th a t 

can be heated by  flu e  gas. A f te r  abou t 30 m inu tes, the waste gas 

flow is de fle c ted  and com bustion a ir  is blown o ve r the  b r ic k s . In 

th is  case the  tem pera tu re  o f com bustion a ir  th a t can be reached is 

1,100° C /3 .4 -2 / .  In o rd e r to  ensu re  con tinuous  ope ra tion , a 

second re g e n e ra to r is needed so as to  have one th a t heats up while 
the o th e r cools down.

The fu rnaces  are gas o r o i l- f i re d .  Heat t ra n s fe r  occurs almost 

exc lus ive ly  th ro u g h  therm al ra d ia tio n . I t  is  an advantage, th e re 

fo re , to  achieve b r ig h t  flames. The flame shou ld  cover the e n tire  

surface o f the melt b u t should no t con tinue  to  b u rn  at the s tacks . 

Flames th a t have a poor co e ffic ie n t o f ra d ia tio n , ie they do not M ight1, 

as is the  case w ith  n a tu ra l gas, can be b rig h te n e d  by add ing  o il.

A no ther way o f m aking b e tte r use o f the flame ene rgy  is to  le t the 

flame b u rn  undernea th  the glass le ve l. In th a t case the heat is

-  93 -



A

converted  ins ide  the molten g lass  poo l, the  space above the  m elt 

remains cooler and the losses from  hot waste gases a re  reduced .

Th is  en ta ils  two problem s in  th a t  i t  re q u ire s  a soph is tica ted  b u rn e r  

design and a fro th  cover to  sp read  on the m elt.

The add ition  o f scrap g lass has also gained g row ing  im portance.

A t p resen t, most o f i t  is fa c to ry  c u lle t,  ie o f the same com position ; 

on ly  a m inor share is fo re ig n  c u lle t th a t is used. I f  one p e r cent 

o f c u lle t is added 0.2 p e r cen t o f ene rgy  is saved /3 .4 -3 / .  In 

m elting , the c u lle t acts as a so lve n t fo r  the c r is ta ll in e  raw m ateria ls . 

I t  also im proves the heat t ra n s fe r  and accelerates the  m e lting  process

The therm al e ffic ie n cy  o f th e  fu rn a ce  is optim ised in e le c tr ic  fu rnaces 

Molten glass is e le c tr ic a lly  co n d u c tiv e , and th e re fo re  the  heat th a t 

is generated when a vo ltage  is app lied  can be u t il is e d . A d is t in c t 

ion is made between fu l ly  e le c tr ic  m elts and a u x ilia ry  e le c tr ic  

heating o f fu e l- f ire d  ta n k s . The e lectrodes used cons is t o f e ith e r 

g ra p h ite , m olybdenum , p la tin u m , o r  S n 0 2, and some o f them are 

in te rn a lly  cooled. T h e ^p ro tru d e  in to  the melt from  below o r from  

the side, o r they are f i t te d  as boards a t the pot wall so th a t heat 

is d ire c t ly  generated in  the  m e lt.

In the fu lly  e le c tr ic  m elt, the m e lting  process is ho rizo n ta l and 

sim ilar to th a t in a sh a ft fu rn a c e . The unmolten mix iso lates the melt 

near the top ; th is  p roduces v a u lt  tem pera tu res o f 200 to  300° C 

/3 .4 -2 / ,  and waste gas losses can be c u t s ig n if ic a n tly .  I t  also 

causes the consum ption o f fin a l ene rg y  d u r in g  m elting  to  d ro p  to 

750 kW h/t o r 1.2 M W h/t (2 .7  to 4.3 C J / t )  /3 .4 -5 / .  S ince e lec tr ica l 

energy is v e ry  expens ive , how ever, the typ e  o f process on ly  pays 

in coun trie s  where power is cheap (S w itze rla n d , Sweden, the U .S .A . )

In all g lassw orks, ene rg y  is added fo r  cooling in o rd e r to  avo id  too 

rap id  a tem pera ture  d ro p . The amount o f ene rg y  supp lied  can be 

cu t by p ro v id in g  a b e tte r  in su la tio n  o f both the coo ling fu rn ace  

and the a ir  c irc u la tin g  in the fu rn a c e , combined w ith  a new fu rn ace  

design . S im ilar ways a p p ly  to p rehe a te rs  and w o rk in g  ends th a t
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keep the g lass a t a w orkab le  v is c o s ity  u n t i l  i t  is processed fu r th e r .  

In the m elting fu rn ace , g lass has a h ig h e r tem pera tu re  and th e re fo re  

a h ig h e r v is c o s ity  than  th a t re q u ire d  in p rocess ing . T h ro u g h  good 

insu la tion  and by low ering  the p rocess ing  tem pera tu re , ene rg y  

can be saved in e x is tin g  p rehe a te rs . E le tr ic  p rehe a te rs  re q u ire  

up to  one th ir d  o f the  ene rgy consumed in g a s - f ire d  fu rn a c e s .
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4. FOOD INDUSTRY

4.1______Food p re se rva tio n

In d u s tr ia l p ro d u c tio n  o f food has p ro longed the  time span between 

p rodu c tion  and consum ption , apa rt from  the  fa c t th a t more food 

is s tored in g e n e ra l. Th is  has lea to  a num ber o f measures taken  

to  p ro te c t food from  d e te r io ra tio n .

The main causes o f food spoilage are g ro w th  o f yeas ts , m olds, 

and ba c te ria . Yeasts can grow  under sealed c o n d itio n s , molds grow  

on media co n ta in in g  ca rboh yd ra tes  and p ro te in ; some o f them 

elim inate m yco tox ins which are  p a r t ic u la r ly  dangerous . A ll k in d s  

o f food can be a ttacked  by bac te ria , some o f w h ich are a hea lth  

hazard to man.

The most im p o rta n t methods o f p re se rva tio n  a re  s te r ilis a tio n , 

re fr ig e ra tio n , d ry in g ,  p ic k lin g , sweetening and s o u rin g , as well 

as the use o f chemical p re s e rv a tiv e s . In  heat s te r ilis a tio n , a 

d is tin c tio n  is made between pas teu risa tion  and s te r ilis a tio n . In  the 

f i r s t ,  the food is heated to  ro u g h ly  100° C which k il ls  yeasts , molds 

and some types  o f bac te ria ; in  the second, s te r ilis a tio n , food is 

heated to  120° C to  k i l l  a ll spo re -fo rm in g  b a c te r ia . P ro te ins  a re  

easier to  d ig e s t fo r  man a fte r  heat tre a tm e n t, b u t the v itam ins  

conta ined in food s u ffe r  co n s ide rab ly .

S to ring  food a t 0 to  6° C is re fe rre d  to  as co ld  s to rage . A ll reactions 

are slowed down and s to rin g  periods o f severa l days, eg fo r s tra w 

b e rr ie s , up  to  several m onths, eg fo r  o ranges, are possib le  w ith o u t 

d e te rio ra tio n  o f q u a lity .  Cold storage is su itab le  fo r f r u i ts ,  vege tab les , 

meat and fa ts .

I f  the tem pera tu re  is lowered to  -18 to  -25° C th is  is re fe rre d  to  as 

fre e z in g . Some m icroorganism s are k ille d  a t these tem pera tu res , 

enzyme a c t iv ity  is mostly b locked, and tr ic h in e lla  is k il le d ,  fo r  instance.



The food is f i r s t  re fr ig e ra te d  to  -2 °  C and then  frozen  a t -40 

to  -50° C . Frozen fo o d s tu ffs  have to  be packed c a re fu lly  to  avoid 

d e h yd ra tio n  d u r in g  long storage p e rio ds , w h ich may be 15 months 

/4 .1 -1 /. A g re a t disadvantage is the  con tinued  consum ption o f energy 

fo r  lo w -tem pe ra tu re  s to rage .

When food is d e h yd ra te d , th is  is re fe rre d  to  as d ry in g .  I t  is based 

on the fa c t th a t d e te rio ra tio n  is in h ib ite d  a t low m oisture  co n ten ts . 

Some foods are  v e ry  sens itive  to  h igh  tem pera tu res , and th e re fo re  

methods have been developed to  ensu re  slow e x tra c tio n  o f w a ter, 

such as in  f lu id is e d -b e d  d ry in g ,  f ro th  d ry in g ,  ro lle r  d ry in g ,  spray 

d ry in g  and freeze d e h y d ra tio n . So lar p lan ts  a re  also su itab le , as 

was dem onstra ted in the  People's Republic o f C h ina , fo r  instance 

/4 .1 -2 / .  Such p la n ts , as was also shown in C re te , have the  m erit o f 

d e h y d ra tin g  more ra p id ly  than o p e n -a ir  d ry in g  and im prov ing  the 

q u a lity  o f foods a t the same time /4 .1 -3 / .  The d e h yd ra te d  p rodu c ts  

tha t he lp  save w o rk , tim e, and ene rgy  in the  home become more 

and more p o p u la r. They need to  be re h y d ra tis e d  be fo re  consum ption.

D ehydra ted  foods meet the  consum er's need fo r  conven ience. Th is  

g roup  com prises in s ta n t p ro d u c ts  which are d r ie d  pow ders th a t can 

easily be d isso lved  in ho t o r co ld f lu id s .  Precooked p ro d u c ts  and 

p re -p re p a re d  meals account fo r  a g row ing  share o f the food in d u s try ;  

they are consumed in p r iv a te  homes, re s ta u ra n ts , h o sp ita ls , canteens, 

and schools. The tre n d  fo r  more convenience food has b ro u g h t about 

a change in the food in d u s try  tow ards h ig h e r e n e rg y - in te n s it ie s , 

a lth o u g h , o f course , convenience food also saves ene rgy  th a t would 

o therw ise  be re q u ire d  f c r  cook ing  a t the u ltim a te  consum er's home.
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4 .1 .1 .1  F ru its

4. 1.1_______ F r u i t s  and  vege tab les

4 .1 .1 .1 .1  P rese rva tion  in  cans and g lass jars

Since the m iddle o f the last c e n tu ry , heat p re s e rva tio n  in t in s  and 

ja rs  has been the  most im po rtan t method o f p re s e rv in g  f r u i ts  and 

vegetab les. Today, m ainly t in  cans, coated o r  uncoated, a re  used.

For reasons o f process e n g in e e rin g , th e y  are  no t as s ig n if ic a n t as 

glass ja rs  fo r  th e  p re se rva tio n  o f foods.

For heat s te r ilis a tio n  on ly  b e s t-q u a lity  f r u i t s  can be used , f r u i ts  th a t 

have a good f la v o u r  and are  not too r ip e , no t damaged o r in fe c te d . 

The main f r u i ts  th a t are tinned  are  stone f r u i t ,  p e a rs , p ineapp le , 

and apple sauce. O th e r f r u i ts  a re  less su itab le  fo r  t in n in g ;  these 

are s tra w b e rr ie s , ra s p b e rr ie s , gooseberries , and b la c k b e rr ie s .

Depending on th e  k in d  o f f r u i t  to  be p re s e rv e d , the  f i r s t  step is 

to wash the f r u i t  and to remove any d i r t ,  s ta lk s , leaves, cores, 

p its ,  peels. In  a n e x t stage, f r u i t s  lik e  ap p le s , pea rs , peaches 

and peeled a p r ic o ts  are b lanched, w h ich  is im m ersing them in 

hot w ater o r  steam. The f ru i ts  are norm a lly  uncooked when placed 

in the t in .  Cooked f r u i t  is  tin n e d  w ith  s iru p ,  w h ich  has doub le  the 

concen tra tion  re q u ire d  in the fin a l p ro d u c t. The f r u i t s  s h r in k  as 

a consequence o f osmosis. I f  water is used fo r  f i l l in g  up the t in  

then the f r u i ts  w i l t .  In  gene ra l, t in s  are s te rilis e d  fo r  4 to  6 

m inutes a t a tem pera tu re  o f 77 to 95° C /4 .1 -1 / .

4 .1 .1 .1 .2  Frozen f r u i ts

When freez ing  f r u i t ,  i t  is  im po rtan t to  ensu re  slow chemical reactions 

and to in a c tiva te  m icroorganism s; how ever, not a ll enzymes o r  fe rm ents
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need to  be in a c tiva te d . C o n tra ry  to  vege tab les, w here enzymes 

can be in a c tiva te d  by b la n ch in g , th is  cannot be done w ith  f r u i ts .

I t  v e ry  o ften  causes the  f r u i ts  to  tu rn  b row n w h ich can be 

p reven ted  by  add ing  asco rb ic  a c id . Because o f th e  enzymes th a t 

cannot be in a c tiva te d , f r u i ts  have to  be frozen  ra p id ly .  Freezing 

is done a t -30° C and takes abou t th re e  hou rs  /4 .1 -3 / .  The f r u i ts  

should be as r ip e  as desired  fo r  consum ption . F reez ing  is a b e tte r  

p ropo s ition  than t in n in g  fo r  v a r io u s  k in d s  o f f r u i t ,  such as s tra w 

b e rr ie s . Less su itab le  are  pea rs , g rape s , l ig h t  p lum s, l ig h t  c h e rr ie s  

and most o f  the tro p ica l and s u b tro p ica l f r u i t s .  As a ru le , f r u i ts  

are frozen  in  a s iru p . They m ust be sealed to avo id  d e h y d ra tio n . 

Frozen f r u i t s  are s to red a t a tem pera tu re  o f -18  to  -24° C, which 

re q u ire s  a con tinuous re fr ig e ra t in g  cha in  from  the  p ro d u ce r to the  
consum er.
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4 ,1 .1 .3  D ry in g  o f f r u i ts

Below a ce rta in  w ater con te n t, th e re  is no g ro w th  o f m icroorganism s. 

O nly sound and r ip e  f r u i ts  are used th a t cou ld  also eas ily  be eaten 

w ith o u t be ing  d r ie d . Before d r y in g ,  the  f r u i ts  a re  washed and p re p 

ared in va rious  ways, depend ing  on the  f r u i t s .  To  p re v e n t enzyme 

d isco lo ra tio n  and p a ra s itic  a tta c k , the  f r u i ts  are s u lp h ita te d . D ry in g  

is s t il l done in the  open a ir  and in the  sun ; even in sunny co u n tr ie s  

d r ie rs  are also used . They are  cham ber d r ie rs ,  p la te  d r ie rs ,  cab ine t 

d r ie rs ,  o r  tu n n e l d r ie rs .  O pe ra ting  tem pera tu res  are  between 65 

and 75° C; vacuum d ry in g  is p a r t ic u la r ly  safe a t 60 ° C /4 .1 -4 / .

The main f r u i ts  fo r  d ry in g  are app les , p lum s, a p r ic o ts , peaches, 

g rapes, f ig s ,  and dates. The w a te r con ten t o f the deh yd ra te d  f r u i ts  

is 14 to 24 p e r cen t, a lthough  some f r u i ts  are deh yd ra te d  

to  conta in  3 to  5 per ce n t; th is  is to  g ive  the  f r u i t s  good s to rin g  

p ro p e rtie s  in tro p ica l co u n tr ie s . A f te r  d ry in g ,  the  f r u i ts  can be 

pressed in to  b locks which increases t ra n s p o r ta b il ity  and s to ra b il ity .
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0 .1 .1 .2 .1  T in n e d  vegetab les

Vegetables m ust be o f the best q u a lity  and appearance and shou ld  

be prepared  im m ediate ly a fte r  h a rv e s t.  They are  washed, p re p a re d , 

some o f them are cooked ( fo r  in s tan ce , ce le ry), and then b lanched . 

T h is  in ac tiva tes  the  enzymes and removes undesired  fla v o u rs  and 

enclosed a ir .  M oreover, the vege tab les  s h r in k  and soften d u r in g  

th is  process so th a t th e ir  pack ing  d e n s ity  g ro w s . The rem ain ing 

space is f ille d  w ith  b r in e  and the  t in  is closed au tom atica lly .

Then fo llows s te r ilis a tio n  in  au toc laves a t tem pera tu res o f 108 to 

120° C and a p re ssu re  o f 2 .5  to  3 .5  b a r /4 .1 -5 / .  Because o f th e ir  

h igh  pH and the  co n te n t o f re s is te n t soil b a c te ria , therm al p rocess ing  

o f vegetables has to  be more in te n s iv e  than  th a t o f f r u i t s .  The 

dwell time in  the  au toclave depends on the  k in d  o f vege tab le  and 

is 6 to  20 m inu tes. Red cabbage is v e ry  h e a t-se n s itive  and is 

the re fo re  p rese rved  almost e x c lu s iv e ly  w ith  v in e g a r w h ich reduces 

its  pH to below 4 .5  /4 .1 -6 / .

U n like  v itam ins , p ro te in s  and c a rb o h y d ra te s  a re  no t a ffe c ted  

by heat. W ith v ita m in s , a t lo t depends on the type  o f v itam in  

and how much o f it  is lost in s te r ilis a t io n . For instance , the  loss 

o f v itam in B2 is 5 to  25 pe r c e n t, whereas it  is 55 to 90 p e r cen t 

fo r  v itam in C . I f  t in s  are s to red  fo r  severa l ye a rs , ano the r 20 per 

cent o f the v itam ins  are lost /4 .1 -1 / .  The sh e lf life  o f good tin s  

stored a t a tem pera tu re  o f 20° C is fo u r  ye a rs .

0 .1 .1 .2  V eg e tab les

4 .1 ,1 ,2 .2  Frozen vegetables

The c r ite r ia  to  be app lied  to raw  vege tab les to  be frozen a re  much 

more s tr in g e n t than those app lied  to  vege tab les to  be tin n e d  because 

the cond ition  o f the  raw vege tab le  has a d ire c t bearing  on the q u a lity
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o f the frozen  p ro d u c t. F reezing is p a r t ic u la r ly  su itab le  fo r  beans, 

peas, pep pe rs , B russe ls  s p ro u ts , mushrooms, tom atoes, c a r ro ts ,  

and va rious  types  o f cabbage, rad ishes , le ttu ce , and whole 

tomatoes /-1 .1 -1 /.  B lanch ing  is reduced to  a minimum because 

o v e r-  o r  u n d e rb la n ch in g  would a ffe c t the q u a lity .  I f  the  b lanch ing  

time is too s h o r t,  the  vegetab les d isco lo u r d u r in g  sto rage  and 

thaw ing ; m oreover, o rgano lep tica l p ro p e rtie s  a re  a ffe c te d . A f te r  

b lan ch in g , the vege tab les are frozen  in a p la te  o r  a ir  fre e ze r 

a t a minimum tem pera tu re  o f -40° C ; they are s to re d  a t -18 to 

-20° C /4 .1 -1 / .  Some frozen  vegetab les change th e ir  co n s is te n cy . 

The storage life  is norm a lly  one y e a r, i f  p ro p e rly  s to red  a t a 

minimum tem pera tu re  o f -18° C.

4 .1 ,1 ,2 .3  D ry in g  o f vegetab les

Vegetables are always d r ie d  a r t i f ic ia l ly .  The raw vege tab les are 

washed, peeled, scraped , and c u t o r d iced , i f  re q u ire d . Then they 

are b lanched w ith  ho t w ater o r steam fo r  2 to 7 m inu tes . T h is  may 

be fo llowed by SO- tre a tm e n t. D ry in g  is done a t 55 to  60° C , and 

d e h yd ra tion  is taken down to  a res idua l m oisture co n te n t o f 4 to 

8 per cen t.

Freeze d e h yd ra tio n  p roduces h ig h -q u a lity  p ro d u c ts . D ehyd ra ted  v e g 

etables re q u ire  ca re fu l packaging because they are  s e n s itive  to  

lig h t ,  a ir ,  and va p o u r. Some d e h yd ra te d  p ro d u c ts  are com pressed 

before  packag ing . The d ry in g  process causes a num ber o f fundam enta l 

changes. F irs t ,  the main com ponents, p ro te in , ca rb o h y d ra te s , and 

m inerals are conce n tra ted , w ith  in e v ita b le  chemical reac tions  o c c u r r in g . 

Fats a re  decomposed th ro u g h  o x ida tion  and adve rse ly  a ffe c t bo th  

smell and taste  o f the deh yd ra te d  p ro d u c t. Some v itam ins  are also 

g re a tly  a ffe c te d . E x is tin g  vo la tile  arom atics are la rg e ly  lo s t. *

* Quoted almost li te ra lly  from  "L e h rb u ch  der Lebensm itte lcherr.ie" 

/4 .1 -1 /
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In a ll stages o f p re p a ra tio n , w h ich  a re  bas ica lly  the  same in a ll 
p re se rv in g  m ethods, the  in te re s t in g  stage in  ene rg y  term s 
is b lanch ing . The ene rg y  in p u t com prises ene rgy consumed fo r  

heating and coo ling the  raw m a te ria l, as well as the  requ irem en t 

fo r  tra n s p o rt devices and transm iss ion  losses o f bo th  b lanche r 

and coo ler. The ene rg y  requ irem en t in th is  stage is between 

0.74 and 1.98 M J /k g , depend ing  on the  q u a lity  and the  k in d  o f 

f r u i t  o r vege tab le  p re se rve d  /4 .1 -7 , 8 /.

The energy re q u ire d  in s te r ilis in g  cans o r g lass ja rs  is 1.23 to 

2.88 MJ pe r k ilogram  o f s te r ilis e d  f r u i t  o r  vege tab le  /4 .1 -7 , 8 /, 

w ith  the d iffe re n c e  be ing  exp la ined  by the d if fe re n t  autoclaves used. 

However, most o f the  ene rg y  is no t used in the actua l food p re p 

aration stages b u t ra th e r  in can m aking . To produce  one tin  can 

requ ires  12.19 M J /kg  /4 .1 -7 / ,  one g lass ja r  re q u ire s  16.9 M J /kg  

/4 .1 -7 , 8 /.

In dee p -fre e z in g , the  ene rg y  re q u ire d  fo r  packag ing  is 2.1 M J/kg  

o f packed food ( in  b a g s ), and 3.8 M J /kg  o f food in boxes /4 .1 -8 / .  

The actual fre e z in g  process consumes 86 W h /kg . U n like  t in s ,  frozen 

foods re q u ire  con tin uous  re fr ig e ra t io n , hence perm anent ene rg y  

consum ption. F reezers re q u ire  0.5 W /kg to 19 W h /kg , co ld -s to ra g e  

depots re q u ire  5.8 mW /kg to  35.8 m W /kg.

Dessication, o r d e h y d ra tio n , o f f r u i ts  and vege tab les is the  most 

e n e rg y -in te n s iv e  m ethod, consum ing 2.1 to 4.77 M J /k g , b u t due to 

its  less e n e rg y - in te n s iv e  packag ing  (1 .5  to 2.99 M J /k g ) and storage 

(0 to  0.43 M J /kg ) /4 .1 -8 / ,  it  has the lowest ene rg y  in p u t  o f the 

th ree  p re s e rv in g  m ethods rev iew ed . T h is  is il lu s tra te d  in F ig . 4 .1 -1 .

4 .1 .1 .2  E n e rg y  in p u t  in  f r u i t  and  ve ge tab le  p ro c e s s in g
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a .1.2 Fish

Fish is v e ry  de lica te  and sens itive  to  mechanical s tre s s ; it  

decomposes q u ic k ly  w h ich exp la ins  w hy f is h  is  processed onboard 

the tra w le rs  a n d /o r pa ren t sh ip s . F ishes a re  k il le d , g u tte d  and 

p u t e ith e r between ice a t 0° C o r q u ic k - fro z e n . Whole fis h  is 

o ften p ro tec ted  aga ins t ox ida tion  by coa ting  i t  w ith  an ice film . 

Deep-frozen fis h  has a mean ene rg y  in p u t o f abou t 83 M J /kg  , 

and sem i-frozen , s e m i-re fr ig e ra te d  fis h  th a t is processed fo r  

subsequent ho t smoking o r  t in n in g  has an e n e rg y  in p u t o f 76 M J /k g . 

Th is  accounts fo r  63 to  93 p e r cen t o f the to ta l ene rg y  requ irem en t 

in the  processing o f f is h  /4 .1 -8 / .

One o f the o ldest methods o f p re s e rv in g  f is h  is d ry in g .  T h is  

requ ire s  a low tem pera tu re , h ig h  a ir  ve lo c itie s  and d r y ,  germ less 

a ir  ( lik e  in  Iceland o r N orw ay, fo r  in s ta n c e ). D ry in g  b r in g s  the 

water con ten t down to  between 12 and 18 p e r cen t /4 .1 -9 / .

The sm oking o f f is h  is d iv id e d  in to  cold sm oking (2 to  4 days, 

a t 18 to  26° C) and ho t sm oking. Hot sm oking is app lied  to  whole 

f is h , em ptied and deboned (2 to 4 hou rs  a t 100 to  120° C) /4 .1 -1 / .

I t  re q u ire s  between 43 and 46 Wh o f e le c tr ic ity  p e r k ilogram  o f 

fish  and between 1.363 and 1.795 MJ o f therm al ene rg y  pe r k ilo 

gram o f f is h .  Packaging takes 2 M J /kg  /4 .1 -8 / .  T h is  is based on 

wooden ch ip  boxes con ta in ing  2.5 kg o f smoked f is h .

Marinades are f is h  p ro d u c ts  made o f f re s h , fro z e n , o r p ick led  

fish  o r  f is h  sections w h ich are made te n d e r in  a com bination o f 

v in e g a r, ac ids , sa lt, and sp ices, w ith o u t be ing  cooked. They come 

in ju ice s , sauces, cream s, mayonnaise o r o il.  They are  pe rishab le  

/4 .1 -1 / .  The ene rgy in p u t is 0.179 to  0.183 kWh o f e lec tr ica l ene rgy 

per k ilogram  o f m arinaded fis h  and 0.324 to  0.933 MJ o f therm al 

energy per k ilog ram . M arinades are o ften  sold in g lass ja rs  which 

have a mean p r im a ry  ene rgy requ irem en t o f 25.1 MJ pe r k ilogram  
o f marinaded fish  /4 .1 -1 / .
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G erm an-type roast f is h  is made o f fre s h  f is h ,  frozen  or deep- 

frozen fis h  o r  f is h  sections w h ich a re  covered  w ith  bread crum bs 

and roas ted , f r ie d ,  o r g r il le d .  They are  p laced in  a v in ega r b r in e , 

sauce, o r  oil /4 .1 -1 / .  The energy in p u t is 58 Wh o f e lec tr ica l ene rgy 

pe r k ilogram  o f roast f is h  and 3.4 to  3.8 MJ o f therm al ene rgy pe r 

k ilog ram . A common ty p e  o f packaging is th e  750-ml f la t  alum inium  

t in .  T h is  re q u ire s  an energy in p u t o f 30.8 MJ p e r k ilogram  o f 

roast f is h  /4 .1 -6 / .

T inned f is h  is fre s h  f is h , frozen o r d e e p -frozen  f is h  o r f is h  sections 

which are p re se rve d  by  heat trea tm en t in  sealed packages o r con ta ine rs  

and can be s to red  w ith o u t cooling fo r  a t least one y e a r. These are  

fis h  p ro d u c ts  in  th e ir  own ju ice , in b r in e , o il,  sauces o r cream s, 

combined w ith  o th e r food , in the  form o f f is h  paté  o r  fish  ba lls , 

as s ta rte rs  and salads /4 .1 -1 / .  The packag ing  is norm ally an 

aluminium can o r a t in  can th a t re q u ire s  31.3 a n d /o r  6.57 MJ of 

energy to  make p e r k ilogram  o f f is h  co n te n ts , based on the 200-ml 

German 'h a n sa '-ca n . The processing o f the tin n e d  fis h  then takes 

another 0 .7  kWh o f e le c tr ic ity  and 5.7 to  6 .3  MJ o f therm al ene rgy  

pe r k ilogram  o f f is h  /4 .1 -8 / .

Deep-frozen f is h  is usua lly  on ly  a f te r- tre a te d  on land because the 

actual fre e z in g  is done onboard the s h ip . Frozen f is h  slabs are 

sawn in to  ta b le ts , b read -c rum bed , p re -b a ke d  and re -fro z e n . D u rin g  

p re -ro a s tin g , the  f is h  f in g e r  warms up to  -5 °  C . These stages o f 

processing consume 192 Wh o f e le c tr ic ity  pe r k ilog ram  o f fish  and 

0.551 MJ o f therm al ene rg y  per k ilogram  o f f is h  f in g e rs . T h is  

includes the e n e rg y  re q u ire d  fo r  s to rin g  the  fin is h e d  p ro d u c t fo r  

one month a t a tem pera tu re  o f -28 to  -30 ° C . The ty p e  of packaging 

used is p la s tic -co a te d  fo ld in g  boxes w h ich re q u ire  3.9 MJ to make 

300-g boxes pe r k ilogram  of f is h  f in g e rs  and 2 .9  M J /kg  fo r  400-g 

boxes. I t  shou ld  be noted th a t the ene rgy  re q u ire d  fo r  coo ling o r  

re fr ig e ra tio n  has to  be added i f  the p ro d u c t is s to red  fo r more than 

one month (see C h ap te r 4 .1 .1 .3 )  /4 .1 -8 / .
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4 .1 .3  Meat

4 .1 .3 .1  Meat p rodu c ts

Meat p ro d u c ts  a re  sold in  a g re a t v a r ie ty .  They com prise tinne d  

meat, ham, bacon, sausages, pâ tés, and e x tra c ts . A cco rd ing  to 

an estim ate o f  the  German b u tc h e rs ' assoc ia tion , 60 pe r cent 

o f all meat p rocess ing  is handled by  th is  tra d e . T inned  meat is , 

fo r  in s tance , beef o r p o rk  in its  own ju ic e , corned bee f, b o iling  

sausages o r  roast sausages. The tem p e ra tu re  reached d u r in g  

s te rilis a tio n  o f such tin s  is 121° C on ave rage . H eating time dep

ends on th e  size o f the tin  and its  con ten ts  and varies  between 

47 and 130 m inu tes. Prolonged hea ting  a ffe c ts  the f la v o u r ,  te x tu re  

and sensory appeal o f the s te r ilis e d  meat, and th e re fo re , a tre n d  

has emerged f o r  sh o rt-tim e  h ig h -te m p e ra tu re  processes /4 .1 -1 / .

To make ham, b e a u tifu l meat w ith o u t tendons is used . I t  is cu red  

fo r  several weeks, ie trea ted  w ith  sodium n itra te  o r potassium 

n itra te  a n d /o r  sodium n it r i te ,  then  r in s e d , d r ie d  and smoked. 

Smoking tim es and processes depend on th e  k in d  o f p ro d u c t.

For in s tance , boiled ham has to  be bo iled  a f te r  sm oking. Bacon 

is sa lted , r in s e d , d r ie d , and cold smoked.

Sausages cons is t o f minced muscle meat, o ffa ls , fa t,  s a lt, sp ices, 

and o th e r a d d it iv e s . The minced meat is fille d  in to  t in s  o r cas ings. 

Sausages are  d iv id e d  in to  raw sausages, b o ilin g  sausages, and 

cooked sausages. Raw sausages a re , fo r  ins tance , salami which 

consis ts  o f raw skeleton muscles, fa t ,  and sp ices; all in g re d ie n ts  

are m inced, f il le d  in to  casings, which are  d r ie d  and smoked. In 

the case o f cooked sausages, fo r  ins tance  liv e rw u rs t (German 'L e b e r- 

w u rs t ') ,  the s ta r t in g  m aterial is cooked, m inced and then f il le d  in 

tin s  o r  cas ings w h ich are then heated again ( t in s  to 110° C and 

casings to  85° C /4 .6 -8 / ) .

To make b o ilin g  sausages, fo r  instance w ie n e rw u rs t, all in g re d ie n ts
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are th o ro u g h ly  b lended w ith  w a te r o r  ice. T h is  mince is f il le d  

in casings which are then smoked a t 75° C, o r f ille d  in  t in s  th a t 

are s te rilis e d  a t 110° C .

Pâtés are  cooked meat p ro d u c ts  o f a d if fe re n t  s ty le . They cons is t 

m ainly o f veal and p o rk , c a lf 's  and p ig 's  fa t;  some are made o f 

p o u ltry  or game, and a ll k in d s  are ty p ic a lly  fre e  o f o ffa ls  and 

lo w -q u a lity  meat.
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4 .1 .3 .2  Energy in p u t in meat p rocess ing

The ene rgy  in p u t is ind ica ted  fo r  b o ile d , cooked, and raw 

sausages and is re p re se n ta tive  o f a ll o th e r p rocess ing  o f meat 

p ro d u c ts . A ll processes s ta r t  w ith  s la u g h te r in g , com pris ing  the 

k il l in g  o f the animal, b leed ing , s ca ld in g , p lu c k in g , e v is c e ra tin g , 

and coo ling . /4 .1 -7 / states an ene rg y  requ irem en t o f 0.52 MJ pe r 

k ilogram  o f beef and 0.76 MJ p e r k ilog ram  o f p o rk .

F igs. 4 .1 -2 , 3, 4 show the  e n e rg y  flow s invo lved  in making 

the in d iv id u a l p ro d u c ts . Due to  the  d if fe re n t  com position o f 

beef, p o rk ,  and in g re d ie n ts , the va lues fo r  s la u g h te rin g  v a ry .  

The typ e  o f tin  chosen here is w hat is ca lled a 3 /4 -p re se rve  

w h ich is w ide ly  used today . U n like  th e  fu ll p re se rve , the 3 /4 - 

p rese rve  must not be s to red  a t a tem pera tu re  above 10° C.

The d iffe re n ce  in va lues is due to  the  fa c t th a t b r in e  is added 

in the m aking o f boiled sausages.
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4.2 Vegetable o ils  and fa ts

In chemical te rm s, fa ts  and o ils  a re  the g ly c e r in  e s te r o f fa t ty  

acids. More than 200 n a tu ra l fa t ty  ac ids are know n, most o f them 

being monobasic, even -num bered , s tra ig h t-c h a in  a lip h a tic  c a rb o x y lic  

acid w ith  2 to 26 carbon  atoms. T h e ir  degree o f  s a tu ra tio n  v a r ie s .

In a d d itio n , the re  is a less s ig n if ic a n t num ber o f b ranched  odd - 

numbered ac ids .

Fatty  acids are  d iv id e d  in to  u n sa tu ra te d  and sa tu ra te d  ac ids . They 

are sa tu ra te d  when the  carbon cha ins have no m u ltip le  bonds . U n

sa tura ted  ac ids, on th e  o th e r hand , have one o r severa l double  o r 

tr ip le  bonds.

Fats are o ften  d iv id e d  in to  d ry in g  and n o n -d ry in g  fa ts , due to  

th e ir  behav iou r in a tm ospheric  oxyg e n . D ry in g  o ils , fo r  instance 

linseed o il,  a re  able to  absorb and po lym erise o xyg e n , p ro d u c in g  

hard and resinous p ro d u c ts .

A p a rt from  ca rb o h yd ra te s  and p ro te in s , fa ts  are a th ir d  g ro u p  o f 

n u tr ie n ts , and a t 37.7 k J /g ra m , th e ir  ene rgy is doub le  th a t o f ca rbo 

hydra tes o r p ro te in s . D ie ta ry  fa ts  a re  e ith e r vege tab le  fa ts  o r animal 

fa ts . S y n th e tic  fa ts  a re  less su itab le  as a d ie t;  they  are p roduced 

by ox ida tion  o f p a ra ffin s  to fa t ty  ac ids , fo llowed by  e s te r if ic a tio n  

w ith  g ly c e r in .
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4 .2 .1 . O il p lan ts

Vegetable fa ts  are d iv id e d  in to  two main g ro u p s , ie f r u i t  p u lp  fa ts  

and seed fa ts .

4 .2 .1 .1  F ru it  pu lp  fa ts

F ru it pu lp  fa ts  form  a small, b u t s ig n if ic a n t g ro u p  o f vege tab le  fa ts . 

The most im po rtan t examples are  o live  oil and palm o il.
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O lives are  f r u i ts  o f the  o live  tre e , an eve rg reen  tre e  w ith  many 

b ranches; i t  g row s up to  20 m etres h ig h . O live  trees a re  up  to  

700 years o ld ; they grow  m ainly in the  M ed ite rranean co u n tr ie s , 

as well as in C a lifo rn ia , A rizo na , A rg e n tin a , South A fr ic a , and 

A u s tra lia . H a rves t is cumbersome and can h a rd ly  be m echanised. 

For the most p a r t ,  i t  is processed to o il,  w iih  o live  o il be ing  a 

staple food in  these c o u n tr ie s .

Palm o il is ob ta ined from  the f r u i t  p u lp  o f the o il palm . I t  g row s 

usua lly  to  a h e ig h t o f 20 m etres. W ith 4,500 k ilogram s o f to ta l 

fa t per hecta re  i t  is  b y  fa r  the h ighes t y ie ld in g  o il p la n t. The 

oil palm grow s in a wide tro p ica l b e lt in  A fr ic a ,  sou th -eas t Asia 

and Latin  Am erica.

4 .2 .1 .2  Seed fa ts

A ll seeds conta in  a t least some fa t.  H owever, on ly  a few can be 

used fo r  commercial fa t_ p ro d u c tio n . Seed fa ts  are d iv id e d  in to  

those p roduced  from  perenn ia l and those from  annual p la n ts . 

Perennial oil p lan ts  are usua lly  trees ; th e ir  f r u i ts  a re  la rg e r  than • 

those o f annua ls . Annua ls  are more p ro f ita b le  and more im portan t 

than pe renn ia ls  because mechanical h a rv e s tin g  can be a p p lied .

Palms are pe re n n ia ls . The seeds o f oil palm s, describ ed  in C hapter

4 .2 .1 .1 , a re  d r ie d  (o ften  in flu e  gases) and then e x p o rte d .

The coconut tre e  o r palm is up to 30 m etres h igh  and sets 25 f r u i ts  

per y e a r. The tree  is no t g row n fo r  more than 30 years  on p la n ta t

ions fo r  reasons o f y ie ld . I t  grows in a ll co n tin e n ts , excep t Europe. 

The f r u i t  is ru p tu re d ,  the p u lp  scraped ou t and d r ie d . The d r ie d  

copra is sh ipped  in bags.

Babassu fa t is the th ird  k in d  o f fa t p roduced  from  palm f r u i ts .  

Babassu trees grow  in the area o f the Amazonas r iv e r  to  a he igh t 

o f almost 10 m etres. Babassu nu ts  are v e ry  h a rd ; one palm tree
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produces abou t 125 k ilogram s o f k e rn e ls . Palm o ils  and fa ts  are 

im portan t raw m ateria ls fo r  p ro d u c in g  ed ib le  fa ts .

The second ty p e  o f fa t obta ined from  the  f r u i t s  o f pe renn ia ls  is 

vegetab le ta llo w .C h a ra c te r is tic a lly # th is  ty p e  has a v e ry  narrow  

m elting in te rv a l,  in th a t i t  is ha rd  a t room tem p e ra tu re  and melts 

com plete ly a t body tem pera tu re . I t  is th e re fo re  re fe rre d  to  as p la n t 

b u tte r  a ltho ugh  i t  does not com pare w ith  b u t te r .

The most im po rtan t example o f th is  g ro u p  is cocoa b u t te r  w n ich is 

p roduced from  the seeds o f the  coconut tre e  c u lt iv a te d  in the e n tire  

trop ica l b e lt.  The f r u i ts  conta in  up  to  57 p e r cen t o f  fa ts . Cocoa 

b u tte r  is one o f the most expens ive  vege tab le  fa ts ; i t  keeps extrem e

ly  well and is m ainly used in the chocolate and co n fe c tio n a ry  in d u s try .

Annua ls  p roduce  by fa r  the la rg e s t share o f vege tab le  fa ts  fo r  

human consum ption . They are all com m ercia lly g ro w n , and in most 

cases mechanical h a rve s tin g  is a p p lie d . Some o f the  most im portan t 

annuals a re  d iscussed below.

One o f the  most s ig n if ic a n t annual is the s u n flo w e r, which ranks  

among the  top o le ife rous p lan ts  in Europe. The main co u n tr ie s  are 

the Balkan co u n tr ie s , south R ussia ; ou ts id e  E u rope , the sun flow er 

is also g row n in C h ina , Ind ia , A u s tra lia , Am erica and A fr ic a . Sun

flow er o il is  a premium edib le o il w h ich is used in  m argarine  and 

mayonnaise p ro d u c tio n .

One o f the  o ldest European oil p la n t is rape , o r colza. I t  is c u lt 

iva ted  in  Europe, Canada, A rg e n tin a , Japan, and Ta iw an. Rape- 

seed oil con ta ins , among o th e r ac ids , e ru c ic  ac id  w h ich is a major 

c o n tr ib u to r  to  fa tty  degeneration o f the hea rt muscle ce lls  in humans. 

When th is  f in d in g  became f i r s t  known in 1960, e ru c ic  a c id -fre e  

va rie tie s  were b re d . Because o f its  poor f la v o u r ,  rape-seed oil can 

on ly be used as an edib le oil a f te r  re f in in g .



A

A ll cereals conta in  considerab le  am ounts o f oil in th e ir  germ s.

Maize o il,  r ice  o il and w heat-germ  o il a re  the most im portan t 

in d u s tr ia lly  p roduced  co rn  o ils .

Soy-beans and peanuts are among the  o il p la n ts  w ith  many uses. 

Soy-bean, o r ig in a lly  g row n in C h ina , is c u lt iv a te d  in the U .S .A . ,  

su p p ly in g  a ll the  w este rn  w o rld . Soy-bean oil is used in  m argarine , 

in cooking , f r y in g ,  and bak ing  fa ts .

Peanut is c u lt iv a te d  m ainly in A fr ic a ,  In d ia , C h ina , South America 

and Indonesia . A f te r  p o llin a tio n , the  peduncle  is th ru s t  from  the 

base o f the  flow er tow ards the soil and fe r t il is e d  ovules are  c a rr ie d  

well below the soil su rface  which has to  be lig h t  and sandy. Peanut 

oil keeps excep tiona lly  w e ll, w h ich  makes i t  a po p u la r ed ib le  and 

cooking o il.

Cotton-seed o il p lays  an im portan t p a r t  w o rld w id e . The q u a n titie s  

produced depend, o f course , on co tton  p ro d u c tio n . Cotton be lts  

ex is t in the  U .S .A . ,  U .S .S .R . ,  C h ina , B ra z il,  In d ia , and E g y p t. 

Raw co tton-seed  o il is  d a rk  re d . A f te r  re f in in g ,  i t  is  m ainly used 

in d ie ts . I f  i t  is to  be used as a tab le  o il,  it  needs to be w in te rise d  

(see also C hap te r 4 .2 .3 ) .  The m a jo rity  is processed in to  cooking  , 

bak ing , o r f r y in g  fa t,  o r  m argarine .

-  1 1 0  -

4. 2.2______P roduction  o f d ie ta ry  fa ts

4. 2.2.1 P roduction  o f f r u i t  p u lp  fa ts

Oil f r u i ts  cannot be stored fo r  a long tim e because o f th e ir  h igh  

w ater con ten t and ac tiva ted  enzymes, so th a t o il p rodu c tion  has to 

s ta rt soon a fte r  h a rv e s t. T h is  also exp la ins  the  decen tra lised  s tru c tu re  

o f the in d u s try .

To produce o live  o il,  the o lives and ke rn e ls  a re  f i r s t  c ru sh e d , then



mixed and kneaded in m alaxeurs, w ith  sa lt being added. D u rin g  

th is  stage, the  o il coagulates and form s major d ro p le ts . T he n , 

the o il-b e a r in g  m ateria l is expressed  severa l times and d uc ted  in to  

a con ta ine r fo r  c la r ify in g  the  o il b y  s e tt l in g . T h is  is sometimes done 

in sepa ra to rs . Palm oil is p roduced  in a s im ila r m anner b u t  the  

f r u i t  p u lp  is s te rilis e d  in steam as a f i r s t  s tep, and the  ke rne l is 

removed by  cook ing .

-  1 1 1  -

*1 .2 .2 .2  R endering  o f seed fa ts

A fte r  h a rv e s t and tra n s p o rt to the  o il m ill,  the o il seeds are  c leaned, 

peeled and reduced in size. T h is  is done by machine and aims at 

b reak ing  the  te x tu re  and the ce lls  to make oil d ischa rge  easy d u r in g  

p ress in g . D epending on the ty p e  o f seed, c y lin d e r systems are  used 

which con ta in  one o r several p a irs  o f e ith e r smooth o r r i f f le d  f la k in g  

ro lls . L a rge -s ize  seeds, like  copra , a re  c rushed  f i r s t .  Then fo llow s 

the c o n d itio n in g  stage, ie hea ting  in d ry  sa tu ra ted  steam and a d ju s tin g  

a ce rta in  m o is tu re  con ten t w h ich causes the  rem ain ing in ta c t ce lls  

to  ru p tu re .  B e fore  actual p re s s in g , the  m ateria l is d r ie d  and heated. 

Pressing is done in several s tages, w ith  the  press design  be ing  spec ific  

to the ty p e  o f seed pressed.

E x trac tion  is ano the r way o f o b ta in in g  o il from ce lls . In th is  m ethod, 

a so lvent is used to d isso lve the  o il,  w h ich  is washed ou t and then  

separated from  the so lven t by  pe rco la tion  and d is t i l la t io n . The so lven t 

is commercial hexane. *

*1.2.3______Processing o f d ie ta ry  fa ts

O nly a v e ry  small share o f n a tu ra l fa ts  is fo r  d ire c t human consum pt

ion a fte r  re n d e rin g  o r e x tra c tio n . T h is  inc ludes the f i r s t  few p ress 

ings o f o live  o il,  sun flow er o il and cacao b u t te r .  Most o f i t  is no t
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edible as raw fa t.  I ts  undes ired  and p a r t ly  to x ic  components need 

to be removed and th e  fa t  its e lf  needs to  be m odified acco rd in g  to  

subsequent use.

The f i r s t  p a r t o f p rocess ing  is re f in in g , w hich is done in  fo u r  stages. 

F irs t ,  degum m ing, ie rem oving a ll m ucilag inous substances w ith  

phosphoric  acid  and b leach ing  e a rth , and f i l te r in g  a t 80 to  90° C.

T h is  is fo llow ed by  n e u tra lis a tio n , o r d e a c id ifica tio n , which determ ines 

the q u a lity  o f the fin a l p ro d u c t. Sodium h y d ro x id e  so lu tion  (ca u s tic  

soda so lu tion ) can be used to remove fre e  fa t ty  acids from  the  mass.

The free  acids combine w ith  the  caustic  soda so lu tion  to form  sodium 

soap which is separated in the form  o f  soapstock, ie a conce n tra ted  

aqueous soap so lu tio n . To remove rem ain ing soap res idues , the  fa t 

is then washed and d r ie d . T h is  p roced u re  can be app lied  to  a ll 

raw fa ts .

A second method o f n e u tra lis in g  the  mass is d is t i l l in g .  H ow ever, it  

on ly  w orks w ith  raw fa ts  co n ta in in g  a t least th re e  pe r cen t o f  free  

fa t ty  ac ids . The fre e  fa t ty  acids are vapo rised  from  the raw fa t  and 

collected in a condenser. They can be used as in d u s tr ia l b y -p ro d u c ts .

N eu tra lisa tion  is fo llow ed im m ediately b y  b leach ing  w hich removes u n 

desired co lou r bod ies, soap re s idu e , heavy metal trace s , a u to -o x id a tio n  

p ro d u c ts , as well as res idua l am ounts o f p h o sp h o ru s -b e a rin g  substances. 

In o the r w o rds , b leach ing  is more than ju s t b r ig th e n in g  o f the co lo u r. 

The re s u lt in g  b leach ing  ea rth  is e x tra c te d  w ith  hexane and then  e ith e r 

d iscarded or b u rn t  as a lo w -g rade  fu e l.

The last re fin in g  stage is  deodo risa tion , ie removal o f f la v o u rs  and 

odours. Complete removal o f heavy and lip o id -s o lv in g  com pounds is 

perform ed in  a vacuum steam d is t i lla t io n  process.

Some ed ib le  vege tab le  o ils separate so lid  components a f te r  long storage 

a t under 5° C. These are  usua lly  g ly c e rid e s  and wax th a t im pa ir the 

q u a lity  o f the  p ro d u c t. Such fa ts  are cooled, and then so lid  components 

are removed. S un flow er o il,  fo r  ins tance , is also tre a te d  in th is  way.
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The process is re fe rre d  to  as w in te ris a tio n  o r  d e s te a rin a tio n , 

and it  fo llow s re f in in g .  A major share o f fa ts  ob ta ined from  p lan ts  

are liq u id .  However, on ly  some o f it  is m arketed as o il,  and the 

rem ainder is hardened. The p ro d u c tio n  o f ha rd  fa ts  cons is ts  o f 

ca ta ly tic  h y d ra tio n  o f liq u id  a n d /o r  low -m e lting  fa ts ,  th e re b y  being 

converted  to h ig h e r-m e ltin g  fa ts .  The hardened p ro d u c ts  a re  not 

fu lly  sa tu ra ted  because fu lly  h y d ra te d  fa ts  have a v e ry  h ig h  m elt

ing po in t w h ich  makes them h a rd ly  resorbab le  and u n su ita b le  as 

d ie ta ry  fa ts .  Before ha rd e n in g , the  fa ts  m ust be well c leaned.

A common c a ta lys t in the process is n ic k e l; b u t copp e r is also 

used in  sp ite  o f the  fa c t th a t its  life  as a c a ta ly s t is s h o r te r .  The 

hydrogen re q u ire d  fo r  h y d ra tio n  is norm ally  p roduced  in -ho use .

The fa t is m ixed w ith  the c a ta ly s t suspension and h y d ra te d  under 

a hyd rogen  p re ssu re  o f 1 to 3 b a r .  The process s ta r ts  a t a temp

e ra tu re  o f 150° C and con tinues u n til 200° C is reached. The reaction 

heat re q u ire d  to  h y d ra te  one tonne of fa t is 0.966 MJ, n icke l cons

um ption is 20 grams p e r tonne , ta k in g  in to  account its  re -u s e . A fte r  

h y d ra tio n , the  fa t undergoes re - re f in in g  to  reduce m ain ly the  n icke l 

co n ten t. H ard  fa ts  a re  m ainly used in the p ro d u c tio n  o f m argarine , 

cooking, f r y in g ,  and bak ing  fa ts .

-  1 1 3  -

4 .2 .4_____ M argarine

Thanks to  the  advances made in the  f ie ld  o f fa t science, m argarine 

has developed in to  a fo o d s tu ff o f  its  own r ig h t .  D epend ing on its  

use, a num ber o f d if fe re n t  q u a litie s  are m arke ted . The base m ateria ls 

o f m argarine  are d ie ta ry  fa ts , potable w ater and m ilk a n d /o r  m ilk 
pow der.

In the p ro d u c tio n  o f h ig h -g ra d e  vegetab le m arga rine , w a te r o r m ilk 

powder is d isso lved  in w a te r. The w ater shou ld  have a p leasant 

fla v o u r and odo u r, i t  must be h y g ie n ic a lly  safe and have a pH o f
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about 6. I ts  q u a lity  m ust be m onitored c o n tin u o u s ly . A  b io log ica l 

ac id ifica tion  process p roduces arom atic in g re d ie n ts  o f  the k ind  

obta ined in  b u tte r  m ak ing . I f  these in g re d ie n ts  a re  in s u ff ic ie n t 

add itiona l f la v o u rin g s  are  added to a d ju s t the  co n ce n tra tio n . 

Em uls ifie rs a re  added in any case, he lp in g  the  fo rm ation  o f a 

w a te r- in -o il em ulsion. M argarine  consis ts  o f 80 p e r cen t o f fa t 

and 20 pe r cent o f w a te r.

The emulsion is m echanica lly tre a te d  a t a low te m p e ra tu re . The 

cooled mass is taken to  a re s tin g  tube  in w h ich  re c ry s ta llis a tio n  

occurs . The re s u lt in g  p ro d u c t is m argarine  th a t is  ready fo r  
packag ing .
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4.3________ E nergy  in p u t in  the  food p rocess ing  in d u s try  (FRG)

The average s p e c ific  consum ption o f ene rg y  in the  food in d u s try  

is h ig h e r than  the  genera l in d u s tr ia l mean, a lthough  the re  are 

w ide v a r ia tio n s  in  in d iv id u a l branches o f in d u s try .  For in s tance , 

in 1981, o il m ills  used 865 tonnes o f h a rd  coal e qu iva len t (HCE) 

pe r 10^ DM w o rth  o f food, w h ile  the  to ta l vegetab le  fa t  p ro d u c tio n  

used 171.5 tonnes o f HCE/10^ DM. The f ig u re  fo r  f r u i t s  and vegetables 

is 141.3 tonnes o f HCE/10^ DM, fo r  f is h  37.4 tonnes o f HCE/10^ DM, 

and fo r  meat 97.6 tonnes o f HCE/10^ DM.

Between 1973 and 1981, the specific  consum ption o f ene rg y  decreased 

by six p e r c e n t, in some sectors o f in d u s try  by  ove r 20 pe r c e n t. 

However, th e re  are  also in d u s trie s  w h ich  consumed more in 1981 

than in 1973 w h ich is exp la ined by a g ro w in g  p ro d u c tio n  o f e n e rg y - 

in ten s ive  p ro d u c ts . A t 1.7 p e r cent o f the  to ta l cos t, ene rgy  costs 

in the food in d u s try  are re la tiv e ly  low com pared w ith  the  re s t o f 

the in d u s try ,  a ltho ugh  costs are r is in g  he re , too.

In 1981, the e n tire  food in d u s try  consumed 6.1 m illion  tonnes o f HCE, 

w h ich accounts fo r  5 .9  pe r cen t o f the  to ta l in d u s tr ia l f in a l ene rgy  

requ ire m en t. In the last few yea rs , th e re  has been a c lear s h if t  

away from  fu e l o il and coal tow ards gas and e le c tr ic ity ,  a lthough  

heavy fue l o il is s t i l l  the dom inating fo rm  o f ene rgy  besides gas.

In the pe riod  between 1973 and 1981, the  share o f fue l o il in ene rgy  

in p u t in the food in d u s try  d ropped from  70 to 55 per cen t, w h ile  

gas rose from  11 pe r cen t to  25 per cen t and e le c tr ic ity  from  9 to 

13 p e r c e n t. Coal d ropped s lig h t ly  from  9 to 7 per ce n t. Tab le 4.3-1
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lis ts  the fig u re s  o f in d iv id u a l branches o f in d u s try  /4 .1 -7 / .
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5. WOOD PROCESSING INDUSTRY

5.1________ In tro d u c tio n

The UNIDO S tudy IS .437 e n tit le d  "T he  use o f res idues fo r  ene rgy 

p rodu c tion  in  the mechanical wood p rocess ing  in d u s try "  has g iven  

a deta iled account o f the ene rgy aspects in vo lve d  in the  wood 

process ing  in d u s try .  To avoid re p e tit io n , a d iscuss ion  o f the most 

im portan t p rodu c tion  processes and the  e n e rg y - in te n s ity  o f in d iv 

idual p ro d u c ts  is no t considered in the  p re se n t s tu d y . R a the r, 

th is  study focusses on fu r th e r  cons ide ra tion s  o f a more e ffic ie n t 

use o f ene rg y  in  some stages o f wood p rocess ing , in p a r t ic u la r  

wood d r y in g .  In  add ition  to th a t,  fu r th e r  in fo rm a tion  is p ro v id e d  

on the ene rgy  p rodu c tion  from  res idues  and the  po ten tia l o f reach

ing ene rg y  s e lf-s u ffic ie n c y  in  the  wood process ing  in d u s try .

5.2________ Wood d ry in g

As a raw m ate ria l, wood con ta ins la rge  am ounts o f w a te r, ie between 

40 and 200 p e r cent re la tive  to the  abso lu te ly  d ry  ( k i ln -d r y )  wood.

To avo id  s h r in k in g  o f the fin ish e d  p ro d u c t, the  w a te r con ten t has 

to  be reduced  to  between 6 and 14 p e r c e n t, depend ing  on the 

a p p lic a tio n .

While o p e n -a ir  d ry in g ,  o r n a tu ra l wood d ry in g ,  is s t i l l  employed 

in deve lop ing  c o u n tr ie s , i t  is ra re ly  used in in d u s tr ia lis e d  co u n tr ie s , 

a t best fo r  p re -d ry in g .  O p en -a ir d ry in g  means leav ing  the c u t tim ber in 

the open a ir  to d ry ,  w ith ou t a p p ly in g  ad d itio n a l ene rg y  to  promote 

the process. In cen tra l Europe, the  m ois tu re  con ten t can be 

reduced to  14 o r  15 per cent in the summer, and 20 to  22 pe r cent 
in w in te r in th is  way /5 -1 / .

The increas ing  use o f techn ica l a ids (a r t if ic ia l d ry in g )  is cha racte rised  

by a num ber o f advantages com pared to  o p e n -a ir  d ry in g ,  in th a t they
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-  shorten the d ry in g  p e rio d ,

-  c u t s tock ing  cost and th e re b y  reduce cap ita l b in d in g ,

-  accelerate tu rn o v e r ,

-  help reach the c o rre c t fin a l m o is tu re  con ten t o f the wood,

-  reduce s tress  due to an even re d u c tio n  o f th e  wood m o is tu re ,

-  k il l molds and in sec ts ,

-  avoid q u a lity  losses caused by  d isco lo ra tio n , deform ation and 

c racks .

However, la rge amounts o f ene rg y  go in to  techn ica l d ry in g  m ethods.

In the Federal Republic o f G erm any, fo r  ins tance , 60 to 70 p e r cent of 

a ll ene rgy in p u t in wood p rocess ing  is c u r re n t ly  consumed in d ry in g  

processes /5 -2 / .

5.2.1______Convection d ry in g

The most w ide ly app lied  d ry in g  method today is convection  o r 

fre s h -a ir  d ry in g .  Fans draw  in  fre s h  a ir  from  the atm osphere; 

i t  is m ixed w ith  c irc u la tin g  a ir ,  then  heated and blown o ve r the 

wood to  be d r ie d , th e re b y  rem oving m oisture  from  the wood. Some 

o f the a ir  f ille d  w ith  vapour is duc ted  to  the  ou ts ide  atm osphere 

and has to  be replaced by  fre s h  a ir .  The p r in c ip le  is  il lu s tra te d  
in F ig . 5 -1 .

The most im portan t param eter app lied  to  optimum d ry in g  is 

the d ry in g  clim ate. I f ,  tow ards the end o f the d ry in g  p rocess, 

the climate becomes too d r y ,  the  a ir  in the d ry in g  cham ber can 

be wetted by s p r in k le rs .

The d ry in g  p la n t, e ith e r d ry in g  cham bers o r d ry in g  tu n n e ls , are 

ava ilab le  in metal o r b r ic k  c o n s tru c tio n . They are f ire d  by  va rio u s  

form s o f energy /5 -3 / .



A

Due to the  co n tin u in g  exchange o f fre s h  a ir  and waste a ir ,  

considerable amounts o f ene rg y  are  spen t in  hea ting  the fre s h  

a ir in th is  process. T h e re fo re , a num ber o f concepts have been 

developed in the past few yea rs  to ensure  th a t a more e ffic ie n t 

use be made o f ene rg y .

One way o f saving ene rg y  is to  recove r the waste heat conta ined 

in the flow  o f waste a ir .  D epending on the ty p e  o f media conta ined 

in the waste a ir ,  p la te  heat exchangers  made o f g lass , alum inium  

or sta in less steel are employed fo r  p rehe a ting  the  fre s h  a ir  flo w .

The amount o f ene rgy recovered  is a fu n c tio n  o f the  in take  a ir  

tem pera tu re ; accord ing  to  m a n u fa c tu re rs ' in fo rm a tio n , an average 

of 10 to 20 per cent /5 -4 , 5/ can be recovered in a p la te -ty p e  

heat exchanger.

An in te re s tin g  concept has also been suggested fo r  com pu te ris ing  
the combined hea t-us ing  system . In a p la n t, the d ry in g  cham bers are 

in te rconnected by d u c ts , and the  waste a ir  o f one cham ber is used 

to heat the  a ir  in ano the r cham ber. A com puter co llects  data on 

tem pera ture and clim ate from  the  va rio u s  cham bers, processes i t  

and co n tro ls  the exchange o f a ir  /5 -4 / .

In convection d ry in g ,  an im po rtan t cost fa c to r is  the  e le c tr ica l 

energy re q u ire d  fo r  c irc u la t in g  the cham ber a ir .  The volume o f 

a ir  needed to tra n s p o rt bo th  h u m id ity  and heat decreases to a 

minimum level in the course  o f the d ry in g  p rocess. For th is  reason, 

fans th a t ru n  a t a s ing le  speed and handle a maximum volume o f 

a ir  (when d ry in g  s ta r ts )  d raw  too la rge  a volume as the  d ry in g  

proceeds. T h is  can be avo ided by us ing  fans w ith  a va ria b le  speed 

m otor. Tab le 5-1 shows how much e le c tr ic ity  can be saved at va rio u s  

speed s e ttin g s . Optimum speeds and c o rre c t a ir  ve loc itie s  in the  d r ie r  

can be co m p u te r-co n tro lle d  o r m anually se t. When c o m p u te r-c o n tro lle d , 

not only m oisture  co n te n t b u t other parameters re la tin g  to the cham ber 

and specific  wood p ro p e rtie s  can be considered as well /5 -6 / .
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C onvection d r ie rs  can be f ire d  by  wood re s idu e , as w ill be d iscussed 

in C hapter 5.3 below , b u t so lar ra d ia tio n  may also serve  as a 

source o f ene rgy fo r  hea ting  the  fre s h  a n d /o r  c irc u la t in g  a ir  in 

side the d r ie r .  Tests w ith  solar d r ie rs  have been c a rr ie d  o u t in 

the trop ica l c lim ate o f Puerto  R ico, In d ia , M adagaskar, as well as 

in cen tra l European c lim a te . Compared w ith  o p e n -a ir  d ry in g ,  the 

fina l m oisture  co n te n t th a t can be reached w ith  so la r d r ie rs  is 

s ig n if ic a n tly  lower (dow n to  8 p e r c e n t) .  In mean m ois ture  con ten ts  

o f under 30 pe r c e n t, the d ry in g  pe riod  can also be c u t s ig n if 

ic a n tly . S ince so lar d r ie rs  use ene rgy  f o r  the  fans o n ly , the 

specific  consum ption o f ene rgy is by  tw o - th ird s  low er than  in  

conventiona l convection  d r ie rs ,  a lthough  longer d ry in g  pe riods  

have to  be accepted /5 -7 / .
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5 .2 .2______Condensation d ry in g  /5 -3 /

Condensation d ry in g  is based on a closed c ir c u it  o f d ry in g  a i r ,  

w ith  a heat pump be ing  in te rcon nec ted . Some o f the a ir  flow  is cooled 

and dehum id ified  in the d ry in g  c ir c u it ,  and the heat re leased, 

which is increased by the  therm al e q u iva le n t o f the com pressor 

power, is recyc led  to  the  a ir  flow . A d d itio n a l fans ensu re  the 

a ir  ve lo c ity  re q u ire d  in  the  d r ie r ,  wh ich is 1.5 to 2 m etres pe r 

second. The p r in c ip le  app lied to  d ry in g  wood w ith  an a ir - to -a ir  

heat pump and p a rt ia l dehum id ifica tion  is shown in F ig . 5 -1 . The 

chamber design is bas ica lly  the same as in  convection  d r y in g .

Due to  the  fa c t th a t the  a ir  is c ircu la te d  and evapora tion  heat is 

recovered heat is on ly  re q u ire d  to cove r rad ia tio n  losses and leaks 

in the cnam ber. In re la tio n  to fre s h -a ir d ry in g ,  the p r im a ry  ene rgy  

consum ption can almost be halved in condensation d ry in g .

The ene rgy flow  d iagram s in F ig . 5-1 il lu s tra te  th is  fa c t,  us ing  an 

example o f d ry in g  50-mm th ic k  sawn oak tim ber from  50 pe r cen t to
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10 per cent o f m o istu re  c o n te n t. In th is  case, the  u se fu l energy 

is p u re ly  the  ho t m o is tu re  evaporated from  the tim b e r.

Low -energy com pressor power and low cham ber tem p e ra tu re  

necessarily  ex tend  the d ry in g  pe riod  c o n s id e ra b ly . In  the  example 

g iven , the d ry in g  pe rio d  doubles to  6 weeks in  re la tio n  to  fre s h - 

a ir  d ry in g  p e rio d s . In v iew  o f the fa c t th a t i t  is b e tte r  to  d ry  

softwood and lig h t  hardw ood more ra p id ly  and a t h ig h e r temp

e ra tu re s , condensation d ry in g  is more su itab le  fo r  heavy wood.
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5.2 .3_____ Vacuum d ry in g  /5 -1 / ,  /5 -3 /

The law o f p hys ics  th a t app lies to  vacuum d ry in g  is th a t a decrease 

in p ressu re  s u rro u n d in g  the  m ateria l to  be d r ie d  makes the  b o iling  

tem pera ture d rop  and the  w a te r t ra n s p o r t  v e lo c ity  in  the  wood r ise .

In p rac tice , two process v a r ia tio n s  are  ap p lie d , bo th  o f which operate 

in the low vacuum range .

In the con tinuous m ethod, heat is tra n s fe r re d  to  the wood th ro u g h  

heating p la te s  which are  p laced in  between la ye rs  o f t im b e r. The 

plates are  in te rconnected  th ro u g h  f le x ib le  hoses w ith  hot w ater c ir c u l

a ting  in the system . Some o f the liq u id  e x tra c te d  from  the tim ber by 

evaporation p re c ip ita te s  on the d r ie r  casing  and m ain ly on the cooling 

surfaces in the d r ie r .

In d iscon tinuous vacuum d ry in g ,  vacuum d ry in g  pe riods  a lte rna te  

w ith  normal p ressu re  hea ting  p e rio d s . T h is  cyc lica l ope ra tion  extends 

d ry in g  tim es. However, s ince th e re  are  no hea ting  p la te s , the expend

itu re  is reduced in term s o f m anpower, cap ita l cos t, and loading and 

unload ing times.

Vacuum d r ie rs  consis t o f ho rizo n ta l steel c y lin d e rs  w ith  usefu l capacities 

o f up to 20 cub ic  m etres. Investm en t costs re la tiv e  to  the capacity  

are v e ry  h ig h , and th e ir  co n tro l is also more com plicated than in 
conventiona l d r ie rs .
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The ene rg y  re q u ire d  in vacuum d ry in g  is d iv id e d  in to  therm al 

energy fo r  hea ting  the  tim ber, and e le c tr ica l ene rg y  fo r  pow ering  

the vacuum pum ps and fans.
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5.2. 4________ Special Processes

In special a p p lic a tio n s , a num ber o f o th e r tim be r d ry in g  methods 

are used, in c lu d in g

-  in fra - re d  d ry in g ,

-  h ig h - fre q u e n c y  d ry in g ,

-  h igh -speed  d ry in g ,

-  h ig h -te m p e ra tu re  d ry in g .

W ithin the genera l co n te x t o f a p p lica tio n , the s ig n ifica nce  o f these 

methods is ju dged  as ra th e r low.

To u til is e  some o f the specific  m erits  o f the above m ethods, com bin

ations o f  severa l technologies are sometimes app lied  to  in d iv id u a l 

d ry in g  s tages.

A com plete ly new process has been d iscussed fo r  some time in the 

veneer and ch ip b o a rd  in d u s try .  Press d r ie rs  th a t w o rk  a t a p ressu re  

o f about 35 N /cm 2 and a tem pera ture  o f some 150° C use bo th  

mechanical and therm al d ry in g  m ethods. F inn ish  te s t re su lts  seem 

to suggest th a t a re la tiv e ly  favou rab le  spec ific  e n e rg y  consum ption 

can be expected o f th is  method /5 -8 / .

5.2. 5________ E nergy in p u t in the most im p o rta n t d ry in g  methods

It is h a rd ly  poss ib le  to  make a d ire c t com parison between ene rgy  

in p u t data o f va rio u s  d ry in g  methods because o f the m u ltitu d e  o f 

param eters th a t a re  specific  to  in d iv id u a l types  o f tim b e r, as well 

as to p la n ts . The f ig u re s  presented in Tab le 5-2 re la te  to d ry in g  

50-mm th ic k  oak sawnwood o f an in it ia l m o istu re  co n te n t o f  50 pe r 

cent and a fin a l m o istu re  o f 10 p e r cen t /5 -3 / .  Here aga in , i t  shou ld 

be noted th a t these values may v a ry  in  abso lute term s and in  

re la tion to each o th e r.
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5.3________ E nergy p ro d u c tio n  from  wood res idues

In the tim b e r tra d e , waste is p roduced  in logg ing  and process ing  in 

the form  o f b a rk , s labs, ch ips  and saw dust. In the Federal R epublic  

o f G erm any, 54 p e r cen t o f the  to ta l tim be r waste o f 14 m illion  

cub ic m etres is used as feedstock in  the paper and p u lp  in d u s try ,  

as well as in  the chipboard and f ib re b o a rd  in d u s try .  Some 14 per 

cent is dum ped, and about 32 pe r cen t is a lready  being u tilis e d  

fo r  the p ro d u c tio n  o f ene rgy  /5 -8 / .  In deve lop ing  co u n tr ie s , the 

percentage o f waste usage is much low er because o f the absence 

o f both ch ip b o a rd  and fib re b o a rd  m a n u fa c tu rin g .

The fundam enta ls o f ene rgy p ro d u c tio n  from residues have been 

covered in  UNIDO S tu d y  IS .437. As a supp lem ent, fu r th e r  

dem onstrated methods o f u t il is in g  waste are  describ ed  in the  fo llo w 

ing sections.

-  1 2 2  -

5.3.1 D ire c t com bustion

T h is  is th e  most w ide ly  app lied  form  o f  us ing  logg ing  waste. Both 

the size o f  waste and the  c a lo r if ic  va lue , th a t va ries  a lo t ( Tab le 5-3) ,  

/5 -9 / determ ine the type  o f charge  and f i r in g .

The fue l is in tro d u ce d  m anua lly , v ia  b low ing devices (ch ip s  o r  d u s t) ,  

o r mechanical conveyors  (b a rk , lum py w ood). F re q u e n tly , u n its  a re  

f it te d  upstream  fo r  d ry in g  (u s in g  f lu e  g a s ), o r fo r  c ru s h in g  the fue l 

to be used . In the  com bustion cham ber its e lf ,  o il o r gas b u rn e rs  p ro v id e  

the tem pera tu re  re q u ire d  fo r  ig n it io n .

The therm al ene rgy  from  flu e  gas is o ften  app lied  d ire c t ly  to  therm al 

processes. Two examples il lu s tra te  the  p ro ce d u re :

F ig . 5-2 shows the setup o f a s o lid - fu e l- f ire d  ch ip  d ry in g  p la n t 

developed fo r  the ch ipboa rd  in d u s try .  T h is  p la n t was designed and 

m anufactured in Sweden and u tilis e s  a ll types  o f wood res idues . F ir in g  is



on a zone feed g ra te , w ith  the  m ateria l to  be b u rn t  passing 

th ro u g h  th re e  zones , ie d ry in g ,  b u rn in g ,  and b u rn in g -o u t zone. 

Flue gas from  the com bustion cham ber is m ixed w ith  fre s h  a ir  and 

re c ircu la te d  flu e  gas; it  is  then  fed  to  the d r ie r  v ia  a separa to r 

a t a tem pera tu re  o f 450 to  500° C . T h is  basic concept can be in te g 

ra ted in to  estab lished p lan ts  and p roduces  2 to  14 MW /5 -1 0 /.

Flue gases a re  also used d ire c t ly  in  a b a rk  and ch ip  disposal p lan t 

a t W ackersdorf, Germany. A t fu l l  load, a d r ie r  d r ie s  23.4 tonnes/h  

o f ba rk  and ch ips  con ta in ing  between 103.5 and 35.1 pe r cent o f 

m o is tu re . Some o f the to ta l m ate ria l to  be d r ie d  ( ie  15.5 tonnes 

per h o u r) is -used  as fue l (2 .3  t / h )  in  the  p la n t its e lf .  The 

rem ainder is pe lle tised , w h ich makes i t  easie r to  s to re  and to tra n s 

p o r t ,  a p a rt from  the fa c t th a t p e lle ts  have a h ig h e r c a lo r if ic  value 

than the  wet m aterial /5 -1 1 /.

W ood-fired ho t w ater a n d /o r steam b o ile rs  are used in the tim ber 

in d u s try  bo th  fo r gene ra ting  therm al ene rg y  (h e a tin g  presses, d r y 

ing k iln s ,  e tc .)  and fo r  p ro d u c in g  pow er th ro u g h  steam engines 

and steam tu rb in e s . The p is ton  steam eng ine , in p a r t ic u la r ,  has 

become a w e ll-p roven  power u n it  fo r  g e n e ra to rs . I t  has a m odular 

des ign , w ith  the ra tin g s  o f the  v a rio u s  c y lin d e rs  v a ry in g  between 

30 and 220 kW, depending on the  s ize . By co u p lin g  up to  ten u n its , 

an in d iv id u a l adjustm ent is poss ib le . The steam eng ine is p ro fita b le  

w herever a ll waste steam can be used fo r  hea ting  presses, d ry in g  

chambers o r  ope ra ting  spaces. I t  can also be used fo r  d ire c t ly  

pow ering  processing m ach inery, in  w h ich  case the investm en t costs 

are lower because no power g e n e ra to r o r  m otor is re q u ire d  /5 -1 2 /.

Because o f th e ir  power range , steam tu rb in e s  are  on ly  p ro fita b le  

in the la rge  companies o f the tim be r in d u s try .
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5. 3.2_______ Wood gas ifica tion

A n o the r way o f p ro d u c in g  heat and power from low -g rade  wood 

res idues, w ith o u t passing th ro u g h  the genera tion  o f h ig h -p re s s u re  

steam in b o ile r p la n ts , is wood g a s ific a tio n . The fo llow ing  example 

describes how a sawmill covers its  own needs in an isolated ope ra tion .

I t  is the sawmill ru n  by  H. Schmaus at M orbach, West Germ any, 

c u tt in g  3, 000 solid metres o f round  tim ber pe r y e a r. They also 

process sawnwood on a small scale. F ig . 5-3 g ives an overv iew  of 

the e x is tin g  wood gas power p la n t.  The gas gene ra to r uses the 

system o f r is in g  gas ifica tion  in a c y lin d r ic a l re fra c to ry - lin e d  sh a ft 

fu rnace . The system u tilise s  sm all-s ize waste (b a rk , ch ips ) o f a 

m oisture con ten t o f up to 100 p e r ce n t. The convers ion  o f wood 

gas in to  e lec tr ica l ene rgy and heat is done in a 1 2 -cy linde r gas 

engine o f the same type  as used in u n it  therm al power p la n ts . These 

engines have to be conve rted  to  us ing  wood gas because the c a lo r if ic  

value o f wood gas is much lower than th a t o f n a tu ra l gas. The e n tire  

u n it is designed fo r  e le c tr ica l ope ra tion  at 130 kW and consists o f a 

gas eng ine , a th ree -phase  g e n e ra to r, coo ling w ater and waste gas 

heat exchangers , and the e le c tr ica l sw itch in g  c o n tro l. A t fu ll load, 

about 800 MJ o f waste heat is p roduced  per h o u r; it  is used fo r 

d ry in g  and h e a ting . A t p a r t load the p la n t is w o rk in g  a t 55 pe r cen t 

on average, and, due to its  e ng ine e ring  p r in c ip le , the gas gene ra to r 

produces on ly  as much gas as is re q u ire d ; i t  th e re fo re  adapts to 

eve ry  load change. Condensates from  gas s c ru b b in g  are trea ted  in a 

mechanical and bio log ica l p la n t because it  is im possible fo r  e n v iro n 

mental reasons to  d ischarge  pheno lic  waste w ater in to  the g round  

w ater. In view o f the re la tiv e  wetness o f wood residues when tu rn e d  

in to  gas, the volume o f condensate can be expected to  be up to 

one li t re  pe r kWh produced /5 -1 3 /.

In the Federal Republic o f G erm any, b lock u n its  are now ava ilab le  

app ly ing  the above p r in c ip le  and p ro d u c in g  125 to  130 kW o f e le c tr ica l 

pow er. I f  h ig h e r ou tp u ts  are re q u ire d , severa l engines are combined in a 

modular system . In a m a ins-pa ra lle l mode o f ope ra tion , th is  k in d  o f p lan t



A

can meet e v e ry  demand fo r  e le c tr ic ity  o r heat. D epending on the 

demand, an e lec tron ic  c o n tro l can e ith e r  sw itch  in d iv id u a l eng ines 

on or o f f  /5 -1 4 /.

Wood gas gen e ra to rs  th a t a re  su itab le  fo r  d ire c t d r ie r  f ir in g  can 

compete w ith  w o o d -fire d  b o ile r p la n ts . A cco rd in g  to  /5 -5 / ,  fo r  

instance, the investm en t cost o f a wood g a s ifie r  connected w ith  a 

wood d r ie r  o f a capac ity  o f 100 cu b ic  m etres is on ly  h a lf the cost 

o f a co rre spond ing  b o ile r p la n t.

A more recen t techno logy is  f lu id is e d -b e d  g a s ific a tio n . The system 

has been well p roven  in the  U .S .A .  a ltho ugh  i t  needs to be o f a 

ce rta in  size to be econom ically ju s t i f ie d .  The sm allest p la n t dem onstrated 

so fa r ru n s  on 3.8 tonnes o f wood res idue  per ho u r /5 -1 5 /.
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5^4________O th e r o p p o rtu n it ie s  fo r  sav ing  ene rgy

More than in o th e r in d u s tr ie s , heat losses from  v e n tila t io n  p lay an 

im portan t p a r t  in the  wood p rocess ing  in d u s try .  E xhauste rs  used 

fo r  d u s t, c h ip s , e tc . ,  th a t have a ir  th ro u g h p u ts  o f up  to 100,000 

cubic m etres p e r hour, cause losses from  v e n tila t io n  heat fo u r to  

five  times as h igh  as the  heat losses from  transm iss ion  /5 -1 6 /. T h is  

also exp la ins  w hy , in fu rn itu re  m aking , the share o f ene rgy  cons

umed fo r  space heating and v e n tila t io n  makes up almost 50 per cen t 

of the to ta l ene rgy  th a t goes in to  m aking a fin is h e d  p ro d u c t /5 -8 / .

To reduce the heat losses from  v e n tila t io n , the waste a ir  flow  has 

to be reduced in the f i r s t  p lace. T h is  can be done in several w ays:

- In many cases, the actual fo rc e d -d ra u g h t volume flow s are much 

h ighe r than  re q u ire d . The e x tra c tio n  capac ity  can be ad jus ted  to 

actual needs by re t r o f i t t in g  b a ffle s  o r by chang ing  the in take  

cross sections /5 -8 / .

Exhausters are  usua lly  sw itched  on in the m orn ing  and sw itched 

o ff at the end o f the s h if t ,  w he the r o r not the machines are ru n n in g .
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The problem  can be overcome by coup ling  the  e le c tr ica l su p p ly  

o f the machine w ith  th a t o f the exha us te r /5 -1 7 /.

-  O n-tim es can be m inim ised by d e c e n tra lis in g  exha us te rs  and 

a lloca ting  them to  smaller p ro d u c tio n  u n its  /5 -1 6 /.

-  In fu lly  o r p a r t ly  encapsulated m achines, the in take  a ir  can be 

drawn d ire c t ly  from  the atm osphere /5 -1 6 /.

I f  the above measures have been implemented o r ,  i f  th e y  cannot 

fo r  lack o f space, then  heat re co ve ry  shou ld  be co ns ide red . Due 

to  the amount o f d u s t o r so lvents con tam ina ting  the  waste a ir ,  

how ever, i t  is sometimes d if f ic u lt  to  recove r heat in  the wood 

in d u s try .  In many sectors o f the in d u s try ,  c lo th  f i l te r s  a re  used fo r  

environm enta l reasons. They allow fo r  some re c irc u la tio n  o f a ir  (up  

to 84 pe r c e n t) .  Heat exchangers can also be app lied  i f  th e ir  

exchanger surfaces can be cleaned eas ily  /5 -1 8 /.

To cu t the space hea ting  requ ire m en t, the  fo llow ing  a d d ition a l 

measures can be ta ke n :

-  m a in ta in in g . reasonable room tem pera tu res th ro u g h  su itab le  co n tro ls
/5 -8 /;

-  low ering room tem pera tures d u r in g  n o n -w o rk in g  hou rs  (a t n ig h t 

and fo r  the w e e ke n d );

-  m inim ising volumes o f heated spaces; separa ting  p ro d u c tio n  

spaces from  storage spaces /5 -1 6 /;

-  imprcving therm al in su la tion  o f b u ild in g s .

Much energy is lost and escapes re co ve ry  in compressed a ir  p ro d 

uc tion . Due to  leak ing  pipes up to 30 pe r cent o f the compressed 

a ir  escapes. Most o f the  d r iv e  ene rgy  conveyed to the  com pressors 

is conve rted  d ire c t ly  in to  heat and is usua lly  d r iv e n  o f f  by  coo ling 

fans . Su itab le  p o s itio n in g  o f cooling duc ts  ensures re d ire c tio n  o f 

the hot a ir  to the  atm osphere o r re c irc u la tio n  in to  p ro d u c tio n  and
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storage fa c ilit ie s  d u r in g  the cold season /5 -1 6 /.  Waste heat from  

w a te r o r  o il-coo led  com pressors can also be u tilis e d  fo r  space 

heating and in d u s tr ia l w a te r hea ting  a fte r  passing th ro u g h  heat
exchangers /5 -1 9 /.
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Type of furnace
FiringOil

Gas Resistance-heated Induction-heated
Cruciblefurnaces

Melting and 
holding

Melting and 
holding Holding -

Hearthfurnaces Melting and holding
Melting and holding Melting and holding -

Rotary kilns Melting of 
large pieces under a cover of salt

- - -

Induction furn
aces with and without channel - - -

Melting and holding

Table 2.1-1 Common types of furnaces and firing / 2.1 - 6 /

Type of furnace Capacity Melting-downpower
Energy con- suption per 100 kg oi metall 
Melting 'kg kg/h

Crucible furnaces
Gas or oil 100 90-120 670-730
heated 175 140-180 590-670
/ M 3 / 250 180-220 500-570
Resistance - heated 
/ kWh /

150 55-65 75

Induction - 1000 400-550 56-57
heated (line- 
frequency)
/ kWh /

3000 1000-1300 53-54

Hearth furnaces Gas or oil - 
heated 
/ MJ /

2500 800 380-460

Resistance - heated 
/ kWh /

3000 400 48

1) Depend from furnace design, raw material, operation conditions 
Table 2.1-2 Final energy consumption of different types of furnaces /nach 2.1-6/



Fuel Electricity

Drilling

Explosives for blasting 

Shovel loading 

Hanlage

Crushing and grinding 

Floatation

0.6 kWh

14.2 M3 1)>2)

2.4 kWh

43.0 M3 3)

15 kWh

0.4 M3 2)

Total

1) Ammonium nitrate
2) Fuel oil
3) Diesel oil

56.7 M3 18 kWh

Table 2.2 - 1 : Energy consumption for mining and concentrating 
1 tonne of copper ore



Electricity : 
/ kWh/t /

Conv. Outokumpu El. Matte Brixlegg Worcra

Total 316 if 16 720 932 4 3 2
- generated 230 330 - 210 360
- purchased 86 86 720 722 72

Fuel oil / GJ/t / 6.3 3.8 0.7 0.8 3.8
Coal / GJ/t / - - - 2.1 -

Table 2.2 - 2 : Energy consumption for various pyrometallurgical methods
of copper extraction, relative to one tonne of concentrate input



Process Fuel input 
GJ/t Zn

Electricity input 
kWh/t Zn

Zn-yield
%

Zn-purity
%

Muffles 45..55 2..50 86..94 97.5..98.5

New Jersey 34 173 93 99..99.6

Imperial Smelting 30 400 92 •

Josephstown 24. .26 2600 92 •

Sterling 10 3470 93 98.3

Duisb. K.-Hutte 9 3640 84 
(+ 15

99.96
90)

Table 2.3 - 1 : Pyrometallurgical extraction of Zn



T a b l e  3 . 1 - 1
Temperature cycle  of 

S tage

I
Dehydration

EDecomposition of 
CaC03
CaO formation

IECaO so lid s  reactions

N
Sinter reactions

2

Source: M oglichkeiten

clinker formation

Reactions

(a) Evaporation of water that is  not chem ically or m ineralógica!ly bound 
(from raw meal, raw-meal grain s, raw slurry)

(b) Removal of adsorbed water from clay minerals and interm ediate layers
(c) Removal of hydroxyl groups from clay minerals

(a) Early stage of C02 s p l i t t in g  in contact with S i02 , Al203 , Fe203
(b) Main reaction  of C02 s p l i t t in g  by thermal d is so c ia tio n ,

CaO. 15 to 20 per cent free

(a) see Ha; formation of CaO - Al2 03 ; 12 CaO ■ 7 M 2 03 and 2 CaO ■ S i02 ; 
free CaO content i s  2 per cent

(b) Formation of more C2S increases at 1,000° C max.; formation of C3S;
decrease of CaO,. and C. S , r ise  of C, S free 2 3(c) C2S la t t ic e  d isorder, improved s o lu b il i ty  in part-m elt

(a) Part-m elt in the presence of 2 per cent of a lk a li (max.)
(b) F irst part of the melt at invariance (eu tec tic :  54 % CaO, 23 % A1203 ,

17 Z Fe2 03 and 6 1 S i02

D igestion of major mineral grains; stead y-sta te  

zur Energieeinsparung in der Zementindustrie /3 .1 -4 /

Temperature range

Room temperature 
to about 120° C 
100 -  200° C 
250 -  700° C

over 550 -  600° C 
800 -  1 ,000° C 
very fa st  above 900° C 
(atmospheric pressure)
over 550 -  600° C

600 -  1 ,000° C 
800 -  1 ,000° C 

>  1,400° C

over 1 ,280° C 
1,338° C

1,400 -  1 ,450° C



Table 3.J - 2
Specific energy requ irem en t

Type  o f ene rgy re q u ire d P roduc tion  method
by process stage D ry S em i-d ry Wet

Thermal requ irem en t

Raw m aterial p repa ra tio n  
in CJ per tonne o f c lin k e r

0.73 0.57

in CJ per tonne o f cement 0.59 0.46

C lin k e r f ir in g

in CJ per tonne o f c lin k e r 3.14 3.38 5. 44

in CJ per tonne o f cement 2.57 2.77 4.46

E lectrica l ene rgy requ irem en t

Raw m aterial p repa ra tion  
and c lin k e r  f ir in g

in CJ per tonne o f c lin k e r 0.14 0.11 0.08

in CJ per tonne o f cement 0.12 0.09 0.07

Cement g r in d in g

in CJ per tonne o f cement 0.25 0.25 0.25

Total
therm al requ irem en t pe r tonne 

o f cement

in G J/tonne o f cement 3.18 3.24 4.46

E lectrica l ene rgy requ irem en t 
per tonne of cement

in C J /tonne  o f cement 0.37 0.34 0. 30

Tota l ene rgy requ irem en t 
per tonne o f cement

in C J /tonne  o f cement 3. 54 3.58 4. 78

Source: M oglichke iten de r E nerg iee inspa rung  in d e r Z em entindus trie  /3 .1 -4 /
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Table 3. 1 3

Energy in p u t to d ry  process

Works size T otal “ share o f ene rgy S pecific  energy

(cement o u t- energy consum ption

p u t in 103 t) consum ption therm al e le c tr ica l

(106 GJ) (GJ)

to  200 11.13 90.8 9.2 3. 95

201 -  500 34.73 90.3 9.7 3.75

501 -  1,000 48.76 89.8 10.2 3. 45

ove r 1,000 24.13 89.6 10.4 3. 30

to ta l a n d /o r

mean 118.75 89.7 10.3 3.54

Source : M oglichke iten zu r E nerg iee inspa rung  in d e r Zem en tindus trie  / 3 . 1 -4 /



Tunnel k iln Temperature Spec, heating Time
zones range °C and cooling  values C/h

h

Heat ing 0 -  300 30 10
zone

300 -  400 50 2
400 -  600 20 10

600 -  900 25 12

900 -  1050 50 3
Final fir in g 1050 - 6zone

Cooling 1050 -  650 60 5zone 650 -  450 12 16450 -  30 52 8

Table 3.3-1 Tabular representation of time- f ir in

Remarks and
possib le
reactions
Residual moisture, 
pore water

Water of 
C rysta llization  separation
Decomposition 
organic, combustible 
m aterials, e tc .

Final fir in g  t ime

curve /3 .3 -1 /



\

Energy centre GJ/tonne
(melted)

M ixing 0 04

Melting and annealing 10.39

C utting and temporary store 0.21

Warehouse 1.02

A uxilia ry  maintenance 0.09

Maintenance 0.04

Main services 0.02

Adm inistration 0.03

Transport 0.03

Total 11.87

The fo l low ing  are the energy centres used fo r  this  process:

Energy Centre
Mixing

Melting and annealing 

Cutt ing  and tem porary  store 

Warehouse

A ux i l ia ry  maintenance 

Maintenance 

Main services 

A dm in is tra t ion

Transport

D escrip tio n

M ix ing  room and raw material stores

Furnace, bath, lehr and compressed air

A u to m a t ic  warehouse and immediate environs

Stockrooms, packing and despatch

Sewing room, po t rooms, tackle shop and stores

A l l  branches

Steam

General off ices, R &  D, laboratory, canteen, 
welfare and surgery

Yard t ra f f ic ,  off ice , locos etc.

TABLE 3.4-1
Energy use in Energy Centres 

per tonne o f glass melted 
(F lat Glass)



A

Energy consumption 1981

F ruit 
Vegetable

Fish Meat Vegetable
fats

1,000 tonnes HCE 230.7 25.6 390.1 239.6
%-chance 1973:1981 % + 5.4 - 6.2 + 76.6 - 19.9

Fuel oil 1981 
1,000 tonnes HCE

14 4 .3 13.7 192.3 56.3

%-chance 1973:1981 % - 27.9 - 31.6 + 34.3 - 55.1

Gas 1981 
1,000 tonnes HCE

39.2 5.0 109.5 123.9

%-chance 1973:1981 % + 717.6 + 230.0 + 310.5 - 8.1

electricity 1981 
i ,000 tonnes HCE

26.3 6.8 86.6 49.5

%-chance 1973:1981 % + 36.9 + 29.4 + 130.0 + 40.0

coal 1981 
1,000 tonnes HCE

0.8 1.7 10.0

%-chance 1973:1981 % 

%-share energy cost

- 72.2 - 87.3 + 171.9

of total cost 1980 2.2 0.7 0.9 1.3

Specific energy consumption
tonnes HCE/106DM
net production value 1981

141.3 37.4 97.6 171.5

Table 4.3 - 1 Energy use in the food industry ( FRG ) / 4.3 - 7 /



Criterion 1 set speed Pole switching 2 set speeds Pole switching 3 set speeds Frequency converter infinitely variable speed

r.p.m. 1 275 %, 100 % 350 %, 75 96, 100 % ad lipactual: 50 - 100 96 of nominal speed

Cost per unit
mcl. share of control cabinet

100 % 115 % 130 % 200 - 300 % dep. on no. of fans

til. saving against set speed - 30 - 35 % 35 - 45 % 4 5 - 5 3  %

Pay - back periodagainst one - down system -

ca. 3 mon. ca. 6 - 1 2  mon. ca. 3 - 5  years

Table 5 - 1 : Comparison between systems: fixed speed - pole switching - frequency converter / 5 - 6 /



Drying method- Specific energy consumption

Electrical energy 
/ kWh/m3 /

Convection drying 67

Condensation drying 3S0

Vacuum drying, 115
plate system

Non-plate vacuum drying 95
with heat recovery

Thermal energy 
/  MJ/rn3 /

6,851

1,965

1,099

Table 5-2 : Specific energy use in various timber drying methods



Product Humidity
%

Calorific value

Grinding particles (chipboard) 8 17,9
Grinding particles (logs) 12 16,6
Sawdust (chipboard) 10 17,6
Sawdust (logs) 15 15,9
Sawdust 50 11,7
Sawdust 80 9,0
Millings 15 15,9
Coarse chips .15 15,9
Coarse chips 50 11,7
Coarse chips ' 80 9,0
Wood cuts, cur - seasoned 20 15,3
Wood cuts, green 60 10,7
Bark 60 10,5
Bark 100 M
Bark 150 6,3

Table 5 - 3 :  Calorific value of wood residues and bark of varying moisture



Com en ere i al 
and others 

4 %
D om es ti c 

1.5 %

In dust r ia l  
3.5% Space heating 

nun Process heating

Transport
0 . 2 %

2,80 0 
PJ

2,40 0 

2,000 

1,600 

1,200 

800 

400 I-
Comm e re ì al 
and others 

4%

Light and mechanical 
energy

In d u s tr ia l
2,250

Domestic
4%

16%

73%

u r n
11%
¿ ¿ A .

Domestic 
1,850

17%
tu

A 77%

.6% Transport  
1,620

Commerci al  
and o th e rs ”')

1,170
25%
2 2%

53%> 
1/

9 9%

e z z :
1%

1) Incl. mi l i tary services and fuel  
consumed in agriculture

Il
I

i i; • l - 1 Final energy demand by consumer groups and types of 
requirement in the Federal Republic of Germany in 1982

0820
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Circulating air
j i

Chips x
s i Drier i

Furnace
W2

Fresh air

Heat- I Chips 
exchanqer!
r — — i_____X T — -----------1! A A  ,-------, Drier 1

Exhaust air 
Evaporated water 
Chips

Blower

Exhaust air
Evaporated water
Chips
Blower

Hot water

Energy consumption E018
1 i i i  • 1 - ') of two chip driers 0173 - 79



Rei. d e l i v e r y

Power input of an e le c tr ic  pump ~(



Low tem pera tu re  <  150°C 

Medium temperature 150°C.. .500°C ■ 

High tem pera tu re  >  500°C

Waste heat in industry E 058-83
I i • 1-7 in the FRG, 1978 1359



Cold steam 
heat pump

Condenser

Q t -  Thermal energy

-  Low tempe~ature heat 

W -  Mechanical energy

Hot steam compressor! 
heat pump

I

Û Start

w
Thermal imput 
at start  - u p
Mechanical
energy

Con denser Condenser

QT - Thermal energy

Q, - Low temp, heat ^
. Throttle
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to stripper

A

&A “ Absorption heat

W - Mechanical energy

Absorpt ion
heat pump

m
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Switching diagram of a tandem plant
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Fig 2 .1 -1  : Schema o f  th e  B a y er-p ro cess



Fig. 2.1-2
Energy conversions in pyrometallurgical production of 

aluminium (simplified)
0987

79



Starting material:

Figure 2.2 - 1 : Flow diagram for copper production



Starting material:

Matte extraction:

Smelting
Converting
Roasting
Reduction

Pure Ni as cubes, pellets, powder etc.

NiO

NiFe (Ferronickel) and other Ni alloys

Figure 2.3 - 1 : Process flow diagram of Ni production



Sulfide ores

: : j _____
Roasting

Pyroinetallurgical
extraction

Com. In-oxids

1  ______

Zn-bearing scrap

Hydrometallurgical
extraction

Refining

Remelting
Alloying

j

Zinking, Diecasting, Hot working etc.

F i g u r e 2.3-2 : P ro cess  flow  d iagram  of Zn p ro d u c tio n



Pyrornetallurgical extraction

r
Pyrornetallurgical refining 
. Liquation 
. Poling

Electrolytic refining
“ T

Remelting, alloying

Tin-plating, hot working etc.

Figure 2.3-3 : Process flow diagram of Sn production



source : 3.1-1
1 I 1

fig. 3.1-1F f E Portland cem ent m anufacture flow shee t
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Fig. 4.1-2 Energy input per kg of cooked sausage /4.1-8/
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