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I NTRODUCT I ON 

Sta te  o f  t he  a r t  . --------- 

0 i r e c t  u t i  I i z a t  ion o f  geothermal energy for space and process heat ing fo r  the most part ,  u t i  I- 
izes known technology. Basical ly,  hot  water i s  hot water whether from a b o i l e r  o r  from the 
earth. The u t i  I i za t i on  o f  geothermal energy requires only s t ra igh t fo rward  engineering progress 
ra the r  than revo lu t ionary  advances and major s c i e n t i f i c  discoveries. The technology, r e l i a b i l -  
i t y ,  economics and environmental acceptabi I i t y  have been demonstrated throughout the world. 

I t  must be remembered t h a t  each resource i s  d i f f e r e n t  and the systems must be designed accord- 
ingly.  Granted, there  a re  problems w i th  corrosion and scaling, genera l l y  confined t o  the higher 
temperature resources, bu t  most of these problems can be surmounted by mater ia ls  se lec t ion  and 
proper engineering designs. For some resources, standard engineering mater ia ls  can be used i f  
p a r t i c u l a r  a t t e n t i o n  i s  given to  the exclusion and/or removal o f  atmospheric and geothermal l y  
generated gases. For others, economical designs are possible which l i m i t  geothermal water t o  a 
smal I po r t i on  of the overal I system by uti I i z i n g  highly e f f i c i e n t  heat exchangers and corrosion 
r e s i s t a n t  ma te r ia l s  in the  primary s ide o f  t he  system. 

Summary of u t i l i z a t i o n  

D i r e c t  u t i l i z a t i o n  o f  geothermal energy was probably p rac t iced  by ear ly  man f o r  cooking and 
heating. Recorded h i s to ry  shows uses by Romans, Chinese, Japanese, Turks, Icelanders, Central 
Europeans and the  Maori of New Zealand fo r  bathing, cooking and space heating. These uses have 
continued t o  today where, for example, over 1500 hot-spring r e s o r t s  e x i s t  i n  Japan, v i s i t e d  by 
100 m i  I I ion guests every year. 

Ear ly  i n d u s t r i a l  app l i ca t ions  include the  use by the Etruscans o f  bor ic  ac id  deposited by the 
steam and hot water a t  Lardarel lo, I t a l y .  They used the deposi ts t o  make enamels to  decorate 
t h e i r  vases. Commercial ex t rac t i on  o f  the ac id  s ta r ted  in 1818, and by 1835, n ine  fac to r ies  had 
been constructed i n  the region. Municipal d i s t r i c t  heating was f i r s t  undertaken i n  Reykjavik, 
Iceland in 1928. 

Today, over 7000 megawatts thermal (MWt) a r e  u t i 1  ized in the wor ld fo r  gate heat ing and cool- 
% (space cond i t ion ing) ,  ag r i cu l tu re  and aquaculture production and f o r  i n d u s t r i a l  processes. 
O f  t h i s  f igure,  over 1200 M W t  are used fo r  space heating and cool ing; approximately 5500 M W t  for  
agr icu l tu re ,  aquaculture, and animal husbandry; and over 200 M W t  f o r  i ndus t r i a l  processes. 

Typical  ly,  t h e  agr icu l tu re- re la ted  uses u t i 1  i ze  the lowest temperatures, w i th  values from 80- 
180°F (27-82OC) being typ ica l .  Use o f  wastewater has wide app l ica t ions  here. The amount and 
types o f  chemicals and dissolved gases, such as boron, arsenic and hydrogen su l f ide ,  are a major 
problem fo r  t h i s  use. Heat exchangers and proper venting o f  gases may be necessary In some 
cases t o  solve t h i s  problem. Almost a l l  o f  the ag r i cu l tu ra l - re la ted  energy u t i l i z a t i o n  i s  in 
t h e  Soviet  Union where over 5000 MWt are reported being used. 

Space heating general l y  u t i  I izes temperatures i n  the range o f  150-212°F (66-1OO0C), w i th  100°F 
(38°C) being used in some marginal cases and heat pumps extending t h i s  range down t o  55°F 
(13°C). The leading user of geothermal energy f o r  space heat ing i s  Iceland, where over 50 per- 
cent of  the country i s  provided w i th  geothermal heat. The on ly  known coo l ing  i s  in Rotorua, New 
Zea I and, a t  t h e  I n te rna t  iona 1 Hotel ; however, many other app I i ca t ions  are present I y be ing con- 
s i dered. 

I ndustr i a  1 processing typ  ica  I l y  requires the  highest temperatures, using both steam and super- 
heated water. Temperatures up to 300°F (150°C) a re  normal ly desired; however, lower 
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temperatures can be used in some cases, espec ia l l y  for drying of various a g r i c u l t u r a l  products. 
Though there  are r e l a t i v e l y  few examples of i ndus t r i a l  processing use of geothermal energy, they 
represent a wide range o f  appl icat ions,  from drying of wool, f i sh ,  ear th  and lumber to  pulp and 
paper processing and chemical extract ion.  The two largest industr  la1 uses are the diatomaceous 
ea r th  d ry ing  p l a n t  i n  Iceland and the paper and wood processing p lan t  i n  New Zealand. A v isua l  
representat ion of the required temperature fo r  various direct-thermal uses is shown in Figure 1 
(Lienau/Lindal, 1974). Here both water and saturated steam are shown and cascading can be 
e a s i l y  visual ized. 
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F IGURE 1. The approx imate temperature required fo r  vat- ious geothermal Uses. 
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- Examples of cur ren t  u t i l i z a t i o n  

T rad i t i ona l  ly, d i r e c t  use of  geothermal energy has been on a smal I scale by indiv iduals.  Sur- 
face ho t  spr ings were u t i l i z e d  and shallow wel ls could be j u s t i f i e d  w i th  on-the-spot use or  
sho r t  transmission distances i n  uninsulated pipes or  channels. However, a t  today's pr ices fo r  
development and hardware, t he  cost savings of these indiv idual  uses are o f ten  marginal. Large- 
sca le  use demands requ i re  more production and can thus j u s t i f y  deeper wells, longer transmission 
distances, more sophist icated'  u t i  i i za t i on  and lower temperatures. 

Most of present-day developments involve large-scale projects,  such as d i s t r i c t  heating (Ice- 
land), greenhouse complexes (Hungary) o r  major i ndus t r i a l  use (New Zealand) . Heat exchangers 
a r e  a l so  becoming more e f f i c i e n t  and be t te r  adapted t o  geothermal use, a1 lowing the use o f  
lower-temperature waters and h igh ly  sa l ine  f l u ids .  Heat pumps are extending geothermal develop- 
ment i n t o  t r a d i t i o n a l  l y  non-geothermal countr ies, such as France, Austr ia and Denmark, as we1 I 
as the  eastern U.S. 

Space condi t ioning. The most famous space-heating p ro jec t  In the world i s  the Reykjavik 
municipal heating pro jec t ,  serving about 97 percent of  the 113,000 people In the  cap i ta l  c i t y  o f  
Iceland. A t  present, a t o t a l  of 1.0 x 1 0 "  gal lons (3.8 x 10" l i t e r s )  o f  geothermal 
f l u i d  are used annually It0 supply 16,000 homes with space heating. One f i e l d  supplies %water 
through two 14-inch and one 28-Inch (35 and 70 cm) diameter p iper ine  over a 12-mlle (19-krn) 
distance. Insulated storage tanks (6.9 x lo6 gal lons; 2.6 x lo7  l i t e r s )  a re  used t o  m e e t  
peak f lows and provide an emergency supply i n  the event o f  breakdown in  the  systqm. A f o s s i l -  
f ue l  f i r e d  peaking s t a t i o n  i s  used t o  boost the 176°F water t o  230°F (80-110°C) dur ing 15 t o  20 
o f  the coldest days of the year. The c i t y  i s  served by 9 pumping stat ions,  d i s t r  i but ing  f l u i d  
through 200 mi les (320 km) o f  pipel ines. The e n t i r e  system provides 1840 GWh per year o r  420 
M W t  ( i nc lud ing  the peaking s ta t ion ;  Lienau/Zoega, 1974). 

An example of indiv idual  home space heating i s  in Klamath Fa l l s ,  Oregon, where over 400 we l l s  
a r e  used f o r  space heating, using waters from 100-230°F (38-110°C). The p r inc ipa l  heat- 
ex t rac t i on  system i s  the  closed-loop downhole heat exchanger u t i  I i z i ng  c i t y  water i n  the loop 
(Lund e t  a l  ., 1974). Larger examples of space heating in Klamath Fa I I s  include the Oregon 
I n s t i t u t e  o f  Technology campus, where th ree  we l ls  up t o  1800 fee t  (550 m) deep produce up t o  450 
gpm (28 I/s) of 192°F (89°C) water and heat approximately 500,000 ft2 (46,000 m2) o f  f l oo r  
space. The geothermal water i s  pumped from the  we1 I using deep-we1 I tu rb ine  pumps and, in most 
cases, i s  used d i r e c t l y  in the  heating system f o r  each bui ld ing.  The annual operating cost of 
the  campus system i s  approximately $30,000, a savings o f  almost $250,000 per year when compared 
w i t h  the  cost o f  heating w i t h  conventional fue 
t h e  311-bed Merle West Medical Center hosp i ta l  
20-year savings due t o  a geothermal-retrof i t ted 
Maywood Industr ies,  where 118°F (48°C) water i s  
(Geo-Heat U t i l i z a t i o n  Center Bu l l e t i n ,  Lienau, 

. Other, notable uses i n  the  community include 
and nursing home, where the present worth of  a 
heating system i s  over one m i l l i o n  do l la rs ,  and 
used f o r  heating a large manufacturing bu i l d ing  
977; Higbee, 1978). 

Ag r i cu l tu re  and aquaculture. In  Hungary, - CI 

greenhouse heat lng i s  second only t o  the USSR, 
w l t h  over 13 m i l l i o n  ft' (1.2 m i l l i o n  mL) being geothermally heated. Many of these green- 
houses are b u i l t  on r o l l e r s ,  so they can be pul led from t h e i r  locat ion by t rac to rs ,  the ground 
c u l t i v a t e d  w l t h  large equipment, and then the  greenhouse returned to i t s  locatlon. I n  addl t ion,  
t o  mlnlmlze cost, much of the  bu i ld ing-s t ruc tu re  pipe-supporting system also acts as the supply 
and r a d l a t i o n  system f o r  t h e  geothermal f l u i d .  About 60 we l l s  are used for animal husbandry 
p ro jec ts ,  mainly f o r  heatlng and cleaning of animal shelters. P r i o r i t y  i s  given t o  ag r i cu l tu ra l  
use o f  geothermal energy i n  Hungary, as t h i s  increases the volume and va r ie t y  o f  production. 
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Some experimental work is being performed with grain, hay, tobacco and paprika drying. In these 
cases, hot water SUPP I  ies heat to forced-airheat exchangers and 120-140°F (49-6OOC) air is blown 
over the product to be dried (Lienau/Boldizar, 1974). 

In Japan, greenhouses cover about 157,000 ft2 (14,600 in*), where a variety of vegetables and 
flowers are grown. Many large greenhouses are operated as tropical gardens for sightseeing 
purposes. Raising poultry through the use of geothermal energy has been a very successful 
enterprise. Here, under-the-f loor heating is ut1 I lzed in sheds where 40,000 chickens are raised 
annually. Another successful business is breeding and raising carp and eels. Eels are the most 
profitable and are raised in 10-in diameter by 20-ft long (25-cm by 6-m) earthenware pipes. 
Water in the pipes is held at.73"F (23°C) by mixing hot-spring water with river water. The 
adult eels weigh from 3-1/2 to 5-1/4 oz (100-150 g), with a total annual production of 8400 Ibs 
(3800 kg) , AI I igators and crocod I les are also raised in geothermal water. These repti les are 
being bred purely for sightseeing purposes. In combination with greenhouses offering tropical 
flora, alligator farms are offering increasingly large inducements to the local growth of the 
tourist industry (Japan Geothermal Energy Assoc., 1974). 

Excellent examples of greenhouse operation exlst in the U.S., the largest being the Honey Lake 
Hydroponic Farms complex near Susanvi 1 le, Cal ifornfa. Cucumbers and tomatoes are grown in a 
hydroponic system. Heat i s  provided to the greenhouses by geothermal fluid. At present, 30 
greenhouses have been constructed, with expansion planned to over 200 units. Channel catfish 
are raised by Fish Breeders of I dah0 near Buh I ,  using geothermal water. Using 6000 gpn (380 
I/s) of 90°F (32°C) water, approx~mately 500,000 Ibs (230,000 kg) of fish are ralsed annually 
(GRC .Special Report No. 5, Ray, 1979). 

. 

fndustriat processes, An example of industrial processing is the use of geothermal steam 
for the Tasman Pulp and Paper Company in New Zealand, Here, 100-125 MW (18 tonslhr steam) of 
thermal energy are used for the lumber drying, black liquor evaporation, and pulp and paper 
drying. The total investment cost for geothermal i s  $6.8 million, the majority of which i s  for 
we1 I development. This amounts to approximately $70 per kWt and w i 1 I reduce the price of energy 
to 70 percent that of conventional fuels for an annual savings of $1.3 million. The annual 
maintenance costs are 2 percent of the capital cost (Lienau/Wilson, 1974). 

In northern Icefand, a diatomaceous slurry is  dredged from Lake Myratn. This slurry is trans- 
ported through a plpel ine and held in storage ponds. The 80 percent moisture is then removed in 
large rotary-drum driers using high-temperature geothermal steam. The plant produces 27,000 
tons (24,494 t) of diatomite filteraids per year, most of which are used in beer processing In 
Germany (Lienau, 1974). 

Two Industrial-processing uses of geothermal energy are of note in the 0,s.: Medo-Bel Creamery 
In Klamath Falls, where low-temperature fluid Is used for pasteurizing mflk, and Geothermal Food 
Processors at Brady Hot Springs, Nevada, where high-temperature fluid Is used for dehydration of 
onions and other vege'tabfes (GRC Special Report No. 5, Belcastro, 1979; GRC Bulfetin, vol. 7, 
no. 5, Nov/Dec 1978). 

A major direct-thermal project in the U.S.A. in the development stage Is the conversion of the 
Ore-Ida Foods, Inc., plant located in Ontario, Oregon. The Ore-Ida project involves dri I I ing 
three production wells to a depth of 6000 feet (1,8 km) to obtain 800 gpm (50 I/s) at a 
temperature of 300°F (150°C). The geothermal energy would replace 55 percent of the energy now 
supplied by natural gas and fuel oil for potato processing (Lienau, 19781. 

Summary: A summary of the present world-wide direct use of geothermal energy Is as follows 
(GRC Special Report No. 5, Lund, 1979): 
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Country 

Iceland 
New Zea I and 
Japan 
USSR 
Hungary 
I t a l y  
France 
Others 
USA 

TOTAL 

TABLE 1 

Worldwide d i r e c t  use of geothermal energy 

Bene f l t s  o f  d i r e c t  aDDlications 

Space 
Heating/ 
Cool i ng 

Agr i cu I ture/  
Aquacu I t u r e  

(MWt 1 - (MWt 1 

6 80 
50 
10 
120 
300 
50 
10 
10 
75 - 

1245 

40 
10 
30 

51 00 
3 70 

5 

lo 
5 

--- 

5570 

I ndus t r i a l  
Processes 

( M W t )  - 

50 
150 
5 

--- 

5 
5 - 

235 

The main advantages o f  d i r e c t  u t i  I i za t i on  of  geothermal energy are: 

1. High conversion e f f i c iency  (80-90 percent). 

2. The use o f  low-temperature resources, which are numerous and read i l y  avai table. 

3. The use o f  many of f - the-shel f  items f o r  exp lo i t a t i on  (pumps, cont ro ls ,  pipe, etc.). 

4. Short development t ime as compared t o  e l e c t r i c a l  energy development. 

5. Lower-temperature resources requ i re  less expensive we1 I development (and shal lower i n  some 
cases), can be d r i l l e d  w i th  conventional d r i l l i n g  equipment i n  many cases and the water can 
be transported 20-40 m i  les (32-64 km). 

A I  I of these advantages g ive  a favorable economic s i t u a t i o n  when compared to conventional fuel.  
A t  present-day prices, t he  geothermal app l i ca t ion  w i l l  cost  about the Same or less than the cor- 
responding annual fossi  I - fuel  cost. Due t o  the expected escalat ion o f  foss i  I - fuel  prices, the 
cos ts  of the geothermal system w i I I decl ine. Most geothermal dlrect-use systems w i  I 1 pay for  
themselves in 5-10 years from savings i n  conventional fuel.  Detai led economic evaluatlons are 
presented in Chapter 5, Economics. 

The economics are  grea t ly  enhanced where cascading (mu1 t i -s tage use) i s  considered. The Japa- 
nese opt imize cascading where geothermal f l u i d s  are f i r s t  used f o r  e l e c t r i c a l  power production, 
then space heating, cooklng and bathing (Otake). Here, an attempt i s  made t o  %queezett t he  
It  I a s t  drop of  energy" from the f I u I d. Lower-temperature cascad i ng cou Id consider space heating , 
agr i cu l tu re ,  bathing (swimming pools) and snow melt ing. Low- and intermediate-temperature geo- 
thermal resources can also be used t o  meet the base load of an energy demand. Heat pumps and 
foss i  I fuel  can then be used t o  meet the peak demands, thus conserving the resource and mlnlmlz- 
ing cap i ta l  investments (Ryback, 1979). 
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SPACE CONDITIONING 

General background 

I n  areas of the United States requ l r lng  s i g n i f i c a n t  heat for space conditlonfng, the most wfdely 
used r e s l d e n t l a l  space heating systems are forced a i r ,  c l r c u l a t i n g  water and rad iant  e l e c t r i c  
resistance. Recently, r e s t r i c t i v e  act ions i n i t i a t e d  in  several s ta tes l i m i t  new i n s t a l l a t i o n s  
of e f e c t r  Ic  res is tance systems. In  any event, forced-air and c i rcu la t ing-water  r e s i d e n t l a l  
heat! ng systems w l  I I rema i n  popu I ar  in  the foreseeable f u t u r e  regard less o f  the energy being 
u t i  1 i zed. More recently, t h e  use of heat pumps has become popular. F igure 2 i I lus t ra tes  these 
commonly used heating systems, a l l  o f  which are adaptable t o  geothermal energy. 

r 1 

Cool Air a I Hot Water Coil 

FORCED AIR I 

From Heat 
Source 

E vaporator 

Expansion Valve 

To Heot Sink 

Con denser 

HEAT PUMP 

FIGURE 2. Space-heating systems su i tab le  f o r  geothermal appl icat ions 
(source: EGdG Idaho, Inc,). 

Forced-afr .heating systems t ranspor t  heated a t r  through d i s t r t b o t f o n  ductwork to o u t l e t  f i x t u r e s  
r e f e r r e d  to as dif fusers. The source o f  heat for such systems can be in  many forms, Furnaces 
fue led w l t h  natura l  gas, propane o r  fuel oil are probably the most common in  s ing le  r e s i d e n t l a l  
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dwellings. I n  a l l  of the furnace-type systems, the open flame provides heat t o  a multichambered 
heat exchanger device over which a fan c i r cu la tes  a i r  to  the space being heated. 

Another device used extensively tu, provide heat to the forced-air system Is the e l e c t r i c  res i s t -  
ance duct heater. As the name implles, e l e c t r i c  heating colls are i ns ta l l ed  d i r e c t l y  in  the 
ductwork through which the a i r  I s  c i rcu la ted.  

I n  large, mu l t~p le -due l  I ing and commercial systems, a steam coil or hot-water mi 1 i s  'often used 
I fke the e l e c t r l c  duct heater to provide heat t o  the moving a l r .  The source o f  ho t  water or 
steam In a conventional system Is a bo l l e r  u t i l i z i n g  varlous fue ls  or energy sources. 

When cons I der I ng new geotherma I heating insta I I a t  ions, or the ease of r e t r o f i t ,  the  forced-a ir 
system Is undoubted I y the most adaptable. 

Finned-tube hot-water co i  Is are manufactured i n  a v a r i e t y  o f  s i ze  and water-f low combinations 
t h a t  a l low a maximum amount o f  heat t o  be extracted from the water, This, then, provides f o r  
s a t i s f y i n g  a desired heat load wh i le  ~ I n ~ m ~ z i n g  the s i r e  o f  accessory equipment, such as p ip ing  
and controls. 

The c i r c u l a t i n g  hot-water or hydronic system, j u s t  as steam systems, uses a m u l t ~ p l l c I t y  .of 
heat-d i s t r  I but ing uni ts ,  These u n i t s  lnc l  ude rad iators,  convectors, baseboard, f I nned-tu-be and 
rad iant -p ip ing grids. The method of t rans fe r r i ng  heat t o  the condit ioned space In a l l  cases 
includes a rad iant  or convective heat t rans fer  and usua l ly  a combination of both t rans fe r  mecha- 
nisms. 

Any of the hydronic systems, proper ly  designed and w i t h  automatic controls, can usua l ly  provide 
a more un I form space temperature than forced-a I r systems . When cons i der i ng new lnsta I I a t  ions o f  
t h i s  type f o r  geothermal, the  design and component se lect ions w e  st ra lght forward once the geo- 
thermal resource tempera'ture, f low and chemical character i s t i c s  are known, In r e t r o f f t  s i tua-  
t ions, however, unless a match o f  combined temperature and f low can be obtained between the geo- 
thermal source and the o r ig ina l  design parameters, a sa t i s fac to ry  and economically a t t r a c t i v e  
conversion becomes d l f f f c u l t .  For example, a system designed fo r  50 gpm (3 l/s) f low a t  180°F 
(82°C) may requ i re  addl t ional  f low i f  the geothermal temperature i s  below the 180°F (82°C) o r l g -  
fnat design. 

I n  add l t i on  to the more popular heatlng systems j u s t  discussed, the water-to-air heat pump fo r  
res iden t ia l  and commercial appl i ca t ions  has recent ly  gained increased acceptance. This  of f - the-  
she l f  device al lows f o r  the economic u t l l l z a t i o n  o f  the marglnal geothermal resource down to 
temperatures as low as 55-60°F (13-16OC). The heat-pump appl l ca t i on  adapts we1 I to the forced- 
a i r  system in  r e t r o f i t  s i t ua t i ons  and has the added bene f i t  o f  prov ld ing cool ing in  summer 
months w i th  no addi t ional  equipment cost. Off-the-shelf u n i t s  are ava i lab le  t o  operate on water 
temperatures from 55-90 O F  ( 13-32°C 1 , w 1 t h  custom-des I gned un I t s  f o r  temperatures above 90 "F 
(32°C) . 
Between 60°F and 90°F (16-32"c), standard heat pumps w f  1 1  have Coe f f l c l en ts  of  Performance (COP) 
of  about 3 when used t o  provide space and low-temperature process heat. This means the heat 
output w i  I I be about 3 tlmes the e l e c t r i c a l  Input. 

Large capac I t y  custom-des i gned water-to-water heat pumps are at so ava I I ab1 e tha t  can boost the 
temperature o f  an inadequate or mismatched geothermal resource t o  an acceptable range fo r  eco- 
nomic u t l l i z a t f o n .  Where output temperatutes o f  above 120°F (49°C) a r e  requlred, COP of stand- 
ard u n i t s  drops o f f  and the app l ica t lon  may requ i re  specla l  designs u t i f l z i n g  mult i-stage corn 
pressors and speclal gases. Temperatures up t o  230°F (110°C) a re  obtainable with COP'S of about 
2 and are read! l y  adaptable to u t i  I i t a t l o n  of both g ~ t h e r m a l  waters and waste hot waters from 
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from other processes. A t y p i c a l  two-stage u n i t  I S  shown In F igure  3. 

SCHEMATIC DIAGRAM 

Two Stage Compression 
(32 OC) 900 F Heat Source Temperature 

(82OC) 180' F Hot Water Delivered 
Condenser 

oo F Warm Water Return 
from Process 

Liquid 
(93%) 

Pressure Reducing Valve 

Vapor 
2nd Stage 
Compressor 

Flash Collector Tank 

Pressure Reducing Valv 

(32OC) 90° F 8OoF (27OC) 
Water in Water Out (Heat Source) 

FIGURE 3 0  Two-stage heat pump (source: GRC Special Report No. 5, 19.79). 

Geothermal appl i c a t l o n  of heat pumps with COP of much less than about 3 should be invest igated 
c a r e f u l l y  from an economical standpoint when t h i s  i s  the only app l i ca t ion  of  t he  water, s ince 
the  cost o f  wells, pumps, etc., must be considered in the overa l l  cost  of ob ta in ing  the desired 
output. Where geothermal "waste" water i s  ava i l ab le  from other space or process uses, heat 
pumps may make an add i t iona l  use (cascading) very economical. 

I n  considering geothermal for space heating in e i t h e r  new or r e t r o f i t  i ns ta l  la t ions ,  the  supply 
o f  heat f o r  domestlc hot water should not be overlooked. With the simple add i t i on  o f  a water- 
to-water heat exchanger, t y p i c a l  s ing le  res iden t ia l  energy savings o f  100 Kwhr/day can e a s i l y  be 
rea l  ized. 

P r i m a r i l y  as a r e s u l t  of emphasis i n  the s o l a r - u t i l i z a t i o n  area, a renewed in te res t  in the  
absorption cyc le  for cool lng appl i ca t ions  i s  evident. L i th ium bromlde u n i t s  are avai table i n  
more-or-less of f - the-shel f  s izes t h a t  w l  I I u t i  I lze water temperatures o f  180°F (82°C) and above. 
Custom-designed ammonia-adsorption u n i t s  are ava i l ab le  t o  u t i l i z e  ,water temperatures above 
approximately 22OOF (104°C). Both absorption cycles lend themselves more r e a d i l y  to the larger 
comnerclal i ns ta l  l a t i ons  than to the s ing le  res iden t ia l  dwel I lng. 

A summary o f  the  temperature ranges f o r  various space heating and cool ing devices i s  shown in 
Figure 4 (Lund, 1978). 

Est imat ing heat lng and coo l ing  loads (Rules of Thumb) 

Dur ing l n l t l a l  phases o f  p re l  imlnary design, it i s  of ten necessary for the  engineer or 
cont rac tor  to make estimates of bui l d l n g  heating and m o l  ing loads. Most experlenced engineers 
have establ ished t h e l r  own methods or, I f  you w i  I I, " ru les  of thumb,11 from which they make these 
i n  It1 a I es t  Imates. 
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Temper a ture Booster Surface and 

Chi I I ers 
c-- 

n 

0 
0 
z 
U 

base board CoGectors 

7 

Radiant Panels 

FIGURE 4, Temperature ranges f o r  heating and cool ing methods, 

A f f such ru les  o f  thumb must be used w i t h  cautfon and careful  consideration o f  the  c r i t e r i a  of 
t h e  pa r t i cu la r  p ro jec t  and, more Importantly, keep i n  mind t h a t  they provide estimates only, 

We w i  I I attempt herein to g i ve  our version o f  some of these ru les  from whlch I n i t i a l  comparisons 
of systems can be evaluated. 

Experience throughout much of the western U,S, ind icates t h a t  i n  most cases for res iden t ia l  
estimates, the  maximum heat loss of  normal sized bul ld fngs w i l l  vary between 15 and 60 Btu/ 
h r / f t 2  (1.7 x lo3 t o  6,8 x lo3 kJ/hr/m2 or 47 t o  189 w/rn2) o f  f l o o r  area, depending upon the 
ex ten t  o f  insutat fon and design temperature dffference, 

F igure 5 i l l u s t r a t e s  t h i s  basic rule, where curve A r e l a h s  to well  insulated bui ld ings,  curve B 
i s  f o r  a ffnormatIyR1 lnsutated bu f id ing  w i th  R-19 ce i l ings ,  R-13 wa l l s  and double glazing, and 
curve C re la ted  to o lder  homes w i th  R-13 cei I ings, sfngle-glass and standard-frame const ruct ion 
w i th  no w a l l  insulat ion, 

a I  0 \ 

-30  -20 -10 0 IO 20 30 40 50 60 70 80 90 100 110 Fo 

-34 -29 -a -17 -12. -7 -1.1 4 IO 16 21 27 32 38 43 co 
r 1 1 1 

OUTSIDE OR DESIGN TEMPERATURE 
~~ 

FtGURE 5, Design curves fo r  heatfng and cool ing loads, 
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Small commercial bu i ld ings w i l l  f a l l  w l t h i n  the above parameters. For the larger and more com- 
p lex  commercial or i n d u s t r i a l  type of bul ldlngs, we recommend t h a t  a block load be ca lcu lated 
using t h e  ASHRAE standards, even If it means estimating or ltguesstimatingtt what the const ruct ion 
may be. This  involves estimating the heat loss through outs ide wal I s  and roof, but not consid- 
e r i n g  the  d i f ferences in  heat r e q u i r ~ e n t s  o f  d i f f e r e n t  areas w i t h i n  the "block.*f Annual heat 
load may be estimated by numerous methods. ASHRAE Degree Day Method' usual ly  produces a high 
f igure, ASHRAE B in  Method i s  f a r  more accurate but  Is a lengthy process. Several computer 
programs t h a t  are q u i t e  accurate but expensive are a v a i l a b l e  f o r  more deta i led estimating and 
compar I son purposes . 

1 

The del ivered heat t o  a p ro jec t  should a1 low for miscel laneous losses and s t a r t  up from a co ld 
s t a r t .  Normally a fac to r  o f  25% i s  added t o  the heat loss ca lcu la t ions  t o  obtain the t o t a l  heat 
loss or heat toad (HL). 

Assuming t h i s  heat loss w i  I I be o f f s e t  by e i t h e r  pr'lmary o r  secondary water flow, then the water 
f low ( w )  requi red w i l l  be equal to: 

HL (Btu/hr) HL (kJ/hr )  - HL (kw) 
15,200 x A T ( " 0  - 4.22 AT(OC) or W(f/s) = 

500 x A T  (OF) 
W (gpm) = 

where T (temperature d i f f e r e n t l a ! )  i s  the  amount of heat ext racted from t h e  f l u i d  flow i n  OF. 

For a qu ick method o f  determining annual heat load f o r  comparison to other heating methods or 
systems, we r e c ~ e n d  the formu 1 a: 

DD x HL x 24 
= Btu/yr (or kJ./yr or watts) 

AT 
Annual Heat Load = 

where DD = Annual degree days2 (day-OF) 
HL = Heat Loss' (Btu/hr), and 
AT = D i f fe rence between ins ide and outs ide temperatures (OF).  

For more deta i led  heat-loss ca lcu lat ions,  t h e  fo l lowing basic formula i s  used: 

where HL = heat loss i n  B t u l h r  (or kJ/hr or watts) 
2 A = surface area In f t  of wal I, window, cei I ing, etc. 

U = therma I transmittance3 i n  Btu/hr/ft'/"F, and 
AT = design-temperature d i f fe rence between Inside and outs ide i n  O F  

A t  the present W t a t e  o f  the art," res ident ia t -cool  fng appl i ca t lons  u t i  I f t i n g  g ~ t h e r m a f  energy 
are  best l e f t  t o  professional engineers and no ru les o f  thumb are applicable. Commercial cool- 
ing  u n i t s  are ava l lab te  which can u t f l l z e  180-210°F (82-99OC) water. In general, hot-water 
f low requirements are s i g n i f i c a n t l y  higher fo r  cool ing than f o r  heating and cool lng water or 
coo l ing  towers a r e  requfred. Unless the hot and co ld water are r e a d f l y  available, cool ing 
systems may not  be economical. 

tems 

book 
t e r ,  

1 

Handbook, Chapter 43. 

Annual Degree Days--Obtainable from the local weather stat ions, ASHRAE 1976 System Hand- 
2 

Chapter 43, or from National Oceanlc and Atmosphere A ~ m i n i s t r a t i o n ,  National C l imat ic  Cen- 
Ashevil le, NC 28801. 

'Therma 1 -transm I t tance va I ues f o r  var I ous mater I a I s can be found 1 n ASHRAE . 

Detai t s  o f  the Degree Day Method and the B ln  Method may be found In the 1976 ASHRAE Sys- 
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New i nsta I I a t  ions 

As noted ea r l i e r ,  the design of a new geothermat space-heating system Is qu i te  s im l la r  t o  the 
design of a conventional hydronic space-heating system except t h a t  the designer o f ten  has no 
con t ro l  over the temperature of the  water avai table, and the  temperature I S  often lower than 
convent~ona l  systems. Addit lonat economic consideratlons must be made fo r  the we1 1, pump~ng 
equipment, i n  most cases heat-exchange equipment and, I n  cases where the wel I i s  some distance 
from t h e  bui Idings, the  transmlssion plplng, These add l t lona l  Items w f  I I be covered 'In de ta i l  
la te r ,  but  i n  general t h e i r  cost can be reduced by maximizing the temperature d i f f e r e n t i a l  
across the  h e a t - ~ ~ t t i ~ g  uni ts ,  The problem reduces to one of u t i  I Iting the temperature avai 1- 
ab le  and balancing water-supply costs  against the cost o f  obta in ing high AT  i n  the geothermal 
water. Considerations spec l f i c  t o  d i f f e r e n t  systems are below. 

Radiant panels (floor, c e i t i n g  wat f l .  This system can u t i f l z e  water a t  fower temperatures 
than any other except heat pumps ( see F igure  4)  8 I n  order tu obta in  the  required heat output a t  
low i n l e t  temperatures, t he  panels must have close co i  I spacing, shal low pipe depth, smal I pipe 
s izes  and hlgh flow rates. P l a s t i c  pipe 1/2-0nch or less (13 rnm) I n  diameter can be u t i l i z e d  t o  
reduce co i f  costs and prevent corros ion and sca f tng  where temperature l i m i t s  o f  the p ipe are not 
exceeded: 125°F (52°C) for ABS, 350°F (66°C) fur PtdC and 212°F fl0O"Cf f o r  CPVC, 

Baseboard convectors, Baseboard convectors, due t o  t h e i r  low i n i t i a l  cost, are In most 
cases the  most economical heating system f o r  res iden t ia l  and smal I commercial appl icaf ions. 
They f i n d  l i t t l e  app l i ca t ion  i n  larger spaces since heat output and a i r  c i r c u l a t i o n  are i im i ted  
and cooling 4s d i f f r ' cu f t ,  fn w d e r  to a t t a i n  a fargeAT and assocla9ed low flow rates, 3/4-lnch 
(19 mmf and smaller tube sizes are  required t o  maintain f low v e l o c i t i e s  in  the  des i rab le 
tu rbu len t  regime. Large, c lose ly  spaced f i n s  with the  width dimension greater than the height 
dimension provide greater heat t rans fer  than square f ins.  Where n iu l t i p te  rows are required trr 
ob ta in  the  desired output  and space is avai lable, hor izon ta l  ptacement of the  rows w i l t  provide 
near ly  one and one-half t imes the heat output of v e r t i c a l  stacking of the rows. 

S ince the  heat output decreases rap i d I y w I t h  decreas i ng temperatures, the  pass i b i I i t y  of us I ng 
geothermal water d i r e c t l y  and e l i ~ i n a t i n g  the temperature loss in  a heat exchanger should be 
Investigated. tn many tow-temperature waters, i r on  p ipe w i i  f provide be t te r  corrosion r e s i s t -  
ance than copper. The cost and a v a i l a b i l i t y  o f  special tube mater ia ls  t o  r e s i s t  corros ion 
pecul i a r  to the  resource should be invest igated and cost  analys is  run. 

Average water temperatures betow 140°F CSO"0  are  d i f f f c u f t  t o  u t i l i z e  and present speciaf 
eng i neer i ng and arch i tec tu ra  I prob i ems. 

Forced-air systems. Forced-air systems are by f a r  the most popular f o r  res iden t ia l  appl i- 
cat ions  and are used almost exc lus ive ly  f o r  larger commercial appl i ca t ions  e i the r  wi th o r  with- 
o u t  supp 1 ementa I per imeter heat convectors or baseboard un i t s .  

A I though large temperature drops are  desired, the designer should not  necessari l y  set  a L?T t o  be 
a t ta ined  In the design, b u t  ra ther  attempt t o  obtain as low an e x i t  water temperature as possi- 
ble. Although water temperature d i f f e r e n t i a l  of  100°F (38°C) can be obtained when 200°F (93OC) 
water f s  avai lab le,  under some condi t lons a 40°F (22°C) drop may bs d i f f i c u l t  when on ly  120°F 
(49'CI water i s  avai lable. Conversely w i th  high make-up a i r  requirements i n  cold temperatures, 
water temperature drops in  excess of 40°F (22°C) wi th  f20°F (49°C) i n l e t  water may be read l f y  
obtained w f th  6- o r  +row muttlpie-pass reverse-flow co l ts .  

I n  many cases, the  fan coff un l t s  w l f l  be o f  special design in  order t o  obtafn the high AT, 
Another approach fs t o  use somewhat standard design u n l t s  In ser ies t o  obta in  an overat I high LT 
wf th  the  u n i t s  on the tow-temperature end of special design for the  lower enter fng water 
temperatures, 
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Some examples of the special mnsfdera t ions  and t h e i r  consequences are: 

Des 1 red  parameter Consequences 

H Igh AT water 1, Increased face area 
2, 
3, 
4. 
5 ,  

Deep coi Is with h igh bP water 
Serpentine paths w i th  h lghAP water 
Closer f i n  spacing w i t h  h ighAP a i r  
"Stacked" coils wi th  h l g h d P  a i r  

whereAP = change or drop in pressure 

Low Inlet-Temperature Water 1, 
2, 
3, 

Law Temperature A i r  Out t o  

2, 
3. 

Increased surface area 
C I oser approach temperatures 
Higher water-flow ra tes  

Hlgh a i r  flow 
Larger duct work 
HSgher A P  a i r  

H fgh  water- and air-pressure drops may requ i re  c i r c u l a t i o n  pump and fan design d i f f e r i n g  from 
more conventional systems, 

F igure  6 i I tust rates the approximate output r a t e  fo r  cast- iron rad iators ,  f inned' tubes and fan 
c o i  Is. 

a 
w 
I 

60- 

40 - 

2Q - 

t 

104 1% 49 80 71 82 93 
0 4  4 

IO0 120 140 I60 I80 P O 0  22 0 
AVERAGE WATER TEMPERATURE OF Tin + Tout IN OF AND ("C) 

2 

FIGURE 6. Approxlmate heat output r a t e  of rad la to rs ,  f inned 
tubes and fan co l  I s  VS. water temperature, 
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R e t r o f i t  -- 

I n  general , hot-water systems o f  any type are no t  usual l y  d i f f  i c u l t  t o  r e t r o f i t  i f  geothermal 
water above 180°F (82°C) i s  avai lable. Most convent ional ly fueled systems operate a t  180- 
210°F (82-99°C) and many have s u f f i c i e n t  capacity t o  car ry  the heating load i f  water temperature 
i s  reduced 20-30°F ( 1  1-17°C). 

The a b i l i t y  t o  car ry  the heating load a t  reduced temperature i s  due e i the r  t o  o r i g i n a l  over- 
design or  t o  se lec t i on  o f  standard-sized components o f  the nearest s i ze  larger than actual 
requirements. The o lder  the system, the  better are the  chances o f  having over-capacity, s ince 
modern design information was not avai lable,  component select ions were not as large and larger 
sa fe ty  fac to rs  were usual ly applied. Systems w i th  capac i t ies  of 150-175% of actual requirement 
a r e  o f ten  encountered. A few observations and simple ca lcu la t ions  (heat requirements VS. 

capac i ty )  w i  I I usual l y  indicate i f  s u f f i c i e n t  capaci ty may be avai lab le  and warrant f u r the r  
invest igat ion.  

One o f  the  simplest and most straightforward methods o f  checking. system capacity i s  t o  gradual ly 
reduce system- i nput temperature during the peak heat I ng season unt i I the geotherma I temperature 
avai  l ab le  i s  reached or  desired space temperatures are not maintained. The usual r e s u l t  Is t h a t  
system !'on" ti me i s  increased and temperatures are ma i n t a  i ned. Since geotherma I -system operat- 
ing  costs are usua l ly  low, the conversion would prove economical. 

Forced-air systems. Systems u t i  I i z i ng  hot water in fan-coi I un i t s  are general l y  the  easi- 
e s t  and least c o s t l y  t o  r e t r o f i t .  Most conventional l y  fueled systems are designed w i th  simple 
0n.e- or two-pass c o i l s  wi th a i r  flow perpendlcular t o  the c o i l s  and inlet-water temperatures o f  
180-200°F (82-93°C) . Where simi t a r  geothermal temperatures are avai lab le  there  are no prob- 
I ems. 

Most geothermal systems w i  I I requ l re  heat exchangers to prevent corrosion of the fan-coi I tube. 
Even considering the  10°F (6°C) o r  so loss across the  heat exchanger, new c o i l  un i t s  i n  ser ies 
w i t h  e x i s t i n g  c o i l s  or new mult ipass c o i l s  w i l l  provide the required output wi th su rp r i s ing l y  
low geothermal temperatures. 

Where the  avai l ab le  resource temperature I s  considerably lower, such th ings  as increasing the 
duty t ime as noted above may not s u f f i c e  and deeper c o i l s ,  increased co i l - face  area, reduced f i n  
spacing and increased a i r  volume may be required. Each of  these w i t  I a f f e c t  other system param- 
eters.  For instance, deeper co i l s ,  c loser  f i n  spacing and increased a i r  volume w i l l  increase 
t h e  air-pressure drop across the c o i l  and may requ i re  increased fan speed and/or increased fan- 
motor power. Fan speed can often be increased by simply changing fan-belt pu l ley  ra t i os ,  bu t  
s i g n i f i c a n t  changes requ i re  increased motor horsepower. Increasing the coi I- face area w i  I I a id  
i n  maintaining low air-pressure drops and can be achieved by mounting the co l  I a t  an angle to 
t h e  a i r  flow o r  duct ax is  o r  ins ta l  l i n g  t r a n s i t i o n  duct work t o  obtain a larger mounting space, 
as shown in F igure  7. 

Increased a i r  volume a f fec ts  the e n t i r e  duct system w i t h  increased v e l o c i t i e s  and posslble 
at tendant pressure and noise problems. Most systems w l  I I accept some increase in  volume with 
some cases requ l r l ng  changes in d i f f u s e r  s l ze  to e l im ina te  noise. Addi t ional  duct work nay be 
added t o  increase the  air-handling capacity and new ou t le t s  may be s t r a t e g i c a l l y  located i n  
areas requ i r i ng  more heat o r  where they can supply several areas. 

E l e c t r i c a l  resistance duct-heating systems can be r e t r o f i t  u t l l i r i n g  the considerations above. 

The r e t r o f  it designer should remember t h a t  forced-air systems are the most compl icated of  the 
common systems and as such have the greatest  number of variables. I n  most cases, t h i s  a1 lows 
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I &  a. Original instal la~on b. New coll at angle In duct c. A coll ins ta l ia t~o~ 
or air handler 

geothermal 
fluid in 

7 

m -  heated air 

geothermal I 
fluid out 

d. Transition piece 

FIGURE 7, Simple methods to increase fan-coi l  face area. 

more manipulat ion of the var iab les t o  a t t a i n  the desired end resul ts ,  but  requi res greater inge- 
n u i t y  and care i n  the  design. 

Hydronic systems. The common hydronic systems, baseboard or convector finned-tube uni ts,  
rad ia to rs  and rad ian t  panels, have few var iab les  one can change to accommodate lower i n l e t  water 
temperatures, except to add rad iat ion.  Careful ca l cu la t i on  of heat load and heating-unit output 
w i l l  ascer ta in  the  minimum permiss ib le  average temperature wi th e x i s t i n g  rad iat ion.  (Bet te r  yet 
i s  the  reduct ion o f  boi l e r  out l e t  temperature as noted ear I ier,) Heat output of these u n i t s  
var ies  i inear ly  though not d i r e c t l y  wi th average water temperature as noted ear l  i e r  in  F igure  60 
Lower i n l e t  temperatures can be o f f s e t  somewhat by increased f low rates, thereby reducing the 
temperature drop across the system. However , increased flows requ i re  increased pump! ng power , 
increase the  possi b i  I I t y  of water hammer , noise and, of course, requ i re  an adequate supply of 
water i n  direct-use applications, Proper control  valves may a l l e v i a t e  the  water-hammer problem, 
but noise can be e l  iminated only by mainta in ing flows below a c r i t i c a l  ve loc i ty .  

When r e t r o f i t t i n g  for lower temperatures, usual l y  the m s t  economical and des i rab le so lu t i on  i s  
t o  i n s t a l l  new and/or increased rad ia t i on  surface. Small tube sires In new rad ia t i on  w i l l  al tow 
reduced water flow per rad ia t i on  u n i t  wh i le  maintaining nearly the same output a l lowing more 
rad ia t i on  to be i n s t a l l e d  on ex i s t i ng  p i p i n g  systems. 

Radiant panels ( f l o o r . o r  c e i l i n g )  a re  the most d i f f i c u l t  hydronic system i n  which to make large 
temperature changes since the  expense of l n s t a l l ~ n g  add i t iona l  rad ia t i on  of the same type i s  
p roh ib i t i ve ,  The r e t r o f i t  designer must usual ly  be s a t i s f i e d  w i th  accepting the lower heat out- 
put  of the panels and supplementing t h i s  w i th  add i t iona l  baseboard or other rad la t fon  or w i th  
S U p P ~ ~ e n t a l  forced a i r ,  I n  f l o o r  systems, the f l oo r  covering may be changed, I & . ,  from car- 
pets t o  l inoleum or t i l e s ,  but t h i s  I s  usua l ly  not acceptable. 
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Steam radiat ion.  Steam systems u t i  I l z ing  convectors o r  rad ia to rs  are probably the most 
d i f f i c u l t  t o  r e t r o f i t .  Water temperatures must be high t o  al low use o f  ex i s t i ng  rad ia t i on  (see 
Figure 6)  . Steam supply 1 ines are usual l y  adequate t o  supply ho t  water, bu t  condensate I ines 
(w i th  steam traps removed) q u i t e  o f ten  are not. I n l e t  temperatures lower than 190°F (88°C) a re  
usual l y  impossible t o  u t i  I I ze  wi thout extensive modif icat ions unless the  system was g rea t l y  over 
designed. The use o f  more e f f i c i e n t  rad ia t i on  devices i n  convection un i t s  w i th  fans should be 
invest igated t o  determine whether or not condensate l i nes  w i I  I be adequate f o r  required flows. 
P ip ing  costs can sometimes be reduced by mod i f i ca t ion  of  the zoning arrangements a l low ing  the 
use o f  some ex i s t i ng  l ines  w i th  add i t iona l  new re tu rn  p ip ing  to serve other zones. Accessibi l -  
i t y  o f  the piping system f o r  mod i f i ca t ions  and add i t ions  o f ten  i s  an important consideration. 

I n a l  I o f  the above types, t he  r e t r o f i t  designer should not over look the possi b i  I i t y  o f  supple- 
menta I systems when avai table resource temperature w i  I i not permit  t he  ex i s t i ng  system t o  meet 
the  demand. Often the  supplemental u n i t s  can be cascaded w i th  the  e x i s t i n g  system thereby pro- 
v id ing  the  required heat output w i th  high temperature drops and e f f i c i e n t  use o f  the resource. 

Addi t ional  considerations 

Importance of la rge  temperature d i f f e r e n t i a l .  I n  the ea r l y  days o f  hydronic heating, it 
was commonplace t o  use a 20°F AT (11°C) f o r  heat t rans fe r  from c o i l s  or radiat ion.  This neces- 
s i t a t e d  comparatively large pipe and pump sizes t o  c i r c u l a t e  the amount of  water required. . In 
recent years, engineers have been using temperature d i f f e r e n t i a l s  o f  40"F, 60°F and 80°F' (22", 
33" and 44"C), thus using considerably smaller pipes and pumps. 

As an example, l e t  us assume a system has a heating capaci ty o f  500,000 Btu/hr ( 5  x l o 5  kJ/hr 
= 146 kw) capacity. A t  a A T  o f  20°F (11"C) ,  t h i s  system would requ i re  50 gpm (3 l/s). The 
same system on a AT o f  60°F (33°C) would requ i re  a f low o f  on ly  16.6 gpm (1 l /s).  Thus, i n  the 
case o f  t he  A T  = 20°F (11"C), a 3" (76 mm) p ipe would be required, whereas a t  a A T  = 60°F 
(33"C), a 1-1/2 inch (38 mm) p ipe would be required. This same reduct ion appl ies t o  pump s i z ing  
and a l l  accessories. The economics of  t h i s  are very evident i n  the  piping system, but these 
savings are, o f  course, o f f s e t  somewhat by higher costs o f  the heat ing uni ts.  Overal l  economics 
must be considered, b u t  nearly always favor higher AT'S. 

These Same p r inc ip les  are m u l t i p l  led in geothermal heating and p ip ing  systems, since another 
basic p r i n c i p l e  enters i n to  the th inking, i.e., i f  you pump 500 gpm (30 I /s)  o f  180°F (82°C) 
water out o f  a geothermal we l l  and only use a'AT o f  20°F ( l l " C ) ,  you have only 5,000,000 Btu/hr 
(1.47 MW) of  usable heat extracted; however, i f  t h a t  same water i s  returned to the i n jec t i on  
wel l  a t  100°F (38"C), o r  a AT = 80°F (44"C), you have extracted a usable heat o f  20,000,000 
Btu/hr (5.86 MW) . This  represents a e400 percent increase in heat production w i th  the  same we1 I, 
pumping and p ip ing  costs. 

The increased A T  may be obtained by several methods: increased c o i l  size, mult i -serpent ine 
co i l s ,  cascading, o r  any other series-type flow. 

Therefore, in any hot-water p ip ing  system, whether It i s  a primary geothermal water source, a 
secondary flow, o r  a system t o  a s ing le  col  I, the larger the AT obtainable,  the more s i g n i f i c a n t  
w i l l  be the economic savings in the piping and pumping system. 

Water qual i t y  considerations. In the design o f  a geothermal heat ing system, a t ten t i on  must 
be paid to the qual i t y  o f  the geothermal f l u id .  Many geothermal resources are high in t o t a l  
d issolved sol ids and most f l u i d s  contain hydrogen s u l f i d e  or  other cor ros ive  components. 

Since the temperature of t he  geothermal f l u i d  I s  decreased In a heat ing system, dissolved so l i ds  
tend to p r e c i p i t a t e  out as scale. I f  the  scale forms on a heat- t ransfer surface, such as the 
ins ide  o f  a heater co i  I, the  heater duty decreases due to increased resistance t o  heat t ransfer.  
As scale build-up continues, flow r e s t r i c t i o n  becomes Important, and pipes or  tubes can plug. 
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One means of cont ro l  I ing scale i s  t o  use the geothermal resource t o  heat a secondary f l u i d  which 
does no t  have a scat ing problem. By heating the secondary f l u i d  a t  the  wet I .area, scale bui ldup 
i s  l oca l  Ized. The heated secondary f l u i d  i s  then c i r cu la ted  through the  d i s t r i b u t i o n  systems, 
and reheated in a closed loop. Sjnce the scale p rec ip i t a tes  when the  temperature decreases, 
most o f  t he  deposi t ion from the geothermal f1,uid occurs ins ide  the heat exchanger and chemical 
o r  mechanical cleaning of the exchanger i s  possible. I n  a system w i t h  a secondary heating loop 
such as t h i s ,  it I s  poss ib le  t o  have a standby heat exchanger in p a r a l l e l  w i th  the normal 
exchanger so t h a t  exchanger cleaning and maintenance does no t  force a system shutdown. Another 
advantage of a closed secondary heating loop i s  t h a t  an t i - f reeze and corrosion i n h i b i t o r s  can be 
added, thus pro tec t ing  the d l s t r i  but ion system and heaters. 

In- geothermal f l u i d s  t h a t  contain hydrogen s u l f i d e  or other cor ros ive  components, it is impor- 
t a n t  t h a t  the  f l u i d  does no t  contact suscept ib le materials. As an example, copper i s  read i l y  
attacked by su l f ides ,  so the  use of copper c o i l s  should be c a r e f u l l y  studied i f  geothermal f l u i d  
i s  t o  be used d i r e c t l y .  The use of a secondary heating loop can be benef ic ia l  because more 
expensive, cor ros ion- res is tan t  mater ia ls can be l im i ted  t o  the well-area p ip ing  and heat 
exchangers . 
There are many instances where geothermal f l u i d s  have been used d i r e c t l y  in hydronic systems 
w i th  l i t t l e  o r  no d i f f i c u l t y  due to scal ing or  corrosion. To add a secondary heat ing loop or 
non-standard heating c o i l  could be an unnecessary expense. Thus, t he  design of any system 
should be based on the p a r t i c u l a r  qual i t y  of the geothermal source. 

D I STR I CT HEAT I NG 

D is t r i c t -hea t ing  systems are div ided in to  three main components: t he  heat production un i t ,  the 
d i s t r  1 but  ion  network and the consumer insta I I a t  ions . The heating med i um used in European sys- 
tems i s  almost exc lus ive ly  high-temperature (300"F, 149°C) t o  low-temperature (25O-18O0F, 121- 
82°C) hot-water systems. Swedish systems operate wi th high-temperature water requ i r i ng  heat 
exchangers between the d i s t r i c t  and consumer. Denmark uses nedium- t o  low-temperature hot water 
i n  t h e  mains, p rov id ing  the  p o s s i b i l i t y  of d i r e c t  connection t o  the consumer i ns ta l l a t l ons ,  
which simp1 i f i e s  system design. In  the United States, steam i s  the most common medium used. 

Why d i s t r i c t  heating? 

A strong incent ive  fo r  d i s t r i c t  heating i s  energy conservation and lower energy costs by using 
cheaper fuel and waste heat. Fuel economy i s  greater f o r  d i s t r i c t  heat ing ( f o r  example, a home 
wi th  an ind iv idua l  heat ing system operates a t  50 t o  70% e f f i c i e n c y  compared t o  80% i n  the case 
o f  d i s t r i c t  heating). Other incentives are improved a i r  q u a l i t y  through improved discharges of  
fossl  I - fue l  f i r e d  cent ra l  ized plants; the concentrat ion of $he fac l  I i t y ,  a1 lowing e f f  i c i e n t  use 
o f  fewer techn ica l  and superv isor ia l  spec ia l i s ts ;  and fewer o i l - t ranspor t i ng  vehic les fo r  
fossi  I - fue l  plants. Using geothermal energy as the energy source, a more e f f i c i e n t  use o f  the 
resource can be rea 1 1 zed. 

Obstacles t o  d i s t r i c t  heating are: cos t  o f  d i s t r i bu t i on ,  d i s t r i b u t i o n  heat loss, t he  high cost 
o f  supply ing one-family houses on l o t s  over 5000 ft2 (460 m ), h igh i n i t i a l  c a p i t a l  invest- 
ments and the many d i f f e r e n t  types o f  heating systems i n  the  United States. Natural gas i s  a 
severe competitor t o  d i s t r i c t  heating from an envlronmental and economic view; however, geother- 
mal energy has proven compet i t ive (Klamath Fa I I s )  where the resource I s  near the heating load. 

2 

Iceland has experienced great success in using geothermal energy f o r  d i s t r i c t  heat ing w i th  a 
savings o f  approximately 30% over using heating 01 I . Approximately 65% of the bui I d  lngs in the 
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country and 97% i n  Reykjavik are on . d i s t r i c t  heating systems. 
Sweden and Denmark, a r e  expanding d i s t r i c t  heatlng systems because of fuel economy. 

Other European countries, such as 

Heating density 

A -very important economic fac to r  Is the  heat denslty, lee., the  poss ib le  connected heat %demand 
f o r  d i s t r i c t  heating divided by the ground area, High heat densi ty  i s  required since the d is-  
t r i b u t i o n  network which t ranspor ts  the hot  water t o  the bui ld ings i s  expensive. StudJes  which 
have been done In  the U.S. and Sweden have categorized areas according t o  the economy prospects 
o f  d i s t r i c t  heating 

Peak 
Heat Density 
MBtu/hr acre 

MW/ha 

s0.97 
0.97 - 0.70 
0.70 - 0.28 

0.28 - 0.17 
<0.17 

as shown In  Table 2 (Swedish D i s t r l c t  Heating Manual, 19781, 

TABLE 2 

Economy prospects of heat dens i t y  f o r  d i s i r  i c t  heat I ng 

Area Category - 
Downtown - high r i s e  
Downtown - Mul t i -s to r ied  bui ld ings 
C i t y  core - commercial bldg 8 mul t i -  

Resident ia l  - mul t ia fami ly  houses Quest i onab I e 
One-family houses Not possible 

Very favorable 
Favorab I e 

fami ly  apartment bui ld ings Possible 

The economy o f  a d i s t r i c t  beating system can be improved by adding an i n d u s t r i a l  base or caol lng 
loads t o  the system. This i s  I f l us t ra ted  in  Figures 8 and 9 by comparing duration curves f o r  
thermal loads only (F igure 8 )  and combined winter  thermal and summer a i ~ u c o n d ~ t i o n i n g .  The 
l a t t e r  i s  based on the  assumption t h a t  the summer cool ing load does no t  .a f fec t  the pipe 

Percent 
Heat Load 

Percent 
Heat Load 

size. 

FIGURE 8. Thermal load duration curve. FIGURE 9. Thermal and a i r - c ~ n d i t ~ o n ~ n g  
I oad durat ion curve. 

The area below the curve expresses the total heat ~ n s u m p t ~ o n  in  a year. This i s  improved f o r  
t h e  combined curve, Figure 9. 
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LOW- vs. high-temperature systems 

D i s t r i c t  heating I S  a matter o f  heat t ranspor tat ion which i s  accomplished by using low- tempera- 
t u r e  (250"F, 121 OC), high-temperature (3OO"F, 149'C) h o t  water or steam as the medium. 

Low-temperature hot water in  the malns provides the possi b i  I i t y  of d i r e c t  connection the con- 
sumers, D i r e c t  connection means be t te r  e f f ic iency,  an increase in  the permissible temperature 
d i f f e r e n t i a l  a t  a given temperature, and a smaller amount o f  ~ i r c u l a t l n g  hot water w i th  smaller 
p ipes and lower heat loss. System design i s  s imp l i f ied ,  and wi thout  r e c i r c u l a t i o n  there is usu- 
a l  I y  no need to  incorporate ln ternal  pumps in  space-heating, i n s t a l  la t ions,  which leads to  lower 
i n s t a l l a t i o n  and operating costs. 

H i gh-temperature hot-water systems usua I 1 y requi re  the add it ion  of heat exchangers and rec i rcu-  
l a t i o n  pumps In  the consumers' bui tdings. Higher heat losses a lso  r e s u l t  In the d i s t r i b u t i o n  
network. Steam systems general l y  have a lower e f f i c i e n c y  and a I imited t ranspor t  distance when 
compared t o  hot-water systems . 
A u x i l i a r y  b o i l e r s  and heat pumps 

Geothermal energy can be used as a preheater in  t h e  case o f  a low-temperature resource. The 
geothermal f I u i d  can be boosted t o  a higher temperature by foss i  I fue l  , such as In the Reykjavik 
system, o r  t o  preheat a secondary f l u i d  which i s  In  t u r n  peaked by f o s s i l  fuel, Capi ta l  costs 
a r e  genera l ly  reduced by in t roduc~ng an a u x i l l a r y  boiler i n t o  large d is t r i c t -heat ing  systems. 
Designed t o  meet the peak heat load a few days out of the year by increasing f l u i d  temperature, 
t h i s  r e s u l t s  In  smaller pipes, pumps, heat exchangers and fewer wells. 

Another possi b i  I i t y  in  the case o f  a low-temperature (140-160"F, 60-71 "C) geothermal resource i s  
t o  include heat pumps i n  add i t ion  t o  the a u x i l i a r y  bi fers. A system of t h i s  type ins ta l  led in  
t h e  P a r i s  basin supplies heat t o  10,000 apartments and i s  claimed t o  be economical (Ryback, 
1979). Annual heat consumption from the cont r ibu t ions  o f  d i f f e r e n t  sources f o r  geothermal alone 
and geothermal p lus heat pumps i s  $ 1  l us t ra ted  by the areas under the curves i n  F igure 10. 

Geothermal d i s t r i c t  heating 

The main emphasis i n  using low-temperature geothermal energy w i  I I be in space heating in the 
future, Large-scale d is t r i c t -heat ing  pro jec ts  w i  I I be undertaken (such as being developed in  
Botse and Klamath Fa l l s ) .  D i s t r i c t  heatlng w i l  I become more and more economical w i th  f u r t h e r  
esca la t ion  In conventional fue ls  r e s u l t i n g  in  the ~evelopment o f  resources fa r ther  from the 
heat ing load, Transmission distances o f  30-60 mi les (50-100 km) a r e  being considered and proven 
on paper (Akureyri ,  fceland), w i th  13 mi les (21 km) present ly  a r e a l i t y  (Reykjavik, Iceland), 
Transmission temperature losses in  the below 212°F (100'C) range are around 0,3"F/mI (0.1 "C/km) 
f o r  lnsu I ated p i  pe, 

A geothermal d i s t r i c t - h e a t i n g  system w i  I 1  general l y  have the same basic components as a conven- 
t i o n a l  system. The production f i e l d ,  which Includes m i l s ,  pumps and c o l l e c t i o n  malns, replaces 
t h e  boi i e r  in  a conventional system. A I  1 other components, such as piping, valves, c o n t r o l s  and 
metering, etc., would be s i m i l a r  t o  a conventional system. 

D i s t r i c t - h e a t i n g  metering systems f o r  the purpose of b i  I I ing consumers can be based on quant i t y  
of water used (volume m e t ~ r i n g ) ,  quant i t y  o f  heat used (energy meterlng) or  speci f ied apportion- 
ment fac to rs  (non-meter b i l l i n g ) .  

Water-vol ume meters f n use i n  the d i s t r  1 ct-heat I ng sector  use mechan I ca I pr  i nc I p I es t o  measure 
water flow through a counter which reg l s t e r s  the passing volume o f  water. Thls type of meter 
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contr ibutes toward making consumers economy. conscious i n  running t h e i r  systems to achieve the 
gredtest  poss lb le  cool Ing of the d l s t r i c t - h e a t i n g  water. Volume meters are r e l a t i v e l y  low cost 
f o r  purchase and operation. The obJectfon to vofume metering Is the variance fn  suppty tempera- 
t u r e  to t he  cunsumerzS fnstat tat ton,  

There are *two ~ m p o n e n t s  In energy meter~ng: q u a ~ t ~ t y  of flow and ~ m p e r a t u r e  d i f f e r e n t i a l  
across the system. Mu t t l p  I f c a t f o n  of these two values provides a measurement of the systemts 
heat ~ ~ s u m p t ~ u n ~  Thfs method pruvldes a favurabie so lu t i on  to heat measurement because mnsum 
e r s  are b f t l e d  on the basis of actual  heat. consumed. An object ion to t h i s  Type of metarfng has 
been the  cost  of purchase; however, Qantsh f i rms w i l l  be making ava l l ab le  r e l a t i v e l y  low-cost 
energy meters. 

€31 I t fng i n  ~ ~ o ~ u ~ t ~ ~ n  to the consumers Ins ta l  tat ion,  i.e., tu the cublc voIume or  f l o o r  area, Is 
a non-metering method used In some d fs t r t c t -hea t ing  schemes- The advantage o f  t h i s  mbthod 1s 
the savlngs In  costs r e l a t i n g  tx> t he  purchase, se rv i c fng  and replacement of meters, as weif as 
t o  meter reading, whfch Is elfmtnated. This  method Is not  su l tab le  where *here fs a variation 
i n  insulation standards, n i x  of h3gh- and tow-density housYng, o r  ~ ~ ~ d ~ n g s  of varylng age, 

A s i n g l e p i p e  (opennended) d ~ s t r I b u t ~ o n  network w i th  heat exchangers i n s t a l  led i n  each buf fd lng 
and disposal of the  geothermal f l u i d  a t  the end of the consumer connections would be the most 
des l rabte type systemr This makes t h e  d i s t r l b u t i o n  network cheaper, as the cost of a sfngte- 
pipe network f s  on fy  about 70 percent of a two-pipe Ccfosed-loop9 system. 

A two-pipe system involves a centra l  heat exchanger, pumping and cont ro l  facDf i t y .  Depending &I 
t h e  tocat lon and cha rac te r f s t i cs  of the  r~source ,  t,e,, t he  necesslty ta recharge by mean§ of 
i n j e c t i o n  Weits, t h i s  may be the most deslrabte approach. 

1.t i s  .p rac t ica l  to d f v t d e  the construct ion of t h e  geothermal d f s t r i c t -hea t ing  system i n t o  three 
main parts, whfch break down as fatlows: 

Heat Product Son 
1 8 
2, D r l f ! I n g  and Well Compfetton 
3. coi l e c t f n g  Mains 

Exp I o r a t  ion and Assessment 

Transpar tat  I on 
1, Main Pumping Stat ion 
2, Suppfy k i n s  

D i s t r i b u t i o n  System 
I ,  Q ~ s t r i b u t l ~ n  Pumpfng S ta t i on  
2, St ree t  MaIns 
3* Servlce Branches 
4 Consumer Connect ions 

The cos t  o f  each p a r t  Os varlabls, A s p e c l f l c  example of geothermal casts Is shown by two 
d 1 s t r  fct-heat i ng pro jec ts  fn fee I and (Reykjav I k and Akureyr I ) , where the  proport  ions of costs 
a re  as fotiows: 

P r ~ d u ~ t i o n  If t o  25 percent 
Trans por t a t  i on 18 t o  20 percent 
~ ~ s t r l b u ~ ~ o ~  System 58 to 66 percent 

A t  present-day pr Ices, t he  g e o t h e r ~ a l  appl i c a t i o n  w i  I I cost about the Same M" less than the mr- 
responding annual foss i l - fue l  cast. Que t o  expected sscaiat ion o f  f o s s l l - f u e l  prlces, t he  costs 
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o f  the geothermal system w i I I decl ine, Most geothermal direct-use systems w i  I I pay f o r  them- 
se lves i n  5-10 years from savings fn convent iona~ fuel. 

An example o f  the  economical aspects of a d ~ s t r i c t - h e a t ~ n g  system i s  it l us t ra ted  in  Chapter 5, 
E conom i cs . 
AGRI~ULTURAL AND I ~ D U S ~ t A L  ~ P L ~ C A T I ~ N S  

Geothermal energy can be used In a wide v a r i e t y  of appl lcat ions in  the a g r i c u l t u r a l  and Indus- 
t r i a l  sectors. Th is  sect ion has the main ob jec t ives  of ( 1  1 i nd ica t ing  po ten t ia l  appl icat ions, 
(2)  I t  l u s t r a t i n g  how geothermal energy can be used in  several specff i c  areas, and ( 3 )  prov id ing  
gu ide i  ines on t h e  "appl Ication-resource i n t e r a c t i o n  factors" t h a t  must be considered i n  agr icu l -  
t u r a l  and i n d u s t r i a l  appl icat ions of geothermal energy. 

The mater ia l  i n  t h i s  sect ion has been prepared by several ind iv idua ls  working on various aspects 
of  geothermal energy u t i  I ization. The mater ia l  presented here . i s  heavi ly  i n f  tuenced by t h e i r  
experiences and works as well  as the many recent ly  completed works In  t h i s  area. No attempt i s  
made to  r e f e r  extens ive ly  t o  previous works, However, the main references are ind icated as a 
se lected blbt lography of works fn the u t i l i z a t i o n  of geothermal energy. 

Since the maximum resource temperature considered in  t h l s  work i s  300°F (149"C), the  processes 
a r e  also necessari ly r e s t r i c t e d  to  those w i th  an app l ica t ion  temperature of less than 300°F 
(149°C). Appandlx i l i s t s  most of the i n d u s t r i a l  processes, t h e f r  appl icat ion temperature range 
and the annual energy use f o r  the process type In  t h e  U,S. 

Figure 11  graphical l y  depic ts  the appl i c a t l o n  temperature range f o r  many o f  the processes from 
Appendix I as we1 t as the  a g r i c u l t u r a l  appl l ca t fons  not  included in  the standard and i n d u s t r i a l  
c l a s s i f i c a t i o n s  (S IC)  groups and Appendix I. 

A g r i c u l t u r a l  growth appl icat ions 

Agrfcuf t u r a l  appl i ca t ions  are p a r t l c u f a r t y  a t t r a c t i v e  because they requi re heatfng a t  the lower 
end of the temperature spectrum where there  i s  an abundance of geothermal resources. This  sec- 
t i o n  considers the a g r l c u l t u r a l  growth appl icat ions;  the  other agribusiness app l ica t ions  are 
c l a s s i f i e d  as processing and are considered in  the i n d u s t r i a l  Section which follows. 

The fol lowing a g r i c u l t u r a l  growth appl icat ions, a l  I of which have been extens ive ly  documented, 
a r e  considered here: 

- greenhous i ng - animal husbandry 
- aquaculture 
-. soil warming - m u s h r o ~  r a i s i n g  - biogas generation 

Greenhousing. Greenhousing Is the r a i s i n g  o f  p lants  in  a cont ro l led  environment b enhance 
The grsenhouse e f f e c t  r e s u l t s  from t rapp lng  o f  so lar  r a d i a t i o n  and heat by using glasss y ie lds.  

p l a s t i c  f i  l m  or F iberg ias as environmental-controi surfaces t o  enclose a grow'lng area. 

I n  addi t ion t o  so la r  heating, other cont ro l  table heating and/or cool Ing must be applied to main- 
t a  i n  temperatures for optimum p { a n t  growth, Env ironmenta I elements besides temperature t h a t  
must be optimal o r  a t  least  non-1 i m i t f  ng In order to  get  the best y fe ld  of sa table product dur- 
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ing the desired marketing per iod are: level of p lan t  nu t r i en ts  i n  the growing media; carbon 
d iox ide  content in the a i r ;  humidity; s o i l ’  o r  n u t r i e n t  media aeration; p l a n t  spacing; p l a n t  
var ie ty ;  disease control ;  sun1 i g h t  or a r t l f i c i a l  l i g h t  sup’plement; and cu l tu ra l  pract ices,  such 
as pruning, p lan t  t r a i n i n g  and pol I i na t i on  (Johnson, 1979). 

A i  1 commonly marketed vegetables, flowers, house plants and many t r e e  seedl ings are su i tab le  fo r  
greenhousing. Greenhouse temperatures are a funct ion o f  the crop; t yp i ca l  highest maintained 
temperatures range approximately from 65-80°F (18-27°C). Greenhouse heating can be accomplished 
by ( 1 )  c i r c u l a t i o n  of  a i r  over f inned-coi l  heat exchangers car ry ing  hot water, (2)  hot-water 
c i r c u l a t i n g  pipes o r  ducts located In (o r  on) t h e  f loor ,  (3)  f inned un i t s  located along the 
wa l ls  and under benches, o r  (4 )  a combination o f  these methods. The heating f l u i d  i n  these 
u n i t s  can be as low as about 90°F (32°C). The a i r  c i r c u l a t i o n  method is more cornon and u t i -  
I izes forced-air f i n c o i  I u n i t s  simi l a r  t o  those discussed in the  space-heating section. The 
heated a i r  i s  o f ten  passed through perforated p l a s t i c  tubes running the  length o f  the greenhouse 
i n  order t o  maintain uniform heat d i s t r i bu t i on .  

I t  should be noted t h a t  most crops requ i re  lower nightt ime than .daytime temperatures, w i th  the 
consequent design bene f i t  of  having the  lowest inside temperature when the coolest  ou ts ide  tem- 
perature occurs. 

Animal husbandry. Environmental ly con t ro l led  l i ves tock  r a i s i n g  provides s i g n i f i c a n t  advan- 
tages as compared to the  t y p i c a l  p rac t i ce  of  outdoor exposure t o  the  elements. These advantages 
include: lower m o r t a l i t y  ( p a r t i c u l a r l y  during the c r i t i c a l  f i r s t  few weeks a f t e r  b i r t h ) ,  
enhanced feed conversion (more weight gain per u n i t  o f  feed), fas te r  growth, be t te r  disease con- 
t ro l ,  lower f a t  leve ls  in the f inal. ,meat product, improved q u a l i t y  byproducts (hides, f o r  exam- 
p le ) ,  larger l i t t e r  s izes f o r  those species raised f o r  mu l t i p le  b i r ths ,  and r e l a t i v e  ease o f  , 

waste .management. The level o f  thermal environmental control  cu r ren t l y  pract iced ranges from 
f loor heating for mostly open c a t t l e  f in ish-feed lo t s  t o  t o t a l  l y  enclosed r a i s i n g  o f  hogs and 
chickens. The t o t a l l y  en~losed”’systems u t i 1  i ze  both space heating and f loor -s lab  heat ing ( a t  
about 9O”F, 32°C) t o  maintain about 70°F (21°C). 

Aquaculture. Aquaculture i s  the c u l t i v a t i o n  and husbandry o f  freshwater and/or marine 
organisms under leve ls  of  con t ro l  on the aquatic growth environment which are funct ions of the 
i n tens i t y  o f  the aquacultural operation. 

Fish farming i s  t h a t  por t ion  o f  aquaculture which involves the rea r ing  and harvest ing o f  aquatic 
animals. Among farmable species are: common carp, Chinese carp, Indian carp, b u f f a l o  f i sh ,  
paddle f ish, c a t f i s h ,  pikes, perches, black bass, sunfish, t i l a p i a ,  frogs, mu l le t ,  m i l k f i s h ,  
eels, salmons, salmonids, smelt, sturgeon, shad, s t r i ped  bass, shrimp, lobster, c ray f ish ,  crabs, 
oysters, clams, scal lops, mussels and abalone (Bardack, 1972). 

An emerging aquacultural industry i s  the c u l t i v a t i o n  o f  vegetable species adaptable f o r  human 
and animal foods. Economics o f  harvest ing and processing must be improved before such a c t i v i t y  
can become commercially v iable.  Crops adaptable t o  geothermally enhanced growth include: water 
hyacinth, duckweed, numerous algae species and kelp. 

Heating can be accornpl ished using hot-water (90-1 10°F, 32-43°C) bearing p i  pes i n  the growth 
ponds or by d i r e c t  add.ition o f  s u i t a b l e  q u a l i t y  hot water (7O-9O0F, 21-32°C) i n  order to main- 
t a i n  pond temperatures near 80°F (27°C). 

So i l  warming. Another a g r i c u l t u r a l  app l i ca t ion  o f  geothermal water t ha t  shows some promise 
I s  tha t  of  Increased production for ce r ta in  crops through s o i l  warming. From experimental work 
cont inuing a t  various s i t e s  throughout the world, it has been shown tha t  ce r ta in  r o o t  crops 
(vegetables t y p i c a l  l y  thought of as flcool-weatherll va r ie t i es )  and cer ta in  rapid-growth t r e e  
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species (such as the poplar) show enhanced growth and larger crop y i e l d s  i f  the s o i l  i s  main- 
ta ined a t  approximately 70°F (21°C). As another secondary use or the  l a s t  step in a Cascading 
energy loop, the geothermal water can be piped through an pderground g r i d  system made up o f  one 
o f  the more inexpensive p l a s t i c  pipe selections. By maintaining a pipe-run spacing o f  approxi- 
mately th ree  feet  and an i n s t a l  led depth o f  two t o  three feet, crops can be planted and har- 
vested almost d i r e c t l y  over the top o f  pipes without damage to the i n s t a i l a t i o n .  Polyethylene 
tub ing  avai lab ie  in  continuous 1000-ft (300-m) or  greater length rol I s  has shown t o  be an eco- 
nomical p ipe mater ia l  se lec t ion  f o r  t h i s  appl icat ion. 

' 

Mushroom ra is ing.  Mushroom c u l t u r e  i s  the production o f  ed ib le  fungi under cont ro l led  con- 
d i t ions .  

The most ed ib le  fungus natura l  l y  found in  the United States i s  the Agaricus campestris. A 
h o r t i c u l t u r a l  adaptation o f  t h l s  species, Agaricus bisporus, has been developed as the commer- 
c i a l l y  c u l t i v a t e d  mushroom o f  t h i s  country. 

The United States produced over 142 m i l  l i o n  pounds (64 m i l  I ion kg) of mushrooms f o r  the fresh 
sales market and almost 168 m i l l i o n  addi t ional  pounds (76 m i l l i o n  kg) f o r  processing during the 
1974-1976 repor t ing  period. This  production i s  projected by the mushroom industry to reach 544 
m i l l i o n  pounds (247 m i l l i o n  kg l  i n  1982-1984. 

Heating app 1 i ca t ions  i n  mushroom c u l t u r e  are: compost preparation ( 130-14o0F, 54-60°C), spawn- 
ing (s imi  ta r  t o  seed propagation f o r  chlorophyl I- type vegetation, 72-75"F8 22-24°C) and produc- 
t i o n  (60'F, 16°C; Lambert, 1963). Heating requirements are met by exposed hot-water p ip ing 
along the  mushroom-house walls; cool ing may be geothermally dr iven i f  the resource temperature 
i s  adequate. T y p i c a l l y  t h i s  may be accomplished using small e l e c t r i c a l l y  powered'compressor 
un i t s .  

Biogas generation. The decomposition o f  organic matter in the  absence of oxygen i s  cal led 
anaerobic fermentation and I s  the  basis o f  biogas production. Anaerobic fermentation o f  organic 
products resu I t s  In methane, carbon dioxide, hydrogen, traces o f  o ther  gases and the production 
o f  some heat. The residue remaining I s  hygienic, r i c h  in  nu t r ien ts  and high in  nitrogen. Weed 
seeds and po ten t ia l  I y damaging germs are k i  I led by the absence o f  oxygen during the fermentation 
process ra ther  than by the s i g n i f i c a n t l y  higher heat generated by t h e  aerobic ( i n  the presence 
o f  oxygen) process. 

The e f f i c i e n c y  and r a t e  o f  anaerobic fermentation are af fected by temperature, r e l a t i v e  concen- 
t r a t i o n  of carbon and nitrogen, pH and sol ids concentration. 

The biogas-producing a c t i v i t i e s  are optimal In temperatures ranging from 85-105°F (29-41 "C), 
although d igest ion w i  I I occur from f reez ing t o  156°F (69°C). Fermentation, however, i s  less 
s t a b l e  i n  the higher of these two ranges and, consequently, biogas u n i t s  are t y p i c a l l y  maln- 
ta ined i n  the  lower optimal range (Singh, 1975). 

The key equipment element In the biogas process i s  the enclosed biomass d igest ion tank. The 
temperature of such d igesters  i s  con t ro l led  by the add i t ion  o f  heat to maintain the desired 85- 
105°F (29-41 "C) temperature range. Th is  heating can be accompl ished by c i r c u l a t i n g  hot water 
through metal c o i l s  e i t h e r  ins ide the tank or in  the tank wails; i n s u l a t i o n  i s  t y p i c a l l y  pro- 
vided to minimize t h l s  heating requirement. 

Temperature cascade considerations. Within the prev ious ly  ind icated temperature range 
s u i t a b l e  f o r  agr icu l tura l -growth processes there Is obvious po ten t ia l  f o r  thermal cascading o f  
t h e  heat-bearing f lu ids .  For example, an agr icu l tura l -growth complex might use the hlghest- 
temperature water (200°,F, 93°C) f o r  greenhouse-space heating, f o l  lowed by mushroom-culture 
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appl i ca t l ons  from 110-140°F (43-6OoC), biogas-generation process heat ing uslng 90-1 10°F 
(32-43°C) f lu ids ,  and, a t  t he  low end o f  the temperature scale, aquacultural a c t i v i t i e s  could 
u t i  I i ze  water below 90°F (32°C). Such cascades can provide s l g n i f  i can t  economic advantages as 
compared t o  single-purpose appl icat ions; cascaded appl i ca t lons  have been discussed extensively 
elsewhere (Fageleman, 1978; Longyear, 1976; Reistad, 1978 and Swink, 1971). 

E x i s t i n g  f a c l l i t l e s .  A l l  of the  above-descrlbed agr icul tural-growth f a c i l i t i e s  exist--no 
new technology i s  required, j u s t  proper design. Geothermal l y  heated greenhouses are reported in 
a t  leas t  three states; geothermal aquaculture a c t i v i t i e s  are i n  p rac t i ce  in three states; and 
anlmal husbandry (although no geothermal f a c i l i t y  yet  ex i s t s )  i n  both feed lo ts  and t o t a l l y  con- 
f ined  bui ld ings i s  commonly pract iced throughout the United States, p a r t i c u l a r l y  i n  the Midwest 
and East. Much o f  the commercial-scale mushroom-growing operations are i n  the eastern U.S.; 
however, new western f a c i l i t i e s  are in the  plannlng, w i th  one such f a c i l i t y  t o  be constructed a t  
Vale, Oregon, which w i  I I use low-temperature (below 240"F, 116°C) geothermal f l u i d s  t o  power 
heating, cool Ing and humidity requirements (Geothermal Resources Councl I But l e t i n ,  vo l  . 8 no. 6, 
June 1979). Biogas generation i s  common a t  sewage treatment plants; however, up t o  ha l f  of the 
methane generated i s  needed f o r  heating of the generator in winter, making the value of the geo- 
thermal app l i ca t ion  obvious. So i l  warming, pract iced on a small scale In the U.S., i s  an 
inc reas lng ly  common p rac t i ce  In Europe. 

I n d u s t r i a l  and a a r i c u l t u r a l  Drocesslna 

Linda1 (19731, Relstad (1975) and Howard (1975) survey i ndus t r i a l  app l i ca t ions  and the po ten t ia l  
f o r  geothermal use In  a number of  the industr les. Here we consider the basic processes and sev- 
era I o f  t he  more recent I y cons i dered--at ions . 

Bastc processes. In i ndus t r i a l  appl icat ions,  thermal energy i n  the  temperature range being 
considered here (up to  300"F, 149°C) i s  used in the basic processes of :  

- Preheating 
- Washing 
- Cooking, blanching, peel ing 
- Evaporat I ng 
- S t e r i  I i z i n g  
- D i s t i  I I ing and separating 
- Drying 
- Re f r i ge ra t i on  

Preheating. Geothermal energy can be e f f e c t i v e l y  used to preheat boi l e r  and other process- 
feed water in a wide range o f  industr ies.  Many manufacturing indus t r ies  u t i l i z e  bo i l e rs  dis- 
t r i b u t i n g  steam throughout the  p-lants. For a va r ie t y  o f  reasons, much o f  the  condensate i s  not 
returned. This imposes a considerable load on the b o i l e r  f o r  feed-water heating of incoming 
water a t  t y p i c a l l y  50-60°F (10-16°C) up t o  the temperature a t  which it i s  introduced in to  the 
boi le r ,  t y p i c a l  l y  200-300°F (93-149"C), depending on the  system. The geothermal resource can 
o f ten  be used t o  o f f l o a d  the bo i l e r  of  some o r  a l l  o f  t h i s  preheating load. 

A wide va r ie t y  of indus t r ies  use, f o r  various processes, large quan t i t i es  o f  feed water which 
can be preheated or  heated geothermal l y  t o  the use temperature. Sorne of these appl i ca t ions  a lso  
use heat-reclaim methods which must be analyzed when evaluat ing the po ten t i a l  f o r  geothermal 
use . 

Washing. Large amounts of low-temperature energy (95-2OO0F, 35-93°C) i s  consumed in  sev- 
e ra l  indus t r ies  for washing and clean-up. One p r inc ipa l  consumer i s  food processing, wi th major 
uses i n  meat packing f o r  scalding, carcass wash and clean-up (140"F, 60°C); i n  so f t -d r ink  con- 
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t a i n e r  and returnable b o t t l e  washing (17OoF, 77°C); i n  pou l t r y  dressing as well  as canning and 
o ther  food processes. Text i  l e  industry f i n ish ing p lan ts  are another large consumer of- wash 
water a t  200°F (93°C). Smal l e r  amounts are used in  p l a s t i c s  (19O-20OoF, 88-93°C) and leather 
( 12O"F, 49°C). Most of these are consumptive uses. 

S izab le  amounts of hot water and other hot f l u i d s  a t  temperatures under 200°F (93°C) a r e  used in  
t h e  several metal- fabr icat ing indus t r ies  ( fabr ica ted  metal products, machinery and transporta- 
t i o n  equipment) f o r  par ts  degreasing, bonderizing and washing processes. Most of these are non- 
consumptive uses with a 10-20°F (6-14°C) range in the  f l u i d  and reheating to the use tempera- 
ture.  

Pee l ing  and blanching. Many food-processing operations requ i re  produce peel ing. In the 
t y p i c a l  peel ing operation, the  produce i s  introduced i n t o  a hot bath (which may be caus t ic )  and 
t h e  sk in  o r  outer layer, a f t e r  softening, i s  mechanically scrubbed or  washed o f f .  Peel ing 
equipment i s  usual ly a continuous-flow type in  which the steam or  hot water i s  appl ied d i r e c t l y  
t o  the produce stream o r  i n d i r e c t l y  by heating a produce bath. In  most Instances, produce con- 
t a c t  t i n e  i s  short. 

Blanching operations. are s im i la r  t o  peeling. Produce I s  usua l ly  introduced in to  a blancher t o  
i n h i b i t  enzyme action, provide produce coating, o r  f o r  cooking. Blanching may be e i the r  a con- 
t inuous o r  batch operation. Typical blanching f l u i d s  requ i re  c lose ly  cont ro l led  propert ies. 
Thus, it Is un l i ke l y  t h a t  geothermal f l u i d s  could be used d i r e c t l y  In blanchers and peelers 
because of the water qual i ty. Geothermal f I u ids  could, however, provide the energy through heat 
exchangers. 

The temperature range f o r  most o f  the peel ing and blanching systems i s  170-220°F (77-104°C). 
These heat i ng requ i rements are read i I y~ adaptab I e t o  geotherma I resources . 

Evaporation and d i s t i l l a t i o n .  Evaporators and d i s t i l  l a t o r s  are rou t i ne l y  found in  many 
processing p lan ts  t o  a i d  In concentrat ing a product o r  separating products by d i s t i l l a t i o n .  
Most f requent ly the  evaporator w i l l  operate as a batch process in which a quant i t y  o f  product i s  
introduced and maintained a t  some given temperature for a per iod of time. The source tempera- 
t u r e  requirements vary wi th the product being evaporated. However, i n  a ma jor i t y  o f  agr icu l -  
t u r a l  processes, water i s  being dr iven off ;  and in these cases, operat ing temperatures o f  180- 
250°F (82-121°C) a re  t yp i ca l  . In some circumstances, t he  evaporators operate a t  reduced pres- 
sures which decrease temperature needs and improve product qua l i t y .  Evaporators are commonly 
found in  sugar processing, min t  d i s t i l l i n g  and organic l i quo r  processes. Evaporators, depending 
upon temperature and f low-rate requirements, can be read1 l y  adapted t o  geothermal energy as the 
primary heat source. The energy can be t rans fer red  through secondary heat exchangers t o  the 
working f l u i d s  or, i n  some instances, used d i r e c t l y  a t  the  evaporator, depending upon ex i s t i ng  
p l a n t  designs or adaptations t o  new p lan t  expansions (May, 1977). 

S t e r i l i z i n g .  S t e r i l i z e r s  are used extensively in a wide range o f  industr ies and include 
appl l ca t i ons  such as equipment s t e r l  I i z a t i o n  in the meat-packing and food-processing indus t r ies  
and s t e r i  I Iza.tion f o r  the canning and b o t t l  ing industry. Most s t e r l  I lzers  operate a t  tempera- 
tu res  o f  220-250°F (104-121°C) and would u t i l i z e  geothermal energy wi th the use of heat exchang- 
e r s  t o  heat the potable s t e r i l i z e r  water. Many s t e r i l i z e r s  operate I n  a continuous mode. 
Equipment washdown and s t e r i  I izat ion,  however, may occur per iod ica l  l y  or a t  s h i f t  changes. 

Dry ing ,  Many indus t r ies  u t i  I i ze  heat a t  temperatures under 300°F (149°C) f o r  evaporating 
water o r  to dry the  product, mater ia l  or part.  The la rges t  consumers are pulp and paper drying 
and t e x t i  l e  product drying--most l y  i n  the  200-300°F (93-149°C) range. 

Other la rge  consumers o f  energy f o r  dry ing are i n  beet-pulp drying, malt-beverage and d i s t l  I led- 
l i q u o r  g ra in  drying and cement drying. Addi t ional  large energy consumers i n  the drying applica- 
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t i o n  area (discussed la te r  in t h i s  repo r t )  a re  grain,  lumber k i l n ,  plywood and veneer drying. 
Smal l e r  consuming industr ies having drying appl i ca t i ons  include coal, sugar, fu rn i tu re ,  rubber, 
I eather, copper concentrate, potash, soybean mea I , tobacco, pharmaceut ica I t a b l e t  and capsule, 
exp I o s i  ves and pav i ng-aggregate drying . 

Ref r igera t ion .  Cool ing can be accompl ished from geothermal energy through I ithium-bromide 
4 and ammonia absorption r e f r i g e r a t i o n  systems. 

The lithium-bromide system i s  the most common because it has water as the re f r igeran t ;  however, 
it i s  l im i ted  to  cool lng above the freezing p o i n t  of water and has as i t s  major app l i ca t ion  the 
d e l i v e r y  of c h i l l e d  water f o r  comfort o r  process coo l ing  and dehumidif icat ion. These un i t s  may 
be e i t h e r  one- o r  two-stage. The two-stage u n i t s  requ i re  higher temperatures (about 325"F, 
163°C) but a lso  have a higher COP (cool ing output/source energy input), being about 1 t o  1.1. 
The singlestage un i t s  are cur ren t ly  rece iv ing  subs tan t ia l  research emphasis in regard t o  use 
w i t h  so la r  energy and can be driven w i th  hot water a t  temperatures somewhat below 190°F (88°C) 
and w i l l  t y p i c a l l y  have a COP o f  0.65. 

For geothermally dr iven r e f r i g e r a t i o n  a t  temperatures below the  freezing po in t  o f  water, the 
ammonia abssrpt ion system must be considered. These can operate down to about -40°F (-40°C) 
evaporator temperature. However, these-systems are norma I I y on I y app I ied in very I arge tonnage 
capac i t i es  (100 tons and above) and have seen l i m i t e d  use. For the lower temperature re f r i ge ra -  
t i o n ,  t he  d r i v i n g  temperature must be a t  o r  above about 250°F (121°C). f o r  a reasonable perform- 
ance. 

S p e c i f i c  app l i ca t ions  

Food processing, crop drying and the fo res t - re la ted  indus t r ies  have been extensively studied in 
regard t o  the  use o f  geothermal energy. Examples o f  appl i ca t i ons  in these indus t r ies  are pre- 
sented below t o  show designs o f  using the  geothermal energy and t o  indicate in an approximate 
manner how it might be used in  other processes. 

Food processing. 

1. Vegetable and f r u i t  dehydration (see Arnold, 1978; Llenau, 1978; Gordon, 1978 and Geo- 
thermal Resources Council Bu l l e t i n ,  vol .  7, no. 5, Nov.-Dec. 1978). 

Vegetable and f r u i t  dehydration involves the  use of a continuous operation, b e l t  con- 
veyor or batch process using f a i r l y  low-temperature hot a i r  from 100-220°F (38-104°C). 
The heat h i s t o r i c a l l y  has been generated from steam c o i l s  and natural  gas, but can be 
provided by geothermal energy. Typical  continuous operation processing p lan ts  w i l l  
handle 10,000 pounds (4500 kg) o f  raw product per hour ( s ing le  l ine) ,  reducing the 
moisture from around 83 percent t o  4 percent, depending upon the product. 

A crop cur ren t ly  being dehydrated w i t h  geothermal energy i s  onions. A s i m i l a r  dehydra- 
t i o n  process could be applied t o  f r u i t s  and other vegetables. Figure 12 i l l u s t r a t e s  a 
t y p i c a l  conveyor dryer fo r  d ry ing  vegetables and which i s  the type present ly being used 
f o r  onions. High-powered blowers and exhaust fans move the a i r  through water c o i l s  
which contain e i t he r  the geothermal f l u i d  or a water in a secondary loop heated from 
geothermal energy and through the beds o f  onions on the dryer conveyor, t o  evaporate 
the  necessary tons o f  water removed from the  product each hour. Close a i r  volume and 
pressure control  must be maintained In a l l  par ts  o f  t h i s  drying stage as the  a i r  moves 
up and down through the bisd t o  obtain product drying uni formity.  Automatic temperature 
c o n t r o l l e r s  cont ro l  the continuous operation. 

4 
Recent work has been devoted t o  developing other types of systems (Harr is,  1977). 
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FIGURE 12. Schematic o f  conveyor dryer f o r  vegetable drying. 

A t  the  proper p o i n t  in  the dry ing process, the  onions are automat.ica1 l y  t ransferred to 
t h e  second stage of drying where, under reduced temperature condi t ions and deeper be'd 
loadings (approximately 12 inches, 30 cm), the  d i f f  Icult-to-remove d i f fused water is  
s lowly  withdrawn. 

Moderating temperatures and a i r  f lows are used to maintain close product temperature 
cont ro l  as a steady evaporation of water i s  reduced from each onion s l i c e  and the evap- 
o r a t i v e  cool ing e f f e c t  can no longer be counted on to maintain the low product .tempera- 
t u r e  required f o r  maximum product qua l i t y .  

A f t e r  drying, t h e  onions are passed over a long s ta in less  s tee l  v i b r a t i n g  conveyor t h a t  
g e n t l y  car r ies  them t o  the m i l  l i n g  area. I n  the miI .1,  sk in  i s  removed by aspi ra tors  
from t h e  onion pieces. The onions are then sliced, large chopped, chopped, ground, 
granu 1 ated and powdered. 

2. Sugar-beet processing (see Vorum, 1978; Hornburg, 1975 and Pearson, 1977). 

The f i r s t  two stages o f  beet processing are preparation and s l i c ing .  Preparation i s  
t h e  stage between harvesting and s l i c i n g  operations. I t includes: rece iv ing  a t  the 
fac to ry  s i te ;  d l r t  and t rash removal; short-term storage; beet-flow contro l ;  f i n a l  
t r a s h  removal and f i n a l  cleaning; and e leva t ing  t o  the fac to ry  SI icers. These stages 
do no t  use thermal energy. 

Fol lowing the s l i c i n g  operation (Figure 131, there are a number of processes t h a t  
r e q u i r e  thermal energy. The processes may be conveniently separated I n t o  f i v e  stages: 

. a )  d i f fus ion ;  b) j u i c e  p u r i f i c a t i o n ;  c )  evaporation; d) c r y s t a l l i z a t i o n ;  and e) pulp- 
d ry ing  molasses (Lienau, 1978). 

a )  D i f f u s i o n  

The d i f f u s e r s  separate the pulp and raw j u i c e  from the long t h i n  s t r i p s  (cos- 
se t tes)  o f  SI iced beets. To s t a r t  the process, makeup water enters and perco- 
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lates by g rav i t y  through the cossette mass, leaching out sugar as it proceeds 
counter-current to the cossettes. The temperature i s  ra ised t o  between 158- 
176°F €70~80"C) f o r  be t te r  extract ion, The r a t e  of d i f f u s i o n  increases d i r e c t l y  
w 1 t h  temperature. 

The sugar-depleted cossettes leaving the d i f f u s e r  are known as pulp and are 
t rans fer red  to the pulp press and dryer. Sugar-enriched j u i c e  . i s  next in t ro -  
duced to  the j u i ce -pu r l f  l ca t l on  process. The d i f f u s i o n  j u i c e  contains 
between IO and 15 percent sugar, which i s  about 98 percent of the sugar in  the 
beets when SI iced. 

b l  Ju ice  p u r l f  i ca t fon  

It i s  necessary to p u r i f y  the j u i c e  since it contains nonsugar Impurit ies, The 
nonsugar Impur i t ies  in  both t r u e  and c o l l o i d a l  so lu t ion  make it very d i f f i c u l t  
t o  concentrate the d i f f u s i o n  j u i c e  or to c r y s t a l l i z e  pure sugar from it. Impur- 
i t i e s  are removed by Introducing lime in  the form of a s l u r r y  of calcium 
saccharates Therma 1 energy i s  used preparatory to and dur i ng pur i f l c a t  ion 
t o  heat j u i c e  from 148-194°F (64-90°C) and to provide the thermal energy used a t  
I lme k i  Ins t o  produce CaO and CO2m 

The j u i c e  i s  heated to 240°F (116°C) and t ranspor ted to the evaporators. 

c )  Evaporation 

Heating I s  required to evaporate water from the  beet juices, Water evaporated 
from the  beet ju ices  i n  the f i r s t - e f f e c t  evaporator leaves a vapor which I s  sub- 
sequently used in succeeding evaporator stages and other processes In the plant. 
Thus, each evaporator e f f e c t  acts  as a condenser fo r  the preceding effect, Each 
succeed ing vapor pressure, and o f  course temperature, Is propor t fonate l  y lower 
w i t h  the  lowest vapor pressure in the l a s t  e f f e c t  under control  o f  the baromet- 
r i c  condenser. 

One pound of steam admitted to the f i r s t - e f f e c t  steam chest evaporates approxi- 
mately one pound of water from the j u i c e  in the  e f fec t .  One pound o f  the f i r s t  
vapor thus formed, when admitted to the second-ef f ee t  steam chest, w i  I I evapor- 
a t e  one pound of water from the j u i c e  in  the second e f fec t ,  Consequently, one 
pound of steam admitted t o  the f i rs t -e f  f e c t  evaporator w i t I evaporate approx i- 
mately f i v e  pounds of water in  a qu lntupte-ef fect  evaporator. Evaporation comes 
from two sources: j u i c e  t t f lashtt  and condensation o f  steam or vapor In the 
chest 

I n  a conventional system, hlgh-pressure steam from the b o i l e r s  a t  255 psla (1760 
kPa) is expanded to exhaust steam pressure, e i t h e r  through tu rb fnes  or reducing 
valves, and i s  used in the f i r s t - e f f e c t  evaporator only. A l l  other factory  
heat ing uses vapor from secondary evaporators. 

By evaporation, the percentage of dissolved so l i ds  In the j u i c e  i s  raised from 
10 to  15 percent t o  50 t o  65 percent and the ou t f low i s  ca l l ed  t h i c k  ju ice,  

d )  C r y s t a l l l z a t l o n  

Sugar i s  c r y s t a l l i z e d  by pan b o i l f n g  In the  vacuum pans. The b o i l i n g  takes 
p lace a t  low pressure and thus low temperature i n  order t o  avoid caramel 1- 
zatfon. 
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When c r y s t a l s  are of the desired s ize  and number, they are discharged from the 
vacuum pan in to  the  mixer, which slowly ag i ta tes  the mass. From the  mixer, the 
mass of c rys ta l s  I s  fed to  the centr i fuge. The I lqu id  surround Ing the  c r y s t a l s  
i s  centr i fuged or  spun o f f  and leaves the  basket through the perforat ions.  

Fol lowing one or two b r i e f  washes with pure ho t  water, the wet white sugar crys- 
t a l s  a r e  discharged from the  cent r i fuga l  basket and are sent t o  the  dryer o r  
g ranu la to r  and the cooler. Hot, f i l t e r e d  a i r  i s  passed through the  granulator 
and cool, f l l t e r e d  a i r  I s  passed through the  cooler. The granulated sugar I s  
then screened and e i the r  sacked immediately or stored in bulk bins. 
I 

e) Pulp d ry ing  

A f t e r  the  pulp leaves the  d i f f u s i o n  process, It s t a r t s  the pulp d ry ing  process. 
F i r s t ,  it enters the pulp press where much of the moisture I s  mechanically 
removed. It then enters the  dryer where it i s  thermal ly d r ied  and mixed w i th  
mo I asses, resu I ti ng in the dr i ed mol asses and beet-pu I p product. 

Present ly,  la rge  quan t i t i es  of low-pressure steam are used in  the sugar process- 
i ng  industry. Many o f  the  processes could be adapted t o  geothermal energy 
depend Ing upon the  resource temperature. The processes o f  d i f f us i on and drying 
wou I d u t  I I I ze lower-temperature water, wh i I e 250°F ( 12 I "C 1 and above water' cou I d 
be used in the evaporation phases. 

3 . -Potato process i ng (see L i enau, 1978). 

Many o f  t he  processing methods used by potato processors can u t i  I i ze  energy supp I led by 
300°F (149OC) or lower geothermal f lu ids .  Typ ica l l y ,  however, a few o f  the  operations, 
notably the  f r y i n g  operation, w i  I I requ i re  higher temperatures than can be provided by 
a major i t y  o f  t he  geothermal resources. 

Usual ly i n  a potato-processing p lan t  there  are potato-product l ines  and several 
by-product l ines.  Figure 14 i l l u s t r a t e s  a f rench-fr ied potato-processing l ine.  
Potatoes for processlng are conveyed t o  a ba t te ry  o f  scrubbers and then moved i n t o  a 
preheater, which warms the  potatoes and softens the  peel, making it easier t o  remove 
the  skin. The potatoes are then chemical ly peeled by a 15 percent l ye  so lu t i on  
maintained a t  a temperature of  140-175°F (60-79°C). 

Upon leaving the  chemical peeler, the potatoes are conveyed to  a ba t te ry  o f  scrubbers, 
where the peel Ing i s  removed. A f te r  the  scrubbers, the  peeled potatoes are subjected 
t o  another washing process and then conveyed to  the t r i m  tables by pumping. The 
peel ing removed by the scrubbers I s  pumped to a holding tank and sold as c a t t l e  feed 
fo l low ing  neu t ra l i za t i on  of the lye  residue. 

A f t e r  the potatoes are trimmed for defects, the product i s  conveyed t o  c u t t e r  areas. 
Shakers s o r t  the  product. The proper ly trimmed and sized product i s  then ca r r i ed  by 
grav 1 t y  t o  the  bl anch i ng system. 

A f t e r  blanching, the  potatoes are dewatered and fed through a sugar drag, which adds a 
s l l g h t  amount of dextrose t o  the surface of  the  potato, impart ing a golden co lo r  when 
t h e  potatoes are  f r ied.  They then pass through a dryer which removes the  surface 
moisture p r i o r  t o  a two-stage f r y i n g  process. The f i r s t  stage cooks the product more 
completely, wh i l e  the second stage gives it the golden color. The o i l  in the f r ye rs  IS 
heated to 375°F (191°C) by heat exchangers rece lv ing  high-pressure steam a t  275 ps lg  
(1895 kPa). 
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FIGURE 14. Potato-processing schematic. 

For systems t h a t  would use geothermal energy, the  energy would probably be supplied to 
t h e  process v l a  intermediate heat exchangers. To avoid any possl b i e  contamination o f  
t h e  product .by the geothermal f I uld, or the need for treatment of the f I uid, the geo- 
thermal f l u i d  passing through these exchangers w i l  I t rans fer  energy to  a secondary 
f l u i d ,  usual ly  water, which de l i vers  the energy to the process. The secondary f lu id ,  
c i r c u l a t i n g  In  a closed system, then returns t o  the intermediate heat exchanger t o  be 
reheated. For a geothermal f l u i d  a t  250-300°F (121-149"C), a1 I o f  the thermal energy 
needs o f  the potato-processing p lan ts  could be met except for the heating of the 
f r yer s 

4. Slaughter operations. 

Appl icat ions o f  hot  water In slaughter operations are numerous and inciude: water a t  
about 180°F (82°C) for required p lan t  sani ta t ion;  heated water (14O"F, 60°C) for wash- 
ing of carcass shrouds and work clothing; heated soak tanks f o r  hog dehalring; c l rcu la -  
t i o n  of hot water through c o i l s  in  waste tanks t o  prevent coagulat ion of fats, employee 
hot-water requirements and absorptlon r e f r l g e r a t l o n  f o r  many coo l ing  requirements. 
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Crop drying. 

1. A l f a l f a  dehydration (see Lienau, 1978 and Gordon, 1978). 

Two d i f f e r e n t  types of dehydration p lan ts  have k e n  used f o r  some time. The f i r s t ,  
using conventional fuels, I s  a 'io--flame furnace and i s  cormon in  the United States. 
I t  requires temperatures up t o  about 1800'F (1000°C). The other I s  used in  New Zealand 
and operates on geothermal steam. It i s  a forced-air system using a mu'l t i - layer 
conveyor b e l t  w i th  temperatures up t o  about 275°F (135°C). In  addi t ion,  a newer method 
has been used In the l a s t  few years. I t  involves f i e l d  w i l t i n g  t o  reduce the  moisture 
content, w i th  the remainder of the moisture t o  be removed i n  the dehydration plant. 
Th i s  process requires temperatures o f  about 180-250°F (82-121°C). Figures 15 and 16 
show schematics o f  such an a l fa l fa -dry ing  p lan t  being geothermally driven. The chopped 
f i e ld -w i l t ed  mater ia l  i s  fed t o  a dryer where a i r ,  heated by the geothermal f l u id ,  
contacts it and removes the  moisture. The exact drying temperature depends upon the 
ambient condi t ions and moisture content of the  a l f a l f a .  The f i n a l  pe l l e t s  are checked 
f o r  firmness, color,  etc. and the p lan t  adjusted accordingly. Dryer temperatures can 
be as low as 180°F (82°C). 

2. Grain drying and bar ley mal t ing  (see Arnold, 1978; Lienau, 1978; Gordon, 1978 and 
Vorum, 1978 . 1 

S i g n i f i c a n t  amounts o f  energy are consumed annual l y  f o r  g ra in  drying and barley 
malt ing. These processes can be easi l y  adapted t o  geothermal energy in  the te,mperature 
range o f  100-180°F (38-82°C) . 
The k i l n  o r  g ra in  dryer t y p i c a l l y  i s  a large ve r t i ca l  vessel w i t h  the  grain enter ing a t  
t h e  top. Hot a i r  is  forced up through the  grain, ex t rac t i ng  the  moisture before being 
exhausted. 

The two important var iables i n  the  drying operation are  the air-mass flow r a t e  and the 
temperature a t  the  i n l e t  t o  the  dryer. To maintain the fue l  requirements a t  the lowest 
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FIGURE 15. Schematic of a l fa l fa -dry ing  and pel  l e t i z i n g  process. 
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FIGURE 16. A l fa l fa -dry ing  p lan t  and we1 I layout. 

poss ib le  level,  the a i r - f low r a t e  should be minimized because the a i r  Is exhausted. 
However, two factors impose a prac t ica l  lower I i m i t  on a i r  flow: the  r a t e  must be high 
enough t o  provide uniform and s u f f i c i e n t  contact  between a i r  and grain o r  ma l t  across 
t h e  e n t i r e  bed, and the r a t e  must a lso  be high enough so t h a t  moist a i r  leaving the bed 
i s  somewhat less than saturated w i th  water. As a general ru le ,  about 40-60 cubic fee t  
( 1 . 1  t o  1.7 m 1 of a i r  per minute are required per bushel o f  green malt In the k i l n .  
I f  the drying r a t e  i s  too  rapid, the grain w l l  I shr ink and crack and su f fe r  general 
physical  damage. 

3 

Forest Industr ies.  

1. K i  I n  drying of  lumber (see Reistad, 1978 and VTN-CSL, 1977). 

Most upper-grade lumber in the western United States i s  dr ied in batch k l  Ins. In  smal I 
saw m i l l s  where drying k i l n s  a re  heated by steam from conventional o i i - f i r e d  boi lers,  
subst i ' tut  ion of geothermal energy for the heating energy source can achieve substant la  I 
energy cost savings. In larger, we1 I- integrated m l  I Is, a1 I energy from operations can 
be provided by burnlng sawdust and other wood waste-products. I f  a market develops fo r  
t h e  waste-products o r  i f  the  energy can be more economical l y  appl led elsewhere, the 
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geothermal source may a lso  become economical i n  integrated plants. I t i s  evident t h a t  
such a by-product market i s  developing. 

The batch k i f n  i s  a box-shaped space w i th  toading doors a t  the ends. The sawed lumber 
i s  spaced and stacked to a l  low f o r  free a i r  movement around the ind iv idual  pieces and 
loaded i n t o  the k i l n  on spec ia l l red  handling trucks. When the  k i l n  i s  f u l l y  loaded, 
the doors are closed and the heating cyc le  started. The k i l n  has insu lated w a l l s  and 
c e i l i n g  and has fans t o  c i r c u l a t e  warm a i r  over the lumber, exhaust moist a i r '  and draw 
i n  fresh a i r .  

Drying i s  done f o r  two main purposes: t o  s e t  the sap and prevent warping. The sap 
sets a t  135-140°F (57-60°C) and warping is prevented by establ ish ing a uniform moisture 
content throughout the lumber piece, which can only be accomplished by c a r e f u l l y  con- 
t r o l l e d  dry ing schedules. The allowabte dry ing rates vary from species t o  species and 
decrease w i th  th icker  pieces, Table 3 i I l us t ra tes  a t y p i c a l  drying schedufe. 

TABLE 3 

Typica l  k i  I n  drying schedules 

Ponderosa Dine 

4" x 4" (10 x 10 cm) 
A l l  Heart Common Sor t  
( f a s t  on well  sorted 
s tock)  

4" x 4" (10 x 10 an) 
A I  I Heart RW (Conser- 
v a t  ive)  Common 

4" x 4" (10 x 10 cm) 
H a l f  8 Half Common 
(mostly 8*l, 20 cm) 

Shop 8 Select 
411 x 12" (10 x 30 cm) 

Dry Bulb 
OF O C  

I60 71 
No condi t ion ing 

150 
I 50 
160 

No cond 

160 
No cond 

115 
120 
f 25 
1 30 
140 
145 
1 50 
155 
160 
coo I 
180 

66 
66 
71 
t i o n  ing 

71 
t i o n i n g  

46 
49 
52 
54 
60 
63 
66 
68 
71 

82 

T ime --- Wet Bulb 
"F 

I 30 

130 
125 
130 

140 

108 
110 
115 
120 
130 
130 
135 
140 
140 

170 

"C 

54 

54 
52 
54 

60 

42 
43 
46 
49 
54 
54 
57 
60 
60 

77 

Approx 21 hrs  

Up t o  s e t t i n g  
t o  12 hrs  

I2 hrs till dry 
(24-28 hrs) 

40-50 hrs  

F i r s t  day 
Second day 
Thi rd  day 
Fourth day 
5 th  - 10th 
10th - 12th 
15th - 18th 
18th - 22nd 

Approx 24 h r s  

E .M .c (% 1 

5.8 

8.0 
6.9 
5.8 

8.0 

14.1 
12.1 
12.1 
12.1 
11.9 
9.5 
9.5 
9.4 
7.9 

11.1 
Equal i z i n g  8 Condi t ion ing 

E,M.C, = Equ i l ib r ium Moisture Content 

O r i g i n a l l y  from k i ln -d ry ing  Western Softwoods, Moore D r y  K i l n  Company, Oregon; 
adapted here from VTN-CSL, 1977. 

The d i f fe rence in  using geothermal hot water (180"F, 82°C) as an energy source as com- 
pared to a conventional steam-heated dry -k i ln  p r i m a r i l y  would b i n  the se lec t ion  o f  
heat exchangers and fans, t h e  absence o f  a bo1 ler, and the presence of added p ip ing  and 
a c i r c u l a t i o n  pump fo r  the  geothermal f lu id .  Evident from Table 3, geothermal f l u i d s  
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a t  a temperature somewhat greater .than 160-180°F (71-82°C) would be required to meet 
the  e n t i r e  dry ing schedule for, Ponderosa pine. VTN-CSL (1977) repor ts  t h a t  the geo- 
thernaf f l u f d  must be 20-40°F (11-22"C) above the ope,*atfng temperature f o r  economic 
operation, al-though where geothermal f l u i d  of i n s u f f i c i e n t  temperature I s  avai table, 
t h e  heat i ng can be supp I emented by convent iona I f uef s dur ing  the f 7 na f h i  gh-temperature 
por t ions  of the dry ing schedules. 

Analyses  paring geothermalahe~ted lumber kf Ins w i th  gas or 0 1  I-f i r e d  systems have 
been c a r r i e d  out  f o r  the Klamath Fal ls ,  Oregon, area (Reistad, 1978) and the Modoc 
County, C a i i f o r n i a .  area (VTN-CSL, 1977) which Ind icate subs tan t ia l  economlc advantage 
o f  the  geothermal systems In  these two areas, 

2, Mater ia l  dry ing in  plywood and par t ic leboard m i l l s ,  

I n  plywood m i l l s ,  the main thermal-energy use i s  f o r  t h e  dry ing o f  veneer, whi le  in  
par t i c leboard  m i l l s ,  It i s  the dry ing o f  the p a r t i c u l a t e  mater ia l  used t o  make the par- 
t lc feboard.  Because the wood in  these instances i s  much smaller than the dimensional 
lumber mentioned above, it Is t y p i c a l l y  d r i e d  a t  much higher temperatures, about 350- 
400°F (177-204°C) f o r  veneer dry ing and 350°F (177°C) and higher for the p a r t i c u l a t e  
material.  To be adapted f o r  g ~ t h e r m a f  use, the dry ing  operation would have t o  be 
redesigned t o  lower i n l e t  a i r  temperatures or e lse the geothermal energy could j u s t  be 
used f o r  preheating t h e  i n l e t  a i r .  The redesign presents no par t ;cu lar .problem and 
could be r e a d i l y  accomplished f o r  a p a r t i c u l a t e  system. 

3. Pufp and paper processing (Hornburg, 1975 and 1978). 

The pulp and paper industry has good po ten t ia l  f o r  use o f  geothermal energy a t  tempera- 
t u r e s  a t  and beyond the  upper end of the range considered here. I n  New Zealand, the 
Tasman pulp and paper p lan t  uses 120 psia (827 kPa, 341*F, 172°C) wet~satura ted  steam 
produced from a number o f  boreholes t o  provide much o f  the  thermal energy requirements 
and some o f  the  e l e c t r i c i t y  req~ i rements  o f  a large pulp, paper and lumber operation, 

Table 4 I i s t s  the process-heating needs of  a conventional lOOO=ton/day (907 t /d)  pu lp  
and paper m i  f I based on the K r a f t  method, 

TABLE 4 

Process heat needed f o r  a c e r t a i n  1000-ton-per-day (907 t /d)  pu lp  and paper m i l l  ( K r a f t  Process) 
o f  convent iona I energy system design. 

Use - 
Wash-~ater Heating 
Evaporators 
Miscel laneous, L.P, 
Black Liquor Heating 
D I gester  
Dryer 
M i s c e l l a n ~ u s ,  H,P, 

f o t a  t s 

Steam - # Hr 
1000 s o f  Stu/hr 25 ps ia  135 ps ia  

(930 Wa) --- (172 kPa) 
_I-- 

(907 t l d )  

248,100 (72.7 MW) 247,654 0 
114,800 (33.6 MW) 114,594 0 
2,957 ( 0.9 MW) 2,952 0 
5,372 ( 1.6 MW) 5,630 

153,346 (44.9 MW) 160,734 
317,731 (93.1 MW) 333,016 

69 980 I 66 768 (19.6 MW) --- L 

~9,074 (266.4 MW) 365,200 569 I 360 
(258 I 250 kg 1 (165,600 kg) 

In a d d i t i o n  to t h t s  process steam, 29.8 MW o f  e l e c t r i c i t y  Is needed f o r  p l a n t  operation, 
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For geothermal resources a t  temperatures less than 300°F (149"C), the major impact 
comes in  replacing the  low-pressure steam use in  the wash-water heating, evaporators 
and miscellaneous processing. Hornburg (1978) presents a design f o r  the use of  a 250°F 
(121°C) resource In the  pulp and paper industry. That work indicates t h a t  the simplest 
and most e f f i c i e n t  method of  using geothermal energy i s  by d i r e c t  exchange to a process 
f l u i d .  Spec i f i ca l l y ,  it was found t h a t  t h i s  was possible by heating the wash water and 
preheating the a i r  for the paper dryers, amounting to 220 m i l l i o n  Btu/hr (2..32 x lo6  
kJ = 64 MWt) f o r  t he  lOOO-ton/day p lan t  (24% o f  t o t a l  thermal requirements). Some 
po ten t i a l  fo r  f lash ing  of the geothermal resource and subsequent upgrading of the vapor 
phase to  be used in some o f  the  other processes in t h i s  industry i s  also shown. 

Special considerat ions 

I n  add i t ion  t o  the  aspects discussed above, process-heating appl i ca t ions  involve several addi- 
t i o n a l  fac to rs  t h a t  can ser ious ly  impact the design and feasi b i  I i t y  of using the  geothermal 
resource. This sect ion considers a number o f  these factors.  

R e t r o f i t  VS. new in-stal lat ions. In  many of the large and complex Indus t r i a l  operations, 
most of the po ten t i a l  app l i ca t ions  in the very near fu tu re  w i t  I be of  a r e t r o f i t  type. For 
these, t he  geothermal system design w i  I I be la rge ly  the  supp l y  o f  the  hot f l u i d  to the system or 
but l d ing  boundary, and extensive internal  equipment mod i f i ca t ions  w i  I I be essent ia l  l y  absent f o r  
several reasons: expense, process d is rup t ion  and the noted agribusiness prac t ice  o f  maintaining 
propr I e tary  process secrecy. 

New f a c i l i t i e s  o f f e r  the advantage of  much greater po ten t ia l  geothermal heat appl icat ions:  base 
loading levels can be establ ished; equipment designs can be modif led t o  kcommodate the hot f l u -  
ids (heat t rans fe r  surfaces, for example could be enlarged t o  provide the same amount o f  heat 
from hot  l i qu ids  as compared to, say, high-pressure steam); and al  I su i tab le  p lan t  aspects can 
be designed in  view o f  the r a p i d l y  de te r io ra t i ng  foss i l - f ue l  s i tua t ion .  

A p p l i c a b i l i t y  of heat pump. I n  a number of instances, the s i t u a t i o n  may a r i s e  where the 
geothermal f l u i d  temperature i s  lower than the required appl i c a t i o n  temperature and/or the flow 
r a t e  of geothermal f l u i d  i s  not s u f f i c i e n t  t o  d i r e c t l y  meet the  needs of  the appl icat ion.  In  
such circumstances, the use of  a heat pump t o  a1 low add i t iona l  energy t o  be extracted from the 
geotherma I f I u i d ( I ower i ng the  d i sposa I temperature) and r a  i se the  therma I-energy output temper- 
a tu re  may be desirable. A t  t he  present time, un i t s  are commercially ava i lab le  w i th  output tem- 
peratures up t o  about 230°F (110°C).  A combination o f  heat pump and heat exchanger(s1 may prove 
benef ic ia l ,  i n  var ious s i tua t ions ,  t o  obtain a greater energy ex t rac t ion  ( l a rge r  temperature 
drop) from the  geothermal resource. 'The economic feas ib i  I i t y  o f  such ins ta l  l a t i ons  var ies  wi th 
t h e  spec i f i cs  of t he  resource and the appl icat ion.  However, two major considerations are t h a t  
( 1  1 t he  temperature l i f t  of t he  heat pump ( for  a COP 5 about 3)  should be less than about 80- 
90°F (44-50°C; t h e  smaller the  l i f t ,  the be t te r  t he  f e a s i b i l  i t y )  and (2) a u x i l i a r y  energy, 
usua l ly  i n  the form of e l e c t r i c i t y ,  i s  required. 

D i r e c t  and i n d i r e c t  app l i ca t i on  o f  geothermal f l u i d s  i n  processing. Several fac to rs  should 
be considered by the  designer i n  using a geothermal f l u i d  d i r e c t l y  in a process stream. In most 
instances, use of the geothermal f l u i d  d i r e c t l y  w i l l  r e s u l t  i n  the  e l im ina t ion  o f  add i t iona l  
heat exchangers, pumping and piping. However, the economic savings may be overshadowed by con- 
s ide ra t i on  fo r  peaking, product contaminatlon and environmental concerns. 

D i r e c t  use may no t  be p rac t i ca l  in many cases. I f  the  process has or i s  required t o  have a 
standby or peaking capabi I i t y  provided by an auxi I i a r y  boi le r ,  it may not permit use o f  the geo- 
thermal f l u l d  in the boi l e r  as feedwater. In cases where the  process loop has special water 
treatment requirements, in t roduc t lon  o f  geothermal water comp I ica tes  such treatment and may 
prove uneconomical. 
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Product contamination and environmenta I fac to rs  must be considered i n  the cases where geothermal 
f l u l d s  come in contact wi th the product. Present EPA gu ide l ines  w i  1 I not permit i n jec t i on  dis-  
posal of geothermal f l u i d s  which are chemical ly al tered. 

PRODUCT I ON AND I N JECT I ON EQU I PMENT 

We I I head pumps 

There are  a va r ie t y  o f  methods of providing geothermal f l u i d  to an above-ground system. Arte- 
s ian  we1 I s  provide surface water na tu ra l l y  and some non-artesian we1 I s  can be induced to flow 
wi thout  pumping. However, wellhead pumps are necessary f o r  non-flowing we l ls  and can be desir-  
a b l e  for we1 I s  t h a t  are sel f - f lowing. 

A mechanism by which a non-artesian we1 1 can be induced t o  flow i s  to reduce the density o f  the 
column of I iqu id  In the we1 1. For instance, if the I iqu id  i s  mixed w i th  a gas, the combined 
f l u i d  densi ty may be low enough t h a t  the downhole pressure i s  s u f f i c i e n t  t o  force the f l u i d  t o  
t h e  surface. I f  the geothermal source i s  ho t  enough and the downhole condi t ions al low the 
I iqu id  t o  p a r t i a l  l y  f lash  t o  steam, the  reservo i r  maintains the low-density I Iquid-vapor mixture 
i n  the well .  Under these circumstances, a we1 I w i t  I continue f low ing  u n t i l  the resource cools 
down pr the wel l  i s  capped. 

When a reservo i r  f lows by p a r t i a l  f lash ing  t o  steam, the  downhole f l u i d  cools due to the l a ten t  
heat  o f  vapor izat ion o f  the steam. I f  dissolved s o l i d s  are a t  o r  near saturat ion in the reset-: 
v o l r ,  downhole deposit ions can form on casing wal I s  and r e s t r i c t  wei I flow. In addi t ion,  these 
sca le  deposits can be harder mater ia l  than the  rese rvo i r  formation i t s e l f ,  so reaming out a 
plugged casing can be expensive. 

An important advantage t o  pumping a se l f - f low ing  we1 I i s  t h a t  pressure on the l i q u i d  i s  main- 
ta ined, so downhole f lashing and scal ing are minimized. Also, by not al lowing the f l u i d  t o  
f lash ,  t h e  pump discharge temperature can be much higher than the surface temperature of a s e l f -  
f low ing  we1 I . This i s  an important considerat ion when high-temperature geothermal app l i ca t ions  
a r e  desired. 

V e r t i c a l  t u rb ine  pumps 

V e r t i c a l  tu rb ine  pumps have been used fo r  many years i n  domestic and i r r igat ion-water supply 
appl  i ca t i ons  and have been successful l y  used In geothermal we1 Is. Ver t i ca l  t u rb ine  pumps 
increase f l u i d  pressure by the  cent r i fuga l  force imparted on a l i q u i d  by a shaft-driven 
impel ler .  In  order t o  achieve the  high pressure required In some geothermal service, these 
pumps frequent ly contain more than one stage arranged in  series. Although the flow through each 
stage i s  the same, each stage o f  the pump successively increases the  l i q u i d  pressure. An above- 
ground motor ro ta tes  a shaft  t h a t  extends the  length of the pump co l  umn t o  d r i ve  the impel lers. 

A sketch o f  a v e r t i c a l  tu rb ine  pump appears i n  F igure  17. As shown, the pump suct ion I s  a t  the 
bottom of the bow 1 assembly. The f l u i d  progresses upward through each stage and e x i t s  in the 
annulus between the  column pipe and the shaft-enclosing tube. A t  the top of  the we1 I, the f l u i d  
leaves the  column pipe through the  discharge head and enters the serv ice  piping. 

The pump shown In Flgure 18 i s  an enclosed l ineshaf t  pump. Tubing bearings support the shaf t  a t  
regu la r  i n te rva l s  (usua l ly  5-7 feet ,  1.5-2.1 m) and are lubr lca ted  by a f l u i d  t h a t  IS e l the r  
pumped or gravi ty- fed through the  tubing. Although 01 I has been successful ly used fo r  bearing 
l u b r l c a t i o n  in some geothermal appl icat lons,  t he re  has been I i t t l e  experience w i th  o i  I lubr ica- 
t Ion f o r  high-temperature (above 3OO0F, 149OC) geothermal pumps. In some hlgh-temperature 
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FIGURE 17. 
Vertlcal turblne pump. 
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FIGURE 18. Enclosed I lneshaft pump (source: Worthington) 
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v e r t i c a l  tu rb ine  
Th is  water can be 
supp I y. Problems 
avoided ( a t  least 

An a l t e r n a t i v e  to 

pumps, water has been pumped through the  tubing t o  lubr ica te  the bearings. 
a fi l t e r e d  SI ip-stream from the pump discharge or f resh water from a separate 
have ar isen from sol ids  deposit ing on the bearings, bu t  these problems cam be 
p a r t i a l  l y )  by using softened water fo r  lubr icat ion,  

the enclosed-I ineshaf t  and lubr icat ing- f  l u i d  system i s  an open-l ineshaf t  sys- 
tem. With an open l ineshaf t ,  the  bearings are supported from the column pipe and there I s  no 
tube. The shaf t  bearings are lubr icated by the  production f l u i d  moving up the column. Open- 
I ineshaf t  pumps have found much use in  domestic water-supply pumps (because there is no l u b r i -  
ca t ing  o i l  t o  contaminate the  water) but have not  found great  success in  geothermal applica- 
t Ions. 

Maintenance o f  a v e r t i c a l  t u r b i n e  pump depends grea t ly  on the f l u i d  being pumped. I n  low- t e r n  
perature, low-solids content appl icat lons, these pumps can provide years o f  serv ice without 
maintenance, I n  corros ive service, or where so l ids  r e a d i l y  deposit on the metal surfaces, the 
pumps may operate less than a year before cleaning and repa i r  are required. 

A problem associated w i t h  pumping a hot f l u i d  i s  t h a t  metals ‘ i n  the pump expand. Since the 
l i n e s h a f t  i s  f requent ly  a d i f f e r e n t  material from the column and tube, the expansion r a t e  w i l l  
a lso  be d i f fe ren t .  Th is  d i f f e r e n t i a l  expansion r a t e  I s  magnilred by the length of the pump, so 
a i  lowance must be made t o  ad just  the shaf t  a f t e r  the pump has equi I i brated a t  the pumpin-g tern 
perature. 

One common technique t o  solve the  differential-expansion problem Is t o  make the s h a f t  ad justable 
from t h e  surface, When the pump Is instal led, the  shaf t  i s  adjusted t o  center the impel lers  in  
t h e  bowls. A f t e r  the  pump has been producing hot ‘ f luid, t h e  impel lers  w i l l  no longer be cen- 
tered due to d i f f e r e n t i a l  expansion, so the shaf t  must be readjusted. A f t e r  ad just ing the shaf t  
when the e n t i r e  pump, column and shaf t  have reached temperature equi I Ibrium, no more adjustments 
are required. 

The pump-power r e q u ~ r ~ e n t  can be found by t h e  f o l  lowing formulae, where bhp I s  t h e  brake horse- 
power: 

ilt‘ m x t o t a l  head i n  f e e t  l l s  x t o t a l  head i n  mePbrs 
bhp = x s p e c l f i c  g r a v i t y  = 

3960 x e f f  i c lency  206,000 x e f f i c i e n c y  

o r  

m x pressure d i f fe rence I n  p s i  - Ils x Wa 
3944 x e f f i c i e n c y  

bhp == - 
1714 x e f f i c i e n c y  

Typical e f f  l c ienc les  f o r  ver t i ca l - tu rb ine  pumps are 50 t o  80 percent and can be found from the 
pump curve for any s p e c i f i c  pump and i t s  operatfng conditions. 

Downhole pumps 

The e l e c t r i c a l  submergible pump has been u t i  I I r e d  successful l y  i n  the o i  i industry f o r  more than 
50 years. I t s  adaptation t o  geothermal app l l ca t lons  has only  occurred dur ing the fast 6-8 
years, b u t  t h i s  adaptation, i n  many respects, has been B natura l  extension of Technical know- 
ledge gained over the 50 years o f  o i  I-pumping service, 

A submergible pumping system consis ts  o f  t h r e e  major components: t h e  d r i v e  motor, p ro tec tor  
sect lon and the pump (Figure 191, Surface components consis t  t y p i c a l l y  of an e l e c t r i c a l  Junc- 
t i o n  box, swltchbox and h-ansformers, as required. 
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CONVENTIONAL SUBMERGIBLE PUMP 

FIGURE 19. Conventional submergible pump (source: T R W  REDA Pumps). 
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The motor sect ion consists of a 3-phase, induction type which i s  o i l  f i  I led fo r  cool ing and 
lubr icat ion,  A h igh-star t ing torque enables a f u l l - l o a d  operating speed to be reached in  a very 
s h o r t  t ime period. Motor cool ing i s  achleved through heat t rans fer  to  the well  f l u i d  moving by 
and such motors have been operated s a t i s f a c t o r l  l y  on we1 I f l u i d  temperatures in  excess of 300°F 
(149°C). These motors are ava i lab le  in a wide range of diameters, horsepowers and voltages t o  
accommodate a var I e t y  o f  appf icat lons, 

The protector  sect ion i s  located between the pump and motor. i t s  primary funct ion i s  . to i so la te  
t h e  motor from t h e  wet i f lu id ,  The protector  design a i  lows for pressure equal i za t ion  between 
t h e  pump-intake pressure and the motor's in ternal  pressure, permi t t ing  expansion or cont ract ion 
of  the motor oil due t o  thermal gradients. Mechanical seals provide protect ion against f l u i d  
migrat ion along the pump shaf t  and a marine-type t h r u s t  bearing Is included t o  absorb a x i a l  
forces induced by the pump. 

The pump sect ion consis ts  o f  a mul t is tage cent r i fuga l  arrangement q u i t e  s i m i l a r  t o  the surface- 
d r iven  tu rb ine  pumps described e a r l i e r  under V e r t i c a l  Turbine Pumps. Capacity ranges up t o  
approximately 2000 gpm (126 I/s) and l i f t s  up t o  15,000 f e e t  (4500 m), Due to hydraul ic  
I im i ta t ions  combined w i t h  diameter 1 imitat ions, the l i f t  per stage i s  r e l a t i v e l y  low; however, 
as many as 500 stages have been used in  the past t o  meet high head requirements, Through the 
use o f  corros ion-res is tant  materiais, pump wear and corros ion are minimized and long-term 
pred ic tab le  performance in  a i  I normal l y  encountered f tu ids can be assured. 

Advantages of the  submergible pumping system are many and include: 

1. The system can e f f  i c i e n t i y  del i ver  the largest  amount of horsepower a t  the pump o f  any pump- 
ing system in  the smafi-diameter casing s izes associated w i t h  wetls of any depth. 

2, Conventional designs can be u t i l i z e d  in crooked d r i l l  holes or  deviated wells, 

3, Conventionat designs are now capable o f  operating a t  temperatures t o  3OOOF (149OC). 

4. Well-surface requirements are minimized. 

5, No c o s t l y  foundation pads or  housing s t ruc tu res  are  required. 

6. Pump and motor noise i s  confined t o  the we1 I bore. 

A recent development in submergible pumps al lows f o r  a well  completion t h a t  permits easy and 
safe removal of the pump without removing the discharge pipe. Figure 20 i s  an i l l u s t r a t i o n  o f  
how t h i s  pump i s  suspended ins ide the discharge p ipe  and r e t r i e v e d  w i t h  the attached cable. 
Removal (through a s t r ipper  valve) does not invo lve the use o f  w e l l - k i l i  f l u i d s  t o  hold back 
we l l  flow, as i s  the  case f o r  more conventional pump-service operations. 

C i r c u l a t i o n  DumDs 

I n  any geothermal u t i l i z a t i o n  scheme, once the g ~ t h e r m a l - w e l l  pump has been selected, a u x i l i a r y  
c i r c u l a t i o n  pumps can become a requirement. These pumps can be used to boost the pressure in 
t h e  geothermal loop or  t o  provide the pressure and flow i n  a secondary closed-loop system, Many 
excel l e n t  se lect ions are avai tab le i n  t h i s  regard, Centr i fugal  pumps, selected on the basis of 
pressure, f I ow, temperature and corros ive cons i derat  i ons of the f I u i d being hand I ed, become a 
s t ra igh t fo rward  engineering task, Hot-water c i r c u l a t i n g  pumps have been used f o r  many years and 
t h e  state-of-the-art can be appl ied d i r e c t l y  t o  geothermal appl icat ions. 

P I PI NG SYSTEMS 

Th is  section r e f e r s  only t o  t h a t  por t ion  of p ip ing  t ranspor t ing  geothermal water. P ip ing  In a 
closed-loop system carry ing c i t y  or potable water, which may have been heated by geothermal 
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FIGURE 20. Cable-supported submerglble pump (source: T R W  REDA Pumps) 



4-49 

water, becomes a standard heating system, i s  we1 I documented in ASHRAE guidebooks and i s  no d i f -  
f e ren t  from what has been in common use. 

Types o f  p ipe 

M e t a l l i c  pipe. The most commonly used pipe IS black steel,  schedule 40, f o r  pressures 
under 125 P.S.I. (860 kPa). Jo in t i ng  of t h i s  pipe may be threaded, welded or  w i th  use o f  gland- 
type couplers ( V i c t a u l i c  o r  equal). In using gland-type f i t t i n g s ,  it i s  very necessary t o  
research the chemical and temperature range of the elastomeric gaskets t o  make sure they are 
compatible w i th  the  water. 

Generally, it i s  advisable t o  keep the v e l o c i t y  on the high s ide  t o  provide scouring and reduce 
chemlca 1 bui I d  up. Free oxygen In  these systems w i  I I produce Fe304, there fore  it i s  neces- 
sary t o  keep a t i g h t  system. 

Other types o f  pi ping, such as copper, brass, sta i n  I ess steel  and the more exo t ic  meta I s  may be 
permissible under ce r ta in  water condi t ions 'but should be used only as " l a s t  resor t "  due t o  t h e i r  
i ncreased cost . 
When bur ied i n  the  ground, metal I i c  p i  ping should be we1 I protected from ex te r io r  corrosion. 
Using magnesium anodes t o  o f f s e t  the galvanic act ion o f  s o i l s  and ground water i s  o f ten  advis- 
able, p a r t i c u l a r l y  i n  very moist  s o i l  o r  ac id  so i l s .  

Nonmetal I i c  pipe. Asbestos cement p ip ing  has been used f o r  out-fa1 I l ines  wi th good suc- 
cess; however, some waters w i  I I have a de te r io ra t i ng  reac t ion  w i th  the  p ip ing  chemicals. On 
supply pipes or pressure pipes, there  i s  the add i t iona l  possl b i  I i t y  of oxygen enter ing the water 
due t o  the poros i ty  o f  the piping. 

Polymer concrete p i  pes (mixtures of cement aggregate and various polymers) a r e  present ly under 
development. These pipes have been tested in various geothermal f l u i d s  and have been r e s i s t a n t  

. t o  leaching, sca l ing  and erosion. Testing i s  cont inuing and the pipes are commercially ava i l -  
able, bu t  a t  the present t i n e  there  i s  no large commercial appl i c a t i o n  experience. 

There are many types o f  patented p l a s t i c  pipes, such as PVC, CPVC, Fiberglas, polypropolene and 
other thermoplast ic mater ia ls t h a t  have excel l en t  chemical resistance, seal ing, higher flow 
ra tes  f o r  a given s i ze  and a wide range of  thermal expansion and temperature l im i ta t ions .  We 
advise a thorough study of  t h e i r  I im i ta t ions5 before using any of these pipes and recommend 
prov id ing  the manufacturers w i th  chemical analysis o f  the  water and rece iv ing  from them a 
w r i t t e n  guarantee f o r  i t s  usage. These mater ia ls  have been used In on ly  l im i ted  app l ica t ions  to 
t h i s  t ime and there  i s  l i t t l e  experience on which t o  base design and operations and maintenance 
costs . 
Some Fiberglas-reinforced p l a s t i c  (FRP) pipes meet r i g i d  m i l i t a r y  spec i f i ca t i ons  (MIL-P-28584) 
o f  up t o  115 ps ig  (800 kPa) a t  300°F (149°C) and have been used f o r  steam-condensate l ines  w i th  
good resu l ts .  Maintenance costs over a 12-year period have been n i  I and the pipe shows no sign 
o f  de ter io ra t ion .  FRP i n  general w i l l  not car ry  l i v e  steam as the  steam breaks down the plas- 
t i c ;  seeping and u l t ima te  f a i l u r e  may resu l t .  

Determining p ipe  parameters 

Pipe s iz ing .  Pipe size i s  determined by the temperature d i f f e rence  (AT) between the water 
en ter ing  and leaving a system. For best economy o f  the  overal I design, it i s  most advantageous 

For example, temperature l i m i t s  fo r  various pipes are 125°F (52°C) ABS, 150°F (66°C) PVC 
5 

and 212°F (100°C) CPVC. 
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t o  use the  largest A T  possible. 
system d iv ided by the temperature d i f f e r e n t i a l  as f o l  lows: 

Flow ra tes  are  determined from the heat output required by the 

Heat output (n tu )  

AT 
Mass Flow Rate ( I b/hr) = 

Expressed in the commonly used gal Ion per minute (GPFI), t h i s  formula becomes 

KW - --- Heat output required- kJ/hr - 
15,200 x AT("C) 4.22 AT("C) 

Flow r a t e  (GPM) =--- or I/s = 
AT x 8.33 Ib/gal x 60 nin/hr 

Heat output r e q u i r -  
AT x 500 

(GPM) = 

Th is  would vary s l i g h t l y  due ' to  the spec i f i c  heat and densi ty o f  the  water a t  various tempera- 
tures. However, i n  the range o f  temperatures normally used, the  above formulae are accepted. 

Head loss. The second considerat ion I s  the  head loss in a system. As the  pipe s i ze  i s  
decreased f o r  a given water flow, the  head loss w i  I 1  increase thus, increasing the pump motor 
s i ze  and the energy consumption. Head loss i n  a p ip ing  system is a funct ion of the quant i t y  
(GPM),circulated and the f r i c t i o n  loss i n  the pipe. Generally, a .75 ft /100 f t  head loss to 2.5 
ft /100 f t  (0.75-2.5g) i s  desirable, the lower f i g u r e  being used for smaller pipes. There are 
advantages t o  using the higher flow rates, such as scouring of  t ho  pipes and the abi I i t y  t o  move 
entrained a i r  through the systems. 

I n  determining the  t o t a l  head loss i n  a p ip ing  system, one must know the t o t a l  length o f  the 
system p lus  the equivalent length allowed fo r  f i t t i n g s  and valves. The head loss i n  the p ip ing  
system I s  equal t o  the t o t a l  equivalent length times the f r i c t i o n  loss per f t  o r  per 100 ft. 
Tables for determining the' f r i c t i o n - l o s s  fac to rs  and resu l tan t  p ipe s izes may be found in ASHRAE 
- Handbook -- of  - Fundamentals, - - ---- 1972 ed i t ion ,  Chapter 26. This reference a l so  gives complete 
informat ion f o r  p ipe  sizing. 

I n  add i t i on  t o  the  water - f r i c t ion  loss in the  p ip ing  system, one must also consider the head 
loss through the heat exchangers o r  co i  I system t h a t  the water passes through. These losses are 
usual l y  q u i t e  s i g n i f i c a n t  and can be most easi l y  obtained from manufacturers' catalogs or d i r e c t  
from the  manufacturer of the equipment used. 

S t a t i c  losses i n  a system ( tha t  is, the  loss t o  l ift the water t o  the  highest po in t  of  usage) 
must a l so  be considered in  determining the t o t a l  head loss on a pump. Therefore, the  t o t a l  head 
loss i s  equal t o  Hf (Head Loss due to f r i c t i o n )  p lus  He (Head Loss through equipment) p lus  
Hs ( S t a t i c  Head Loss). 

S t a t i c  Head Loss i s  ignored in  any closed-loop system since the  t o t a l  system i s  f i l l e d  w i th  
water and the weight of the water r i s i n g  in a system i s  o f f s e t  
i s  re tu rn ing  down i n  the system. 

Design procedures. In  any p ip ing  and u t i  I i za t i on  system, 
inary .layout be prepared and from t h i s ,  prel  iminary pipe sizes, 
and pump se lec t ion  be determined. 

An o v e r a l l  examination of  t h i s  prel iminary design should then 
p ipe  s izes  and pump sizes may be made t o  determine the best 
cos t  of the  system t o  obtain the  optimum design. 

by the weight o f  the  water t h a t  

it i s  recommended t h a t  a prelim- 
pressure drops, equipment s i z ing  

be a f fec ted  and adjustments in 
f i r s t  cost  versus the operating 
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- Expansion -------- allowances. Consideration must be .given t o  the  expansion and cons t ruc t ion  of 
p ip ing  due t o  temperature changes. This expansion must be taken up w i th in  the p ip ing  system 
e i t h e r  w i t h  of fsets,  pipe loops, expansion j o i n t s ,  special  mechanical coup1 ings, by u t i  l i z i n g  
t h e  inherent f l e x i b i l i t y  of t he  piping in bending or by preheating. The method o r  devices 
selected w i l l  depend upon force l im i ta t ions ,  ava i l ab le  space, i n s t a l l e d  cost, se rv i ceab i l i t y ,  
maintenance cost, length of  l i f e ,  etc. The amount of expansion w i t h i n  a given p ip ing  system 
depends on the temperature d i f f e r e n t i a l  and t h e  type of piping. The r e l a t i o n  between, these two 
f o r  any given pipe mater ia l  I s  ava i lab le  from most engineering handbooks o r  from manufacturers. 

Where possible, we recommend u t i l i z i n g  the  f l e x i b i l i t y  o f  the p ip ing  i t s e l f  e i t he r  by unres t r i c -  
t e d  movement o f  the pipe where it makes bends or by using o f f s e t s  o r  pipe-loops. However, these 
methods are  usual l y  not sa t i s fac to ry  fo r  a bur ied system. 

Mechanical expansion j o i n t s  are commonly used where space i s  a l i m i t i n g  factor;  however, they 
must be access i b l e  f o r  ma i ntenance. 

Some p ip ing  systems use an elastomeric-gasketed type coup1 ing, such as tapered j o i n t s  w i t h  
O-rings o r  those appl ied t o  grooved-end pipe t o  take up the  expansion. However, these must be 
selected careful  l y  t o  insure adequate expansion and t o  be able to  operate w i th in  the pressure 
and temperature 1 im i ta t i ons  o f  the elastomer selected. 

Preheat ing o f  d i rect-bury p ip ing  f o r  large cen t ra l  heating d i s t r i c t s  has been used in  several 
count r ies  In Europe. Insulated pipe i s  l a i d  in trenches, preheated t o  a f i x i n g  temperature 
between the middle o f  the normal operating range and the middle of the t o t a l  temperature d i f f e r -  
ence ( c o l d  t o  high-operating) and back-fi I led a t  t h a t  f i x i n g  temperature. The system e l  iminates 
guides, anchors and expansion loops or compensators s ince they have already been tlprestressed.'f 
A good bond between pipe, insu la t ion  and outer jacke t  (PVC, PEH, etc.) i s  required. The system 
i s  sa id  t o  reduce i n s t a l  i a t i o n  cost by up t o  20% and reduces system f a i  I ures. 

For a complete discussion on expansion i n  piping, we re fe r  you t o  Chapter 14 of  the 1976 ASHRAE 
Systems. Handbook. 

A I  I expansion devices must be used in & junc t i on  w i th  anchors and guides to insure t h a t  t he  
expansion occurs as designed and tha t  t he  alignment o f  the p ip ing  i s  maintained i n  order t o  make 
the  devices operate as designed. 

Heat loss from p ip ing  system. The heat losses t o  be to le ra ted  from a p ip ing  system w i t  I 
i nva r iab l y  be determined by the economic balance between f i r s t  cost  and operat ing cost. Also 
recent  l eg i s la t i on  and adoption o f  energy codes have d i c ta ted  cer ta in  minimum insu la t i on  values 
f o r  p ip ing  regardless o f  the type o f  heat source. Geothermal water i s  a natural  resource, and 
although It may appear a t  t h i s  t ime t h a t  it I s  v i r t u a l l y  an un l im i ted  source o f  energy, it 
shou I d no t  be wasted. 

The thickness and type o f  insu la t ion  t o  be used on a system must be evaluated no t  only on cos t  
bu t  a lso  on locat ion of the p ip ing  and the temperatures Involved. In  an underground system, the 
res is tance t o  moisture abso rp t i v i t y  and res is tance t o  superimposed loads must be considered. 
Above-ground insulat ions must be evaluated f o r  f i r e  and smoke protect ion,  from damage by person- 
nel  and from damage t o  thermal e f f i c ienc ies .  

Most o f  the  c r i t e r i a  for proper i n s t a l l a t i o n  of insu la t ion  can be obtained from the i nsu la t i on  
manufacturers. ASHRAE, 1976 Systems Handbook, Chapter 14, g ives  a good comparison char t  fo r  
evai ua t  ing  the  various types o f  insulat ion. 
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HEAT EXCHANGERS 

The p r inc ipa l  reason for having heat exchangers In geotherma I systems i s  t o  conf ine  the geother- 
mal waters w i th  t h e i r  inherent impur i t ies  t o  loca t ions  where corrosion and/or sca l i ng  can e i the r  
be cont ro l  led by mater ia ls  se lec t ion  or where. c leaning or replacement w i  I I be r e l a t i v e l y  easy 
and economica I . Thus, I arge and sometimes amp I lcated p i  p i  ng and heat-emitter systems are pro- 
tec ted  from t h e  harsher environment of  the geothermal f lu id .  I n  some areas of r e l a t i v e l y  benign 
geothermal f l u i d ,  d i r e c t  use in the system may be prac t ica l .  Chemistry o f  the  water and i t s  
e f f e c t  on mater ia ls  should be c a r e f u l l y  checked. 

I t must be remembered t h a t  there  w i  I I be a temperature d i f f e r e n t  la1 between the  primary and 
secondary f l u i d s  any t ime a heat exchanger i s  used. The smaller t he  d i f f e r e n t i a l  (c loser 
approach temperature), the  more expens i ve  the 'heat exchanger w i I I be. Approach temperatures 
o f  less than 10°F (6°C) a r e  o f ten  uneconomical but'depend on the  heat-exchanger type  and pa r t i c -  
u l a r  appl icat ion.  In  some cases, where we1 I and p ip ing  costs are low, approach temperatures of  
4-5°F (2-3"C) have proven economica I . 
The p r inc ipa l  types of  heat exchangers used in geothermal systems are the downhole heat exchang- 
er; the she1 I-and-tube heat exchanger;. t he  p l a t e  heat exchanger; the  f l u i d  ized-bed heat exchang- 
er; the d i rec t -contac t  heat .exchanger; and the p las t i c - tube heat exchanger. 

Downhole heat exchanaer 

The downhole heat exchanger (DHE) e l im ina tes  the problem of disposal o f  geothermal f l u id ,  since 
on ly  heat i s  taken from the  we1 1. The exchanger consists of a system of pipfs o r  tubes sus- 
pended in the we l l  through which ffcleanlf secondary water i s  pumped or  allowed to  c i r c u l a t e  by 
na tura l  convection. These systems o f f e r  substant ia I economic savings over surface heat exchang- 
e rs  where a s ingle-wel l  system i s  adequate ( t y p i c a l l y  less than 0.8 MWe, w i th  wel l  depths up to 
about 500 f t  [150 m l )  and may be economical under ce r ta in  cond i t ions  a t  well  depths t o  1500 f t  
(450 m; F igure  21). 

Several designs have proven successful, bu t  the  most popular are a simple ha i rp in  loop o r  mu l t i -  
p l e  loops of i r o n  pipe ( s i m i l a r  t o  the tubes i n  a U-tube and she l l  exchanger) extending near the 
we1 I bottom (F igure  22) and a s p i r a l  c o i l  o f  copper tube suspended near the we1 1 bottom. An 
experimental design cons is t ing  o f  m u l t i p l e  m a l  I tubes w i th  ttheaderstf a t  each end suspended j u s t  
be low the water sur face appears t o  o f f e r  econom i c  and heating capacity advantages. 

I n  order t o  ob ta in  maximum output, t he  we1 I must be designed t o  have an open annulus between the 
we1 I bore and the casing and per fo ra t ions  above and below the  heat-exchange surface. Natural 
convection c i r c u l a t e s  the water down ins ide  the casing, through the lower perforat ions,  up in 
the  annulus and back inside the  casing, through the upper perforat ions.  I f  the design parame- 
t e r s  o f  bore d lameter, casing diameter, heat-exchanger length, tube diameter, number of loops, 
f low r a t e  and i n l e t  temperature are carefu I l y  selected, the'  ve loc i t y  and mass flow o f  the natu- 
r a l  convect4on ce l  I I n  the wel l  may approach those o f  a conventional shell-and-tube heat 
exchanger. 

The in te rac t i on  between the f l u i d  i n  the aqu i fe r  and t h a t  i n  the  we1 I i s  not f u l  l y  understood, 
bu t  it appears t h a t  outputs are higher where there  i s  a high degree of mixing i nd i ca t i ng  t h a t  
somewhat permeable formations are preferred (Figure 23). 

Consi der i ng I i f e  and rep  lacement costs, mater i a  I s shou Id be se lected to provide economica I pro- 
t e c t i o n  from corrosion. A t ten t l on  must be given to the anodic-cathodic re la t i onsh ip  between the 
exchanger and the  casing since it i s  r e l a t i v e l y  expensive to replace the well  casing. Experi- 
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FIGURE 22. Typical downhole heat-exchanger installation. 
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1 

ssu# #oucm6 VALVE -- VALVE CITY WATER 

I 
FIGURE 23, Typical hot-water d t s t r f b u t i o n  system using a downhole heat exchanger (Culver, 

1978). 

ence fn the  approximately 600 downhole exchangers i n  use lndfcates t h a t  corros ion i s  most severe 
a t  the air-water in te r face  a t  s t a t i c  water level  and tha t  s t ray  e l e c t r i c a l  currents  can acceler- 
a t e  corrosion. Insu la t ing  unions should be used to Iso la te  the  exchanger from s t ray  currents  In 
bul l d i ng  and c f t y  water I fnes. 

Shell-and-tube heat exchangers 

Conventional shell-and-rube heat exchangers may be u t i l i z e d  f o r  geothermal app l i ca t ions  w i th  
c e r t a i n  design conslderations, Thei r  app l i ca t ion  i s  well  known and l i t t l e  w i l l  be said here. 
The she1 I-and-tube heat exchangers are placed above ground and can be e i t h e r  adjacent to the 
we1 I head or a t  any place along the d i s t r  i bu t i on  system In the case o f  a large d i s t r i c t -hea t ing  
system, 
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This type o f  heat exchanger i s  read i l y  avai l ab le  or may be custom-deslgned to meet the spec if IC 
need. The she1 I-and-tube heat exchanger i s  j u s t  what the  name imp1 ies, i.e., a ser ies o f  tubes, 
narma I I y c a r r y i  ng the  geotherma I water, surrounded by an enc I os i ng she I I, conf i n  i ng the 
secondary-system water around the  tubes. The tubes in t h i s  type exchanger can be a Wtt-tube 
conf igura t ion  or a s t r a i g h t  tube w l th  removable heads a t  both ends t o  fac i  I i t a t e  cleaning of the 
tubes. We recommend the straight- tube conf igura t ion  s t r i c t l y  for ease o f  cleaning. Exchangers 
may be used in ser ies t o  obtain h igherbT,  or  f o r  heating d i f f e r e n t  secondary f l u ids .  

Impur i t i es  in the  we1 I-water systems w i l l  determine th'e types of mater ia ls to  be used In the 
heat exchangers. Less expensive exchangers are normal l y  manufactured using m i  I d  steel f o r  the 
she1 I and heads, w i th  copper tubes. Stainiess-steel  she1 I s  and ce r ta in  copper, bronze, s i  I Icon 
bronze or sta.inIess-steeI tubes and heads may be used for greater corrosion resistance. Further 
lnformat lon may be found in the corrosion sect ion of t h i s  report .  I n  some cases, sca l ing  can be 
a serious problem In she l l  and tube exchangers. The water can be chemlcal l y  analyzed and the 
Lang l I  i e r  Saturat ion index appl led t o  obtain information on the amount of scal ing to be 
expected. Large fou l ing  factors, up t o  25% or more, may be required. 

When m i  I d  steel  she1 Is and copper or s i  1 icon bronze tubes can be u t i  I ized, t he  she1 I-and-tube 
heat exchanger w i l  I general l y  be more economical than p la te  exchangers. However, for  the same 
duty, t he  she1 I and tube exchangers w i  I I general l y  requ i re  more space. 

P l a t e  heat exchangers 

A I  though r e l a t i v e l y  unknown, plate-type heat exchangers have been used predominantly i n  the  
food-processing industry, where corrosion resistance and clean 1 iness are necessary, and in cer- 
t a i n  other appl i ca t ions  where very close approach temperatures are  required (Figure 24). 

The p la te  heat exchanger cons is ts  of a ser ies of p la tes  held i n  a frame by clamping rods. The 
primary and secondary f l u i d s  are usual l y  passed through a l te rna t i ng  passages between the p la tes  
i n  singfe-pass counter flow, although other flow paths can usua l ly  be arranged by simple exter-  
nal  piping. Since the f low i s  pure counter-flow, Log Mean Temperature D i f fe rence (LMTD) correc- 
t i o n  fac to rs  approach un i t y  and high turbulence i s  achieved, p rov id ing  a very e f f i c i e n t  exchange 
i n  a smal I volume. Stamping of  t he  p la tes  provides a va r ie t y  o f  f low-path patterns and sizes. 

The plate-type exchangers can be economical l y  constructed of corrosion-resistant mater ia ls s ince 
the  p l a t e  mater ia l  I s  usual ly more economical than tube mater ia l .  Mater ia ls  read i l y  ava i lab le  
for geothermal use include s ta in less  steels,  t i tanium, brasses and hastel loy. 

Spec i f i c  advantages o f  p l a t e  heat exchangers over she l l  and tube exchangers f o r  geothermal 
app l i ca t i ons  are: 

1. More economica! when mater ia ls  other than mi ld  steel  are required. 

2. Less f l o o r  space required . 
3. Closer approach temperatures a t  reduced costs. 

4. Easy disassembly fo r  cleaning. 

5. Easy t o  expand f o r  increased heating loads by adding plates. 

6. Series and/or para1 le1 systems can be incorporated i n  one frame. 

Disadvantages f o r  some app l ica t ions  are: 

1 .  

2. 

Low-density f l u l d s  (vapors and gases) a r e  d i f f i c u l t  t o  handle economically. 

Since gaskets between p la tes  must be elastomeric, temperatures are I imited t o  500°F (260°C) . 
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FIGURE 24. P l a t e  heat exchanger (source: APV Co., Inc,). 

We recommend inves t iga t ing  the use o f  plate-type exchangers f o r  a l l  appl icat ions unless the d is-  
advantages noted above c l e a r l y  e l  iminate t h e i r  use. I n  the  several instances where they are in  
use or  use i s  proposed, p la te  exchangers have shown great  economic advantages. The economy i s  
p a r t i c u l a r l y  advantageous where low-temperature geothermal f l u i d  requi res close approach temper- 
a tu res  f o r  economic s iz ing  o f  other 'components. Systems present ly  i n  operation have economi- 
c a l l y  achieved approach temperatures o f  4°F (2°C) w i t h  geothermal f1ui.d of about 13OOF (54°C).  

Direct -contact  heat exchanger 

T h i s  type of heat exchanger provides one of the  most e f f i c i e n t  and simplest means of t rans fer -  
r i n g  heat from hot geothermal water t o  another working f luid. Direct-contact exchangers have 
been used in  petro-chemical appl icat ions f o r  a number o f  years,' usual l y  in  the exchange between 
a f l u l d  and a gas (Figure 25). 

The basic exchanger consis ts  p r i m a r i l y  o f  a pressure vessel w i th  i t s  longi tud ina l  ax is  v e r t i c a l  
and piped such t h a t  the hot f l u i d  and the f l u i d  to be heated are Introduced countercurrent to 
each other. Each f l u i d  Is  usually d i rected through a nozzle arrangement t o  provide f o r  e f f l -  
c i e n t  mixing and maximum contact between the two f lu ids .  Once mixing and heat exchange has 
taken place, the two f l u i d s  are allowed to  separate as a r e s u l t  o f  s t a t e  or  densi ty  changes. 
The working f l u i d  carryover t o  the hot f l u i d  i s  almost inevitable. Selection o f  the proper 
working f l u i d  t o  minimize carryover i s  based on chemical and thermal character is t ics ,  AS an 



4-58- 



4-59 

example, t he  f lash po in t  of the working f l u i d  selected shou I d  be we1 I below the temperature of 
t h e  geothermal water t o  assure complete vapor izat ion of the working f l u i d  and thus good separa- 
t ion a f t e r  be i ng heated. 

The advantages o f  t h i s  device f o r  d i r e c t  app l l ca t ions  include s i m p l i c i t y  o f  design and a small 
volume size required fo r  ra ther  large heat-transfer rates. Appl i ca t ions  considered pr lmari  l y  t o  
da te  have usua l ly  been in the  electr ic-power generation areas, bu t  the app l i ca t i on  should lend 
i t s e l f  we1 I to heat pumps or process use or  perhaps a Rankine cyc le  engine. 

Fluidized-bed heat exchanger 

The f luidized-bed exchanger i s  s i m i l a r  t o  a shell-and-tube In design and ove ra l l  appearance. 
The d i f fe rence i s  t h a t  a medium (sand, ground walnut h u l l s  or almost any granulated, uniformsize 
ma te r ia l )  t h a t  can be made t o  behave l i k e  a f l u i d  (w i th  the in t roduc t ion  of pressurized a i r  or 
any other f l u i d ,  for t h a t  matter) I s  maintained in the  she l l  por t ion  surrounding the  tubes. 
T h i s  f l u i d i z e d  medium provides f o r  a constant scrubbing ac t ion  against the  tubes, e l  lminat ing 
many fou l i ng  or sca l ing  problems. It can a lso  have a benef ic ia l  e f f e c t  on the ove ra l l  heat 
t r a n s f e r  through tu rbu len t  ac t ion  around the ind iv idua l  tubes, increasing the contact  t ime 
between hot and co ld  f l u i d s  (Figure 26). 

For the  geothermal water high i n  dissolved s o l i d s  t h a t  have a po ten t ia l  f o r  severe scaling, the 
f l u i d i z e d  bed exchanger becomes an exce l len t  choice. Heat-transfer ra tes  can be maximized with- 
o u t  the  maintenance concerns o f  fouled exchanger tubes. I n  the appl i ca t i on  described, geother- 
mal water would be piped t o  the s h e l l  side o f  the  exchanger through nozzles t o  f l u i d i z e  a sand 
med lum. The secondary water o r  f 1 u i d  t o  be heated would c i r c u l a t e  through the  exchanger tubes. 

Typ ica l  process appl i ca t i ons  for the  f l u id i zed  bed exchanger may include many dry ing  appl Ica- 
t ions where the f l u i d i z e d  medium I s  actual l y  t he  mater ia l  being dried. The drying process can 
be accompl ished In a batch-type arrangement o r  through a continuous f low ing  process where the 
medium i s  constant ly ca r r i ed  Over and expelled once it reaches a ce r ta in  moisture content. In 
t h i s  appl icat ion,  geothermal water would be used in the tube s ide  o f  the exchanger and the mate- 
r i a l  to be dried, f l u i d i z e d  w i t h  pressurized a i r ,  would be introduced in the  she l l  side. 

P las t ic - tube heat exchangers 

P las t ic - tube heat exchangers w i th  an upper temperature l i m i t  o f  122°F (50°C) a re  present ly 
ava l  l ab le  from a Swedish manufacturer and higher temperature un i t s  are repor ted ly  under inves t i -  
gation. The u n i t s  are completely corrosion r e s i s t a n t  to most geothermal waters and should not 
be suscep t ib le . to  scallng. As might be expected, the u n i t s  are larger than a comparable capa- 
c i t y  t yp i ca l  U.S. fan-coi I un It, but  the  corrosion- and scal ing-resistance overcomes the disad- 
vantage of  size. 

Cur ren t  use of the  p l a s t i c  un i t s  has been in heat-recovery systems where heat from corrosive 
water i s  t rans fer red  t o  a i r  and, conversely, where chemical-laden a i r  I s  used to  heat water. 
There are no metal components w i th  bol ts,  manifolds, end p la tes  and spacers made of  p las t i c .  

Use o f  h igh ly  cross-I inked polyethylene tubes o r  other engineering p l a s t i c s  should permit con- 
s t r u c t i o n  o f  u n l t s  able t o  withstand temperatures of  above 200°F (93°C) and pressures of 150 ps i  
( 1030 Wa) w i th  safety fac to rs  o f  3, although no such u n i t s  have been tes ted  to date. There are 
no U.S. manufacturers producing e i t h e r  the h igh l y  cross-I inked polyethylene o r  the  plast ic- tube 
exchangers. 

A p las t i c - tube heat exchanger has been in  use for several years In the Blue Baths In Rotorua, 
New Zealand. The exchanger consists of a loose bundle of 640 0.025-inch (0.64-mm) I D  Teflon 
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tubes of suspended In a c i r c u l a t i n g  bath o f  200°F (93OC) geothermal water. S imi lar  u n i t s  are 
manufactured by DuPont. 

CORROSION, SCALING AND MATERIALS SELECTION 

Proper ly  managed bo1 l e r  water, steam or hot-water heating systems are f ree o f  the t y p i c a l  geo- 
thermal f l u i d  components. These f l u i d s  are s u b s t a n t i a l l y  less aggressive than geothermal f l u i d s  
and have l i t t l e  tendency t o  form scales by deposi t ion o f  dissolved sol Ids. The chemical species 
present in geothermal f l u i d s  are the primary fac to rs  t h a t  r e s u l t  In  corros ion and sca l ing  when 
these f I u ids are used as heat sources. 

Geothermal-fluid chemistrv 

Geothermal-f l u i d  temperature and chemistry are so c lose ly  re la ted  t h a t  ' there i s  a general 
Increase i n  t o t a l  dissolved sol ids  (here in re fe r red  t o  as sal i n i t y )  as temperature Increases. 
The chemical species found i n  the f1,uids are a func t ion  o f  the local, i n  s i t u  geology. Cer ta in  
important species are found t o  a greater o r  lesser extent  In  a1 I' geothermal f lu lds  and are tabu- 
la ted  in  Table 5. Hydrogen concentratlon, as expressed by pH, Is a funct ion of other species, 
e.g., carbon dioxide. Oxygen i s  not present In most geothermal reservo i rs  since oxygen and 
hydrogen s u l f i d e  do not coex is t  in  s i g n i f i c a n t  amounts a t  equi l ibr ium. The presence o f  s l g n i f i -  
can t  concentrat ions of oxygen ( > l o  ppb) i n  the presence o f  hydrogen s u l f i d e  is usual l y  an ind i -  
c a t i o n  o f  leakage of a i r  i n t o  the  p ip ing system or  t h e  mixing of very near surface water with 
t h e  f l u i d  (DeBerry, 1978). 

TABLE 5 

Dlssolved major corrosion and scal ing species i n  most geothermal f l u i d s  

Corrosion Sca I ing Character 

Oxygen ( i n  leakage) Gas 

Hydrogen 

Carbon D 

Ammon I a 

H y d rog en 

su 

Ch 

phate 

Su l f ide  

ox i de 

Gas 

Gas 

Gas 

Ions 

so I 

o r  I des so I 

S i  I icates so I 

Carbonates so I 

Sul f ides so I 

Ox 1 des Sol Ids 

Hydrogen su l  f Ide. Probably the most severe e f f e c t  o f  H2S I s  i t s  a t tack  on c e r t a i n  copper 
and n icke l  a l  loys. Copper, cupronlckel and n icke l  copper a1 loys have performed we1 I in  seawater 
b u t  are p r a c t i c a l  l y  unusable i n  geothermal f I ulds containing HzS. The e f f e c t  o f  H2S on 
iron-based mater ia ls  is less predictable. Accelerated at tack occurs in  some cases and inhlbl- 
t l o n  In others. High-strength s tee ls  are of ten subject  to sul f ide-s t ress cracking. Hzs may 
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a lso  cause hydrogen b l  i s t e r  Ing of steels. 
process streams increases the a c i d l t y  of the stream. 

Oxidation of H2S t o  H2S04 i n  aerated geothermal 

Carbon dioxide. In  the a c i d i c  region, C02 can accelerate t h e  unfform corrosion o f  carbon 
steels. The pH o f  geothermal f l u i d s  and process streams i s  la rge ly  contro l led by C02. Car- 
bonates and bicarbonates can d isp lay m i l d  i n h i b i t i v e  ef fects .  

Ammonia. Ammonia can cause stress-corrosion cracking o f  some copper a1 toys. It may a lso 
accelerate the unlform corrosion o f  m i l d  steels. 

Sulfate. Su l fa te  plays a minor r o l e  in  most geothermal f lu ids.  In some low-chloride 
streams, s u l f a t e  w l l l  be t h e  main aggressive anion. Even i n  t h i s  case, it r a r e l y  causes the 
same severe loca l ized at tack as chloride. 

Oxygen. The addi t ion o f  small quant i t ies  of oxygen t o  a high-temperature geothermal system 
can g r e a t l y  Increase the chance o f  severe local ized corros ion o f  normal l y  res is tan t  metals. The 
corros ion of carbon s tee ls  I s  sens i t i ve  t o  t race ( I n  the low ppb range) amounts o f  oxygen. 

Hydrogen ion (pH). The general corrosion r a t e  o f  carbon s tee ls  increases r a p i d l y  wi th  
decreaslng pH, espec ia l l y  below pH 7. Pass iv i ty  o f  many a l l o y s  i s  pH-dependent. Breakdown of 
p a s s i v i t y  a t  loca l  areas can lead t o  serious forms o f  attack, e.g., p i t t i n g ,  crev ice corrosion 
and stress-corrosion cracking. 

Chloride. Chlor ide causes local breakdown of passive f i l m s  which protect  many metals from 
uniform, attack. Local penetrat ion o f  t h i s  fi I m  can cause p i t t i n g ,  crev ice corrosion or  s t i e s -  
corros ion cracking. Uniform corrosion ra tes  can a lso  increase w i t h  increasing ch lo r ide  concen- 
t r a t i o n ,  bu t  t h i s  act ion I s  genera l ly  less serious than local forms o f  attack. 

T r a n s i t i o n  metal ions. I1Heavy1l o r  t r a n s i t i o n  metal ions might a lso be included as key 
spe.cies. Thei r  act ion on most const ruct ion mater ia ls  a t  low concentrations i s  I l l -def ined.  
However, t h e  poor performance o f  aluminum a1 toys in  geothermal f l u i d s  may be due in  p a r t  t o  low 
leve ls  o f  copper o r  mercury in  these f lu id3.  Salton Sea geothermal f l u i d s  contain many t rans i -  
t i o n  metal ions a t  greater than Vracel l  concentrations. Some ox id ized forms o f  t r a n s i t i o n  metal 
ions (Fe , CU'~, etc.) a r e  corroslve, but these ions are present In the lowest oxida- 
t i o n  s t a t e  (most reduced form) I n  geothermal f lu ids .  Oxygen can convert Fe+* t o  Fef3, 
which I s  another reason to exclude oxygen from geothermal streams. 

An important fac to r  to  be considered when evaluating a geothermal resource i s  the var iab i  I i t y  o f  
t h e  chemical charac ter is t i cs  o f  the f lu ids.  The compositions o f  geothermal f l u i d s  vary consid- 
erably  from f i e l d  to f ie ld .  There are s i g n i f i c a n t  dif ferences between we1 I s  in  a given reser- 
v o i r  r e s u l t i n g  from local lzed var ia t ions  In the geology. There are var ia t ions  wi th  t ime in  a 
w e l l  due t o  changes in  the f low patterns r e s u l t i n g  from productlon o f  the reservoir. 

+3 

Corrosion and sca l ing  i .nhfb i tors  

The volumes of f l u i d  required f o r  most geothermal-heating appl i c a t i o n s  are typ ica l  l y  t o o  large 
f o r  economical use of corrosion inh ib l to rs .  The EPA requirement for the removal of any chemlcal 
added t o  the f l u i d  f o r  corros lon contro l  p r i o r  to disposal provides fur ther  i n c e n t i w  f o r  a l t e r -  
nate corrosion-control methods. These fac to rs  suggest t h a t  mater ia ls  se lect ion Is  the most eco- 
nomical means of corrosion control.  
> 

Un l ike  the  requirement f o r  removal of corrosion inh ib i to rs ,  EPA regulat ions regarding scale- 
con t ro l  chemicals are much more l ibera l .  Scale-control chemicals f a l l  in to  two general classes: 
those t h a t  modify surface charac ter is t i cs  and re ta rd  nuc leat ion and those t h a t  change the chemi- 
ca I character of the depos i t e d  spec les . 
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These chemicals i n te r fe re  w i th  nucleation and growth mechanisms rather than a l te r i ng  the equl- 
I ib r ium so lub i t  f t y  of  the deposit ing mineral. Po lysu l f~na tes ,  polyacrolates and other low- 
molecular weight polymers a re  frequently used fo r  scale contro l .  One po in t  should be borne in 
mind: corros ion scales f requent ly  provide nucleation s i t e s  f o r  mineral sca le deposits. 

Corrosion and mater ia is  se lec t i on  

T h i s  sect ion describes the  forms and mechanisms of cor ros ive  at tack t h a t  can occur in geo- 
thermal-process l i q u i d  streams. These genera l izat ions are especia l ly  useful when mater ia ls  must 
be speci f ied f o r  condi t ions a t  which t e s t s  have not  been done. I f  the corrosion r a t e  of a mate- 
r i a l  has been tested a t  the stream condi t ions of in te res t ,  t h i s  information is s t i l l  useful. It 
expla ins the e f fec ts  of f ab r i ca t i on  practices, equipment conf igurat ion and operating stresses. 
I t  a lso  i den t i f  res some add i t iona l  ways mater ia ls  can deter iorate.  

Table 6 contains in format ion about the performance of  s p e c i f i c  metals i n  l l q u i d  streams. 

General gu ide l fnes 

By tak ing  appropriate precautions, carbon s tee l s  can be used f o r  thick-wal led appl i ca t ions  i n  
contac t  with most geothermal f lu ids .  Thin-wal led app l ica t ions  w i l l  be l im i ted  by the suscepti- 
b i l i t y  o f  these mater ia ls  to local ized attack, such as p i t t i n g  and crev ice corrosion. ,High-  
s a l i n i t y  geothermal f l u i d s  w i l l  cause high uniform corros ion as well  as local ized corros ion and 
w i t  I severely l i m i t  the use of  carbon steels. The app l ica t ion  o f  . m i l d  s tee l s  t o  geothermal 
environments requi res t h a t  precautions be taken fo r  aeration, f low rate, scal ing, ga lvanic  coup- 
l ing ,  p ro tec t ion  o f  e x t e r i o r  surfaces and steel  spec i f icat ions.  

Aeration. Acceptable uniform corrosion ra tes  o f  carbon s tee ls  In f l u i d s  containing <lO,OOO 
ppm ch lo r ide  ion are due mainly to the reducfng, oxygen-free nature o f  the f lu ids .  The fntro- 
duct ion of  small quan t i t i es  of  oxygen can increase uniform corrosion by a t  least t en fo ld  and 
i n i t i a t e  p i t t i n g  and c rev ice  corrosion. 

The e f f e c t  of  oxygen on the  corroslon o f  a mi ld  s tee l  Is shown in  F igure 27 f o r  an otherwise 
near ly  gas-free seawater stream. The same e f f e c t  occurs i n  geothermal systems. The solubi  I i t y  
o f  oxygen in sa l i ne  f l u i d s  decreases w i th  increasing temperature up tr, 212O.F (lOO°C), a t  which 
p o i n t  It increases again (Cramer, 1974). The electrochemical reac,tion r a t e  increases with tem- 
perature . 
Aerat ion damage during p l a n t  operation should be minimized by guarding against leaks i n  the 
I ower-temperature vacuum sec t  ions o f  the  plant. The highest potent ia  I f o r  serious damage from 
aera t ion  occurs due t o  inleakage during p lan t  outages o r  layups. Stagnant condit ions are condu- 
c i v e  t o  crev ice and p i t t i n g  corrosion promoted by oxygen. Oxidation o f  fer rous ions and H2s 
i n  the geothermal f l u i d  can produce f e r r i c  ions and local  ac id i ty ,  which accelerate attack. 
Procedures f o r  avoiding damage during shutdowns include dra in ing  and r i n s i n g  equipment and purg- 
ing w i t h  an i n e r t  gas. Oxygen scavengers might be applicable, bu t  possible s ide react ions wi th 
species i n  the spec i f i c  f l u i d  should be evaluated. 

Flow rate. The best performance of carbon s tee ls  occurs when l i q u i d  f low ra tes  are l im i ted  
t o  5-7 f t /sec (1.5-2.1 m/s). Local ized, uncontrol led f lash ing  i n  geothermal streams can cause 
h igh  f low ra tes  i n  the system. This act ion can produce bubbles o f  noncondensable gas whlch can 
cause impingement attack. Entrained sol ids in  the stream can cause erosion-assisted corrosion. 
The r e l a t i v e  hardness o f  p a r t i c l e  and metal has l i t t l e  e f f e c t  on t h i s  type of corrosion. 

F a i l u r e  of components, such as pipe e l  Is, has occurred In f l u i d s  as d iverse as those a t  Sal ton 
Sea and Raf t  Riv6r. These f a i  lures are probably caused by the  f tow cond i t i o n s  noted above. 



TABLE 6 

Forms and causes of corrosion for metals i n  l i q u i d  geothermal streams and ways t o  prevent attack. 

Major Forms 
Mater i a I o f  Corrosion 

M i l d  d Low un 1 form 
A I  toy 
S tee  i s 

Sta I n I ess 
Stee i s  

p i t t i n g ,  c rev ice  

su I f i de s t ress 
crack I ng 

hydrogen b l  i s t e r  I ng 

galvanic  coupling 

f e r r  i t I c 
a l  loys 

p i t t i n g ,  c rev ice  

Main Environmental 
Factors L i m i t s  and Precautions Other 

PH 
ch I or 1 de 

f low v e l o c i t y  

temper a t  u r e 
ch l o r  ide 

sca l e  

H2s 

y i e l d  s t rength 
( hardness) 

temper a t  ure 

H2S 

e l  e c t r  ica I contact 
w l t h  more noble metal 

ch lo r ide  

sca l e  

stagnant or low f low 

oxygen 

Rapid r a t e  Increase below pH 6 
Rapid r a t e  increase above 2% 
CI - 
L i m i t  f low t o  5-7 f p s  (1.5-2.1 m/sl 

S u s c e p t i b i l i t y  increases w i th  
i ncreas I ng temperature and 
ch lo r ide  concentrat ion 

Remove m i l l  scale; avoid deposits 

Can occur a t  very low H2S 
leve ls  

Use low st rength mater ia l  wherever 
poss ib le  (Rc < 22 g YS < 100,000 p s i )  

Hazard greater a t  lower tempera- 
t ures 

Use void-free mater ia ls  

Avoid coupling close to large 
area of cathod i c  meta I 

In general, suscept i b i  I i t y  
increases w i t h  increasing con- 
cent ra t ion  and temperature 

Avoid scale deposfts 

Avoid stagnant or low f low con- 
d it ions 
o2 great  I y increases suscep- 
t i b i  I i t y  

A i r  in-leakage is 
local f lash ing  in  
h igh f lowrates an 

Avoid d i r e c t  lmpi 

Avoid mechanical 

Comp lex in te rac t1  

Possible a t  very 
t r a t  ions 

More severe when I 

coat i ng or sca I e 

Lower al loys may 
form ra tes  in  sevl 
i s  a hazard. Hig 
more res is tan t ;  CI 
t i v e  a1 toying ager 



TABLE 6 (continued) 

Forms and causes o f  corrosion for metals in  l i q u i d  geothermal streams and ways t o  prevent a t t  

Major Forms 
Mater I a I o f  Corrosion 

In te rgranu lar  

austenitic st ress corros ion 
a1 loys cracking 

p i+t Ing,  crev ice ’  

Main Environmental 
Factors 

chloride, temperature 

ch lo r ide  
oxygen 

temperature 

ch l o r  Ide 
temperature 

sca l e  

stagnant o r  low f low 

oxygen 

in te rgranu lar  

m a r t e n s i t i c  as above 
a1 loys 

su I f i d e  s t ress 
crack i ng 

cas t  a1 loys as above 

TitanIum 
A I  loys crev ice, p i  tt i ng 

chloride, temperature 

as above 

H2S, temperature, 
stress, hardness 

ch I o r  i de 
temperature 

PH 

L i m i t s  and Precautions 

Avoid by proper welding and 
heat t t e a t i n g  procedures 

Complex in teract ion;  dependlng 
on other factors, crack ing can 
occur f o r  C I- > 5ppm; o2 
100 ppb; T > 14OOF (60°C) 

See f e r r i t i c s  above 

Avo i d  sca I e depos i t s  

Avoid stagnation or  low f low 
cond i t Ions 

O2 g r e a t l y  increases suscep- 
t i b i  I i t y  

Avold by proper weldlng and 
heat  t r e a t i n g  procedures 

As above 

More severe a t  lower tempera- 
tures; use low strength leve ls  
where poss i b I e 

Maximum temperature f o r  res is -  
tance depends on ch lo r ide  and 
PH 

Ot 

Hazard Increasc 

resfs tant ;  p r o  
CI-, 02, T; Sol 

Res i stance Inc 
avo i d mechan i c 

Genera I corros 
on composition 

See comments fl 

a1 loy; good c r  
tance needed f8 

Severa I a l  loys 
tance than pur 
may undergo s t  



TABLE 6 (continued) 

Forms and causes o f  corrosion for metals in l i q u i d  geothermal streams and ways to prevent a t t  

Major Forms 
Mater ia I of Corrosion 

galvanic coupl ing 

Nickel  crev 
A I  toys 

Copper 
A I  toys p i  tt 

Other 
Meta I s 

coba I t  
a1 toys 

z i rcon i um 
8 tan tu lun  

ce, p i t t i n g  

ng, uniform, 
de-al loying 

s t r e s s  corrosion 
c rack ing  

a I uminum p i t t i n g ,  c rev i ce  

Main Environmental 
Factors 

e l  e c t r  fca I contact 
w i t h  more ac t i ve  

meta I 

ch I or i de, 
temperature 

H2s 

co*. 

chlor ide,  
temperature, 

amonla, pH 

Hg and Cu ions, pH, 
ch I o r  i de, 

temperature, 
lack of oxygen 

L i m i t s  and Precautions 

Coup1 ing to large area o f  more 
ac t i ve  metal may cause hydro- 
gen embrit t lement o f  T i  

S i m i  tar  t o  s ta in less  s tee l s  
except higher a1 toys more re- 
s i s t a n t  t o  c rev ice  corrosion; 
h igh  f low ra tes  

H2S as low as 0.1 ppm can 
cause a t tack  

Avoid galvanic coupling t o  
steel  or other ac t i ve  metal 

Poor resu I t s  obta lned in  
geothermal t e s t s  

O t  

Res I stance depc 
t ion.  May be ! 

m b r  i tt I ement \ 

Usefulness I i m  
ronment 

Severa I a1 toys 
s t ress  crackin! 
strength 

Resistant to  IC 
sol u t  ion 

May be useful  i 

cons t ruc t ion  mz 
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FIGURE 27. E f f e c t  of  oxygen on uniform-corrosion r a t e  o f  1010 m i l d  steel In 

250°F ( 1 2 1 O C )  seawater (based on data presented. i n  George, 1975). 

t o  avoid d i r e c t  impingement on carbon s tee ls  and loca l l zed  f l ash ing  should a1 l ev la te  
these types o f  f a i  lures. Providing 1 l qu id  bu f fe r  zones may help. Pump impellers, especial l y  
f o r  downhole appl icat ions,  may be subject  t o  severe cav i ta t l on  damage, The C02 content of 
many geothermal f I u ids  can cause an apparent vapor pressure t h a t  exceeds steam-table vat ues by 
tens t o  hundreds o f  psi  (1001s t o  1000's kPa). Caution In design and mater ia l  se lec t ion  Is 
required: 

E f fec ts  o f  high v e l o c i t i e s  are i l l u s t r a t e d  In Flgure 28 f o r  seawater a t  250°F (121"C),  

Sca I I ns. Some mechan i ca I p ro tec t  I on aga I n s t  un I f o'rm corros i on may resu I t from sca I es 
formed on steel  by p r e c l p l t a t i o n  from geothermal f l u ids ,  bu t  loca l i zed  corrosion can a l so  occur 
under the scales. Scales In geothermal systems are porous and prone t o  cracking by d i f f e r e n t i a l  
thermal expansion. The exposure of the  base metal t o  a geothermal f l u l d  can lead to loca l  acid- 
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FIGURE 28. Weight-loss corros ion rates of m i l d  s tee l  In high-velocity, 
h Igh-temperature oxygen-f ree seawater (based on data pre- 
sented In George, 1975). 

I t y  and high’ ch lo r ide  concentrat ion s l m i l a r  t o  condi t ions during c rev ice  corrosion. 
a t t a c k  by H2s is Increased in  ac id ic  environments such as th ls .  

Accelerated 

At tack  a t  smal I exposed areas can become more serious i f  the s tee l  I s  galvanical l y  coupled t o  a 
more noble metal. In extreme cases, t h l s  concentrat ion of the corrosion-steel d isso lu t ion  
c u r r e n t  can cause per fo ra t ion  o f  thick-walled s tee l  components i n  a very shor t  time. 

Chemical c leaning so lut ions used to  remove scale should be evaluated c a r e f u l l y  Since some types 
(such as i n h i b i t e d  HCI) accelerate corros ion of m i l d  steel.  Severe a t tack  can occur if aggres- 
s i v e  c leaning so lu t ion  Is trapped in  o r  under incompletely removed scale. 
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Sta in less  steels. The un i fo rmcor ros ion  r a t e  of most s ta in less  s tee ls  I s  low In+gaathermal 
f l u ids ,  b u t  many are subject  t o  the more serious forms of corrosion: p i t t i n g ,  c rev ice  corro- 
sion, stress-corrosion cracking, sul f ide-stress cracking, intergranular corrosion and corrosion 
fat igue. Stainless s tee l s  have been used successful l y  In  geothermal environments, bu t  care must 
be taken i n  t h e i r  se lec t ion  and appl icat ion.  

1.  

2. 

3.  

4. 

5 .  

Aeration. 

Many s ta in less  s tee l s  t h a t  cou[d perform we1 I in oxygen-free geothermal environments 
can be subject  to severe p i t t i n g  and crevice corrosion in the presence of  smal I quantl- 
t l e s  ( low ppb concentrat ions) of oxygen. Stress-corrosion cracking of  commonly used 
a u s t e n i t i c  s ta in less  s tee ls  i n  high-temperature ch lo r i de  so lu t ions  can occur minutes 
a f t e r  introducing oxygen in  ppm quan t i t i es  or less. This f a i l u r e  I s  o f ten  catas- 
t rophic.  Other a l loys  are more res is tan t .  P i t s ,  c rev ice  a t tack  or cracks i n i t i a t e d  
dur ing  upset or plant-outage cond i t ions  can continue to grow once normal operat ion I s  
resumed. Special care should be taken during p lan t  commissionin’g due t o  the l l k e l  ihood 
of unstable condit ions. 

Flow rate. 

S ta in less  s tee ls  are more res i s tan t  to high v e l o c i t i e s  than p la in  and low-alloy steels. 
Continuous high-veloci ty flow I s  more desirable than low-f low ra tes  or stagnant condi- 
t ions .  Under stagnant condit ions, s e t t l  ing o f  entrained sol i ds  or spot deposl t ion o f  
loose scale can lead t o  crevice corrosion. Stagnant condi t ions should be avoided, and 
s ta in less  components should be drained and r insed during p lan t  
erosion-corrosion i s  more c lose ly  re la ted  t o  general corrosion 
of the  meta I . 

shutdown. Resistance t o  
res i stance than hardness 

Sca 1 e. 

Loca 1 ‘concentrat ion cel I s  can develop under porous or cracked scale on s ta in less  s tee l  
and lead t o  crevice corrosion to which many s ta in less  s tee l s  are susceptible. A f te r  an 
a t tack  I s  i n i t i a ted ,  loca l  increases i n  a c i d i t y  and ch lo r i de  concentrat ion cause 
intense corrosion. 

We I d  ing. 

Good welding procedures are important t o  the  successful appl i ca t l on  o f  s ta in less  
f t ee l s .  Physical l y  poor welds may have crevices t h a t  are suscept ib le t o  c rev ice  corro- 
sion. Stress-corrosion cracking may i n i t i a t e  a t  p i t s  c lose to poor welds. Sensit iza- 
t i o n  of base metal dur ing welding w i l  I cause rap id  fa i l u re .  

Ex te r io r  surfaces. 

Measures should be taken t o  p ro tec t  the ex te r io r  o f  stainless-steel  components t h a t  are 
exposed to a i r .  Leaks and splashes o f  hot ch lo r i de  so lu t ions  combined w i t h  the high 
oxygen content of a i r  can subject  these components t o  stress-corrosion cracking condi- 
t ions.  Flange leaks leading t o  condi t ions i n  which geothermal f l u i d  concentrates and 
d r ies  under insu la t ion  can be dangerous. Non-porous gaskets are requ’lred to guard 
aga I n s t  crack I ng ‘at f I anges . 

Titanium and t i t a n i u m  al loys.  Titanium and i t s  a1 toys have given good r e s u l t s  i n  a l l  but 
t he  most extreme environments when tested for geothermal appl icat ions.  Titanium was used suc- 
cessful  l y  f o r  hydrogen and o i  I coolers exposed t o  aerated cool ing water/condensate a t  the Cerro 
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P r i e t o  geothermal f a c i l i t y  (Geothermal Resources Council, 1976). Two other heat exchanger mate- 
r i a l s  had f a i l e d  in  t h i s  environment. 

Nickel-based a l loys.  High n icke l  a l l o y s  are frequently used to combat severe corros ion 
problems. The Ni-Cr-Mo a l loys  appear to be the most appl icable t o  high-temperature geothermal 
f l u i d s .  S imi lar  a l  loys containing i ron in  place o f  molybdenum face competit ion from the most 
r e s i s t a n t  s ta in less  s tee ls ,  but may f i n d  appl l c a t i o n  where t h e i r  mechanical proper t ies are 
desirable. Cupronickels w f l l  have ~ i m i t e d  usefulness i n  g ~ ~ h e r m a l  streams c o n t ~ r n i n g  even 
t r a c e  (ppb) q u a n t i t i e s  o f  H2S. 

Aluminum al loys.  Aluminum a l loys  have not shown good res is tance In t e s t s  conducted in  
d i r e c t  contact wi th  geothermal f lu ids ,  Low leve ls  of t r a n s l t i o n  metal ions, especial l y  copper 
and mercury, g r e a t l y  increase locat lzed a t tack  of atuminum a l  loys. These ions are present in  
most liquid-dominated geothermal f lu ids .  Aluminum a l  loys have also given poor r e s u l t s  In  geo- 
thermal-condensate cooling-water systems. 

Copper-based a l  loys. The use of copper a1 toys i n  geothermal f l u i d s  i s  severely I i n l t e d  by 
t h e  r e l a t i v e l y  high concentrations of s u l f i d e  found i n  most sources. The R a f t  River  KGRA, w i t h  
a low s u l f i d e  concentrat ion o f  0.1 ppm, appears t o  be an exceptlonal case. Even In t h i s  f l u i d ,  
t h e  performance o f  copper-nickel a l loys  (Monel 400, 70Cu/30Ni and 90Cu/lONI) was very poor. 
De-a I I oy i ng o f  some copper at loys was observed. However , some n f cke I - f ree  brasses and bronzes 
gave acceptable performance (Mi l le r ,  19751, 

Scal lng 

Scal ing r e s u l t s  from two sources: deposj t ion o f  mfnerats from the f l u i d  as a resul ’ t  o f  super- 
sa tura t ion  and scales t h a t  r e s u i t  from accumulation of  corrosion products. E i ther  of these 
scales reduce the e f f i c i e n c y  o f  the system by increasing the res is tance t o  heat t rans fer  and 
f l u i d  flow. Such scales of ten promote loca l i zed  corrosion. 

Deposit ion o f  scales from solut ion. The minerals most f requent ly  deposited from geothermal 
f l u i d s  are calcium a r b o n a t e  (usual ly  c a l c i t e )  and s i l i c a .  To a lesser extent, calcium s u l f a t e  
(gypsum, anhydrite, s e l l n i t e l  may be deposited. Some geothermal we l ls  carry  high concentrat ions 
of heavy metals and su l f ides;  these f l u i d s  may y i e l d  s u l f i d e s  o f  copper, lead, s i l v e r ,  etc., i n  
addf t ion  to s i  I ica or carbonate scales. 

Both calcium carbonate and calcium s u l f a t e  e x h i b i t  re t rograde ko lub i  I i t y  (so lub i  I i t y  i s  a strong 
func t ion  o f  pH and carbon d iox ide concentrat ion) and are r e l a t e d  by several e q u i l i b r i a ,  

CaC03 + H$03 = Ca(HC03)2 

HCO~- = H+ .c ~ 0 3 2 -  

Because the s o l u b i l i t y  of calclum carbonate increases w i t h  decreasing temperatures and i s  pH- 
dependent, no deposit ion w i l l  occur if t h e  p a r t i a l  pressure of C02 f s  maintained a t  a level 
equal to downhole level . 
As pH i s  decreased, the  s o l u b i l i t y  o f  the  c a l c i t e  increases; however, many mater ia ls  are 
degraded as hydrogen- ion concentrations increase. The presence o f  ca 1 c i t e  sca Ies frequent I y 
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r e s u l t s  in  decreased corrosion by i n t e r f e r i n g  w i t h  the d i f f u s i o n  of corrodants to the m e t a l l i c  
surface, For t h f s  reason, c a l c i t e  scales may be grown t o  cont ro l led  thickness as a general 
corrosion-control measure. 

Calcium s u l f a t e  s o l u b i l i t y  I s  given by 

The solubi I i t y  product constant is 

When concentrat ions are expressed In  mg/kg o f  f l u i d  (ppm) t h e  Ksp i s  reached a t  about 400,000. 
Geothermal f l u i d s  havlng a concentrat ion product in  t h i s  range or higher should be viewed as 
having a tendency towards calcium s u l f a t e  deposition, 

The s o l u b i l i t y  o f  s i l i c a  (Si02) Is dependent on the form of tfie deposlt. Amorphous s i  t i c a  has 
a much higher s o l u b i l i t y  than quartz, the  fami l ia r  c r y s t a l l i n e  form. The usual assumption I s  
t h a t  the  geothermal f l u i d  Is I n  equi I ibr ium w i t h  amorphous s i  I i ca  i n  above-ground environments 
and w i t h  quartz in  the geological formation, 

I f  the concentrat ion of s i  I ica in the water is known, the temperature below which p r e c i p i t a t i o n  
of amorphous s i l i c a  can occur (from data In GRC, 1976) Is given by 

I531 -98 
10.064 - In Si02 

t =  - 273.16 

where 

t = temperature "C 
lnSiOZ = natura l  log o f  s i  I lca concentrat ion in  ppm. 

I f on ly  the reservo i r  temperature Is known, the amount o f  s i  1 ica in the water assuming equi I ib- 
r ium w i t h  quartz Is given by (Eflis and Mahon, 1977) 

13,281 - 3531 
t + 273.16 

lnSiO2 = - 

where 

t and InSi02 are defined as above. 

T h i s  value can a lso  be subst i tu ted i n t o  the previous equation t o  f i n d  the  temperature below 
which amorphous si I ica scaf ing i s  posslble. 

The r a t e  of sca le deposi t ion Is c r i t i c a l l y  dependent upon the mater ia l  being deposited. S i l i c a  
deposi t ion i s  very slow, o f t e n  r e q u i r i n g  several hours o r  days f o r  equ i l ib r ium t o  be estab- 
1 ished, C a l c i t e  depoqit ion i s  very rap id  and i t s  equ i l  i b r i a  are achieved in  short. t ime periods, 
f requent ly  mil l iseconds, Calcium s u l f a t e  deposit ion l i e s  between these extremes. 

Corros ion-product sca tes, Corrosion products may form a coherent sca le on the  subst rate 
metal. In the case o f  p l a i n  carbon and low-a1 loy s t e e l s  in  geothermal f l u i d s ,  the primary cor- 
r o s i o n  products are I ron oxidest hydrous i ron  oxides. i r o n  s i l i c a t e  and i ron  sulf ides, The very 
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low s o l u b i l f t y  o f  these i n  the  f l u i d  r e s u l t s  i n  s o l i d  corrosion products. These Oxides, 
s i  I icates and su l f ides  tend t o  form and grow on the substrate metal. Other corrosion products, 
such as metal ch lor ides t h a t  form in  p i t s  and crevices, are more l i k e l y  t o  leave the  reac t ion  
s f te .  Copper and copper-base a1 loys, Including combfnatlons of copper and nickel,  tend t o  reac t  
w i t h  the  su l f ides  i n  t h e  geothermal f l u i d s  t o  form copper su l f ides ,  n lcke i  s u l f l d e s  and 
copper-n l cke f  su 1 f ides . These su I f i d e s  tend t o  form on the meta I . 2 i nc  and a i  umlnum in brasses 
form r e l a t i v e l y  soluble corrosion products and are not, t y p i c a l l y ,  found i n  associat ion w i th  the 
su l f ides.  

Corros I on-product sca I es usua I I y exh i b f t lower heat-transf e r  proper t  i es than the meta I s from 
which they are formed. These scales a lso  are rougher than the subst rate metal. Both o f  these 
fac to rs  r e s u l t  i n  lower e f f  l c ienc ies  t h a t  requi re ,  for example, la rger  heat exchangers and 
pumps. However, these scales do form a bar r ie r  between the f l u i d  and the metal and may provide 
some general corrosion pro tec t ion  t o  the metal, I n  some cases, the corrosion-product scales 
conta in  cracks and/or small holes t h a t  permit loca l ized corrosion in  the  form of crev ice corro- 
s ion and p i t t i n g .  The corrosion scales cannot be r e t i e d  on f o r  corros ion protection. 

Control o f  corrosion-product scales is best achieved through mater fa ls  se lect ion because o f  the 
I lmited economic and ~ v i r o n m e n t a l  appl icabi I i t y  of corrosion Inh ib i to rs ,  Care must be exer- 
c ised In mater ia ls  se lec t ion  because some metals depend on a s tab le  corrosion-product f i l m  f o r  
general corros ion resfstance, Alum~num is one such material . The s t a b l e  aluminum oxide pro- 
t e c t s  the  r e l a t i v e l y  r e a c t i v e  alumlnum metal from the aggressive water. Geothermal f l u i d s  are 
reducing and t h i s  may r e t a r d  repai r  o f  damaged f i l m  s i t e s  on the aluminum, r e s u l t l n g  In rap id  
loca l ized corrosion o f  the metal. Reduceable metal ions, such as copper and mercury, may also 
cause rap id  corrosion o f  atumlnun. Desalination environments, on the other  hand, are oxidizing, 
and aluminum f inds  app l fca t ion  in  t h i s  type o f  service. 

Many consider seawater exper lence to .be d i r e c t l y  t rans fer rab le  t o  geothermaf s i tuat ions.  How- 
ever, seawater i s  usual ly  f ree  o f  su l f ides  and, in  near surface sources, near ly  saturated w i t h  
a i r .  Copper/nickel at loys are used extensively In seawater app l i ca t ions  and are f requent ly  the 
mater ia ls  of choice. The hydrogen s u l f i d e  present in  geothermal f lulds, however, r a p i d l y  
degrades copper and copper a1 loys conta in ing n icke l  8 These two examples suggest t h a t  care must 
be exercised when using data from e i t h e r  seawater o r  desal inat ion serv ice  f o r  mater ia ls  selec- 
t l o n  f o r  geothermal enviro~ments. Subt le  d l f ferences in geothermal-f l u i d  chemistry frequently 
r e s u l t  in  the use o f  a heat exchanger and a I k l e a n l ~  secondary f l u i d  f o r  many heating applica- 
t ions. 
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Appendfx A 

I ndustr la1 Process Heat Requlrements a t  Temperatures 300°F (149OC) and Below 
___ -~ 

Process Heat 
Appl i ca t fon  Used for 

App l ica t ion  
IO1 *BTU/Yr 
(lot2 K J I Y r )  

Temperature 
Requirement 

Industry - S I C  Group OF ( O c )  

Group 10 

1. Copper Concentrate - 1021 
Drying 250" ( 121) 

150-250" ( 66-104) 

250" ( 121) 

Group 12 

2. Bituminous Coal - 1211 
Drying ( inc lud ing  l i g n i t e )  

Group 14 

3. Potash - 1474 
Drylng F i l t e r  Cake 

GrOUD 20 - Food & Kindred Products 

4. Meat Packing - 2011 
Sausages and Prepared 
Meats - 2013 

Scalding, Carcass Wash and 
C I eanup 
Ed I b l  e Render I ng 
Smoking/Cooking 

140 ( 60) 
200 ( 93) 
155 ( 68) 

43.7 
0.52 
1.16 

(46.1 1 
( 0,551 
( 1.22) 

5. Pout t ry  Dressing - 20?6 
Sca I d 1 ng 140 ( 60) 3.16 

60 Natural Cheese - 2022 
Pasteur Izat lon 
Star te r  Vat 
Make Vat 
F in ish  Vat 
Whey Condens 1 ng 
Process Cheese Blending 

170 ( 771 
135 ( 57) 
105 ( 41) 
100 ( 38) 
160-200 ( 71-93) 
165 ( 74) 

1.28 
0.02 
0.47 
0.02 
10.2 
0.07 

7. Condensed and Evaporated 

S t a b i l i z a t i o n  
Evaporation 
S t e r l l i z a t l o n  

M i  Ik .. 2023 
200-212 ( 93-100) 
160 ( 71) 
250 (121 1 

8. F I u f d  Mf Ik  - 2026 
Pasteur i z a t  I on 162-170 ( 72-77) 
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Appendix A (continued) 

Industrial Process Heat Requirements at Temperatures 300°F (149OC) and Below 

Industry - S f C  Group 

Appf Icatlon 
Temperature 
Requ I rement 

"F < "C) 

Process Heat 
used for 

Appl fcatlon 

9. Canned Speclafties - 2032 
Beans 
Precook (Blanch) 
Simmer Blend 
Sauce Heating 
Processing 

10. Canned Fruits and Vegetables - 
Blanching/Peeling 
Pasteurtzation 
Brine Syrup Heating 
Commerclaf Sterltkatlm 
Sauce Con~entration 

2033 

11. Dehydrated Fruits and 
Vegetables - 2034 
Fruit d Vegetable Drying 
Potatoes 
Peel Ing 
Precook 
Cook 

12. Frozen Fruits and Vegetables - 
C i t r u s  JuJce Concentratton 
Juice Pasteurizatlon 

2037 

B I anch f ng 
Cook I ng 

13. Wet Corn ~ ~ l ~ ~ n ~  - 2046 
Starch Dryer 
5 teep water Heater 
Sugar Hydro1 ys I s 
Sugar Evaporator 
Sugar Dryer 

14. Prepared Feeds - 2048 
Pet let Co~d~tron~ng 

15. Bread and Baked Goods - 2051 
Proof 1 ng 

180-212 
170-212 
1 90 
250 

180-2 12 
200 
200 
2 12-250 
21 2 

165-185 

212 
1 60 
212 

190 
200 
180-2 12 
170-2 12 

120" 
1 20 
270 
2 50 
120" 

180-190 

100 

O e 4 0  
O 024 
0.20 
0,38 

1.88 
0015 
1002 
1.67 
0,44 

5.84 

0,253 
0.47 
0,47 

1.33 
0.27 
2,26 
I .41 

3.03 
0.77 
1.89 
2.74 
0016 

2,28 

0084 
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Appendix A (continued) 

i n d u s t r i a l  Process Heat Requirements a t  Temperatures 300°F (149OC) and Below 

Industry - S I C  Group 

16. Cane Sugar - 2062 
M I ng I e r  
Me I t e r  
Defecation 
Granulator 
Evaporator 

17. Beet Sugar - 2063 
Ext rac t ion  
Thin Ju ice Heating 
Thin Syrup Heating 
Evaporation 
Granulator 
Pulp Dryer 

18. Soybean O i  I M i  I I s  - 2075 
Bean Drying 
Toaster Desolventizer 
Meal Dryer 
Eva por a t o r  
S t r  i pper 

19. Shortening 8 Cooking O i l  - 2079 
O i  I Heater 
Wash Water 
Dryer Preheat 
Cooking O i  I Reheat 
Hydrogenation Preheat 

20. Malt  Beverages - 2082 
Cooker 
Water Heater 
Mash Tub 
Grain Dryer 
Brew K e t t l e  

21. D l s t i l l e d  Liquor - 2085 
Cooking (Whiskey) 
Cooking ( S p i r i t s )  
Evaporat I on 
Dryer (GraIn1 
Distillation 

Appl i c a t i o n  
Temperature 
Requ i rement 

O F  ( O C )  

125-165 
185-1 95 
160- 185 
110-130 
26 5 

140-185 
1 85 
21 2 
270-280" 

. 150-200 
230-280" 

160 
215 
300" 
225 
21 2 

160-1 80 
160-1 80 
200-270 
200 
300 

21 2 
1 80 
170 
300" 
21 2 

21 2 
320 
250-290" 
300 
230-250 

( 52-74) 
( 85-91) 
( 71-85) 
( 43-54) 
( 129) 

( 60-85) 
( 85) 
( 100) 
( 132-138) 
( 66-93) 
( 110-1381 

( 71) 
( 102) 
( 149) 
( 107) 
( 100) 

( 71-82) 
( 71-82) 
( 93-132) 
( 93) 
( 149) 

( 100) 
( 82) 
( 77) 
( 149) 
( 100) 

( 100) 
( 1601 
( 121-143) 
( 149) 
( 110-121) 

Process Heat 
Used f o r  

App I k a t  i on 

0.59 
3.30 
0.44 
0.44 
26.39 

4.63 
3.08 
6.68 

0.15 
30.8 

16.5 

4.05 
6.08 
4.36 
1.62 
0.30 

0.72 
0.12 
0.60 
0.32 
0.37 

1.53 
0.53 
0.60 
9.18 
3.98 

3.16 
6.27 
2.32 
1.94 
7.69 

( 0.62) 
( 3.48) 
( 0.46) 
( 0.46) 
(27.84) 

( 4.88) 
( 3.25) 
( -7.05) 
(32.5 1 
( 0.16) 
(17.4 1 

( 4.27) 
( 6.41) 
( 4.60) 
( 1.71) 
( 0.32) 

( 0.76) 
( 0.13) 
( 0.63) 
( 0.34) 
( 0.39)  

( 1.61) 
( 0.56) 
( 0.63) 
( 9.68) 
( 4.20) 

( 3.33) 
( 6.61) 
( 2.45) 
( 2.05) 
( 8.11) 
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Appendjx A (continued) 

I ndustr i a  I Process Heat Requirements a t  Temperatures 300°F (149°C) and B e l  ow 

Indust ry  - S I C  Group 

22. S o f t  Dr inks - 2086 
Bulk  Container Washing 
Returnable B o t t l e  Washing 
 onr returnable B o t t l e  W a r ~ i n g  
Can Warming 

Group 21 - Tobacco 

23. Cigaret tes - 2111 
Dry ing 
Rehumidif fcat ion 

24. Tobacco Stemming B Redrylng - 
2141 

Dry ing 

Group 22 - T e x t i l e  Mill Products 

25. F in ish ing  Plants, Cotton - 2263 
Washing 
Dye i ng 
Dry i ng 

26. Ffn ishfng Plants, Synthet ic  - 
2262 

. Dyeing 
Wash i ng 

Dry ing 8, Heat S e t t i n g  

Group 24 - Lumber 

27. Sawmills & Planing 

K i l n  Drying o f  
2421 

28. Plywood - 2435 
. PI  ywood Drying 

29. Veneer - 2436 
Veneer Dry f ng 

M i l l s  .,. 

Lumber 

Appt fcat ion 
Temperature 
Requ i remen? 

*F ("C) 

170 
1 70 
75-85 
75-05 

220" 
220" 

220" 

200 
200 
275 

200 
212 

e 7 5  

200" 

250 

212 

Process Heat 
used for 

App l ica t ion  
10 "BTU/Yr 

(10" KJ/YR) -- 

0.21 
1.27 
0,43 
0.52 

0.43 
0.43 

0.50 

15,4 
4.5 

22.2 

35.9 
15.2 
23.2 

63.4 

50.6 

57a8 
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Appendix A (continued) 

Indus t r i a l  Process Heat Requirements a t  Temperatures 300°F (149°C) and Below 

Process Heat 
used for 

App I i c a t  Ion 
1012BTU/Yr 

KJ/YR) 

Appl i c a t  ion 
Temper a t  u r  e 
Requ I rement 

"F ( O C )  Industry - S I C  Group 

GrouD 25 - Furn i tu re  

30. Wooden Furn i tu re  - 2511 
Makeup A i r  8 Vent1 l a t l o n  70 
K i  I n  Dryer 8 Drying Oven 1 50 

5.7 ( 6.0 1 
3 a8 ( 4.0 1 

31. Upholstered Fu rn i tu re  - 2512 
Makeup A i r  8 Ven t i l a t i on  70 
K i l n  Dryer 8, Drying Oven 1 50 

1 a 4  ( la5 1 
0 a9 ( 0.9 1 

Group 26 - Paper 

32. Pulp M i l l s  - 2611 
Paper M i l l s  - 2621 
Paperboard M i l l s  - 2631 
Bui l d ing  Paper - 2661 

Pu lp  Ref in ing  
Black Liquor Treatment 
Pu lp  8 Paper Drying 

150 
2 80 
290 

( 66) 
( 138) 
( 143) 

175 (185) 
164 (173) 
383 (404 1 

Grouta 28 - Chemical 

33. Cycl IC Intermediates - 2865 
Styrene 250-300 
Phenol 2 50 

( 121-1491 
( 121) 

35aO (37.0 1 
Om45 ( 0.47) 

34. Alumina - 28195 
D Igesting, Drying, Heating 280 ( 138) 113.2 (119.4 1 

35. P l a s t i c  Mater ia ls  8 Resins - 
282 1 

Polystyrene, suspension process 
Polymerlzer Preheat 200-2 15 
Heating Wash Water 190-200 

( 93-102) 
( 88-93) 

0.102 (0.107) 
0.067 (0.068) 

36, Synthetic Rubber - 2822 
Cold SER Latex Crumb 

Bulk Storage 80- 100 
Emuls l f l ca t lon  80- 100 
Blowdown Vessels 130- 1 45 
Monomer Recovery by F I ash l ng 

d St r lpp lng  120-140 

( 27-38) 
( 27-38) 
( 54-63) 

0.179 (0,189) 
0,086 (OaO91) 
0.865 (Oa912) 

4.095 (4.31 9) 
(continued on next page) 

( 49-60) 
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Appendix A (continued) 

I ndustr i a  I Process Heat Requ i rements a t  Temperatures 300°F ( 149°C 1 and Be I ow 

Process Heat 
used for 

Appl icat ion 
1012BTU/Yr 

KJ/YR) 

Appl i c a t i o n  
Temperature 
Requ i rement 

"F ("C) Indust ry  - S I C  Group 

36. Synthet ic  Rubber - 2822 (continued) 

Cold SBR, Oil-Carbon Black 
Dryer A i r  Temperature 150-200 

Masterbatch 
Dryer A ir Temperature 150-200 
O i l  Emulslon Holding Tank 80-100 

Dryer A i r  Temperature 150-200 
O i l  Emulsion Holding Tank 80-1 00 

Cold SBR, O i l  Masterbatch 

( 66-93) 3.663 ( 3.864) 

( 66-93) 
( 27-38) 

( 66-93) 
( 27-38) 

37. C e l l u l o s i c  Man-made Fibers - 
2823 

Acryl i c  Q50 

38. Noncel lu los ic  Fibers - 2824 
Rayon Q12 
Acetate Q12 

39. Pharmaceutical Preparations - 
2834 

Autoclaving 8 Cleanup 250 

Wet Capsu I e Formation 150 
Tablet  d Dry-Capsule Drying 250 

( 121) 
( 121) 
( 66) 

18.85 (19.88) 
1.00 ( 1.05) 
0.05 ( 0.05) 

40. Soaps 8 Detergents - 2841 
Soaps 

Various Processes i n  Soap 
Manufacture 180 

Detergents 
Various Low-Temperature 

Processes 180 0.36 ( 0.38) 

41. Organic Chemicals, N.E.C. - 
2869 

Ethano I 200-250 
Isopropanol 200-300 
Cumene 250 
Viny l  Chlor ide Monomer 250-300 

( 93-121) 
( 93-149) 
( 121) 
( 121-1491 

42. Urea - 2873215 
Low-Pressure Steam-Heated 

S t r  i pper 290 ( 143) 
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Appendix A (continued) 

Indus t r i a l  Process Heat Requirements a t  Temperatures 300°F (149°C) and Below 

Industry - S I C  Group 

Appl icat ion 
Temperature 
Requ irement 

"F i "C) 

Process Heat 
Used fo r  

App I i 'cat  ion . .  

10' 2BTU/Yr 
KJ/YR) 

43. Explosives - 2892 

Drying 
Wax Mel t ing  
N i t r i c  Acid Concentrator 

. S u l f u r i c  Acid Concentrator 
N i t r i c  Acid P lan t  
B l a s t i n g  Cap Manufacture 

Dope ( I n e r t  Ingredients) 

GrouD 29 - Petroleum 

44. Petroleum Regining - 2911 
A l k y l a t i o n  
Butad i ene 

45. Paving Mixtures - 2951 
Aggregate Drying 

Group 30 - Rubber 

46. T i res  d Inner Tubes - 3011 
Vu I can 1 za t  ion 

Group 31 - Leather 

47. Leather Tanning & F in ish ing  - 
3111 

Bat i ng 
Chrome Tanning 
Retan, Dyeing, Fat Liquor 
Wash 
Dry i ng 
F in i sh  Drying 

300 
200 
250 
200 
200 
200 

45-300 
250-300 

275-300" 

250-300 

90 
85- 130 

120- 140 
120 
110" 
110" 

Group 32 - Stone, Clay, Glass 8 Concrete Products 

48. Hydraul ic Cement - 3241 
Dry ing  

49. Concrete Block - 3271 
Low-Pressure Cur i ng 

27 5-300 * 

165" 

( 149) 
( 93) 
( 121) 
( 93) 
( 93) 
( 93) 

( 7-149) 
( 121-149) 

( 135-149) 

( 121-149) 

( 32) 
( 29-54) 
( 49-60) 
( 49) 
( 43) 
( 43) 

( 135-149) 

i 74) 

0.006 
0.1 18 
O 070 
0.027 
0.223 
0.016 

59 
60 

88.1 

6.18 

0.094 
0 .O6O 

0.034 
2.05 
0.13 

0.15 

8.0 

12.29 
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Appendix A (continued) 

I n d u s t r i a l  Process Heat Requirements a t  Temperatures 300°F (149°C) and Below 

Process Heat 
App l ica t ion  Used f o r  
Temperature Appl icat ion 
Requ i rement 10 2BTU/Yr 

"F ("C)  KJ/YR) Indust ry  - S I C  Group 

50. Ready-Mix Concrete - 3273 

Hot Water for M x Ing Concrete 120-190 ( 49-88) 

51. Gypsum - 3275 
Wallboard Drying 

52. Treated Minerals - 3295 
Kaol i n  

Expanded Per I I t e  

Bar i um 

Dry I ng 

Dry I ng 

Dry ing 

GrouD 33 - Prlmarv Metals 

300 ( 149) 

230" ( 110) 

160" ( 71) 

230" ( 110) 

53. Ferrous Castings 
Gray I r o n  Foundr ies - 3321 
Mal leable I ron Foundries - 3322 
Steel Foundries - 3323 

P i c k l  ing 100-212 ( 38-100) 

Group 34 - Fabricated Metal Products 

54. Galvaniz ing - 3479 
Cleanlng, P i c k l  ing 

Group 36 - E l e c t r i c a l  Machinery 

151 (160) 

130-190 ( 54-88) 0.011 ( 0.012) 

55. Motor 8 Generators - 3621 
Dry ing 8, Preheat 150 ( 66) 
Baking 300 ( 149) 

Group 37 - Transpor tat ion Equipment 

56. Motor Vehicles - 3711 

Baking-Prime 8 P a i n t  Ovens 250-300 ( 121-149) 

Note: S I C  Groups'34 J 35, 36, 37 u t i  I Ize  ho t  water for par ts  degreasing and washing in  
appl l c a t l o n  temperatures of 80-18O'F (27-82"C); t o t a l  process heat used Is  no t  cur ren t ly  
avai lab le.  

*No special temperature required; requlrement Is simply to  evaporate water or  t o  dry the 
mater ia  I. 


