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ABSTRACT 

There are i n  the Pacific Northwest three geological provinces of basic 
w .  

Y 

interest  as possible geothermal resource environments, viz., (1 ) the Snake 

River Plains and Columbia River Basin, (2)  the Cascade Range and (3) South- 

eastern Oregon areas of Cenozoic vol canism. Several types of geothermal 

resources are possible i n  this region, b u t  no high-temperature resources 

(above 200OC) have as yet been identified w i t h  certainty. The possibilities 

for  low-to-medium temperature thermal water resources of great potential 

and extent appear, on the other hand, quite good. Moreover, modern resource 

stimulation techniques appear very well applicable t o  such resources i n  the 

region and will enhance the economic potential. An elementary theory of 

heat extraction from permeable horizons is available. Preliminary results 

indicate that low-to-medium temperature thermal waters can be economically 

*produced Prom depths -of up t o  4 ' til-meters. 
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The second part of this work considers the prospective utilization of 

geothermal energy i n  the Pacific Northwest. Because no high-temperature 

resources have been identified i n  the region under consideration, elec- 

t r ic i ty  generation potential is not considered. 

dlrect  uti l ization of geothermal heat has a good potential because of 

two reasons: 

Y 

I t  is shown that  

8 
(1) there is a large need for  heating a t  applicable tempera- 

. tures and (2) meeting low-temperature needs w i t h  low-temperature resources 

decreases unnecessary wasting of the specific availability of h i g h  grade 

resources (fossi 1, nuclear, etc. ) . Y 

Potential applications w i t h  tempsature. requirements i n  the range of 

50 t o  2 O O O C  are briefly examined. Promising applications for the Pacific 

Northwest are i n  .the ,wood products industry, the pulp  and paper industry, 

agricultural applications , space condi t ion ing ,  and the food products 

industry. However, each of these areas require additional research to  show 

- Y 

L J  

Y '  
the most practical methods and extend of use of geothermal energy. 
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id. INTRODUCTION * 
The present report covers the results of a study enti t led "Systems 

Study for the Use of Geothermal. Energies i n  the Pacif 

has been carried out by Dr. Larry Boersma, Dr. Gunnar 
t, 

c Northwest'' which 

Bodvarsson, Dr. Richard 

Couch, Dr. Lorin Davis and Dr. Gordon Reistad, Oregon State University, a t  the 

request of the U.S. Atomic Energy Commission. The l e t t e r  of assignment 

lis dated June 17, 1974, and originates from the U.S. Atomic Energy Comm- 

ission Richland Operations Office. 
W 

The study is intended as an i n i t i a l  effort  t o  evaluate the geothermal 

energy potential i n  the Pacific Northwest and i ts  potential applications 

t o  supply the energy requirements of future communi t i e s  and industries 

i n  the region. 

v 

Due t o  the extremely low budget for 'this project ($10,000) none of the 
CI / 

topics of this reportscan be covered i n  any detail .  Only a brief examination 
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PART I 

GEOTHERMAL RESOURCES IN THE PACIFIC NORTHWEST 

RESOURCE ENVIRONMENTS 

The geologic record o f  the Pacific Northwest is characterized by evidence 

of very. considerable volcanic acti v i  ty from early Cenozoi c t o  Holocene times. 

Several structural/physiographic provinces i n  this region are  of particular 

interest  as geothermal resource environments (Figure 1 ) , among them: 

v 1. The Snake River Plains and Columbia River Basin. These are largely 

flood-basal t fields occupying struqtural rifts or  downwarps of large areal 

extent. 

Snake River province ( la te  Tertiary and Quaternary i n  age, about 150,000 km 

i n  total  area) which manifest hot  spring activity. No ho t  springs are present 

Geothermal exploration has up to  now concentrated on portions of the 
2 ci 

2 . i n  the Columbia River province (Miocene i n  age, about 220,000 km i n  area), 

*%but 4h-e -f;lood;basalts -of *both provinces #appear ..t;o .have ‘sufficiently high 

geothermal gradients and horizontal permeability t o  make feasible stimulated 

production o f  thermal water from their lower sections. In this respect they 

appear to  provide source conditions similar to the Reykjavik section of the 

Iceland basalt province. 

w 

(3 

2. The Cascade Range. O f  primary interest  here is the more or less 

1 inear belt  o f  Quaternary Andesitic stratovolcanoes, most of which e x h i b i t  

some thermal activity and have a record of Holocene eruptions. The d i s t r i b y -  

@ 

tion of hot springs is apparently influenced both by proximity to  eruptive 

centers and by linear structural features. There is considerable evidence 
Y 

of magmatic injection a t  h i g h  crustal levels i n  association w i t h  the largest 

centers; depending on age and size,  such zones may constitute significant 

reservoirs of thermal energy. Exploitation of geothermal resources i n  the -- w 
L 

Cascades i.s also expected t o  be quite dependent on environmental considerations. I 
I 
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3. Southeastern Oregon. The structural s tyle  of this province is 
- I  

predominantly basin-range block f a u l t i n g ,  b u t  there are  transitional structures 

on the province boundaries, and a broad median shear zone transgressive of 

other structures , as we1 1 as several large-scal e erupti ve-tectoni c features. 

Of particular interest  is the Brothers Fault zone i n  Oregon shown i n  Fig.  2, 

which has been described i n  a recent paper by Walker (1974). Almost a l l  

exposed rocks are volcanics and volcanoclastics of la te  Teritiary to  

Quaternary age, and numerous vents and hypabyssal intrusions of basal t i c ,  

s i l i c i c ,  and intermediate affinity can be identified. Flood-basalt sections 

and other lithologic zones of h i g h  lateral permeability are widespread. 

W .  *. 
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Surface leakage of hot fluids occurs along major tectonic elements, 

and has prompted geothermal exploration, i ncl udi ng t e s t  d r i  11 i ng , i n  a 

number of specific locali t ies.  

EXPECTED GEOTHERMAL POTENTIAL AND RESOURCE TYPES 

0 

9 

Not much data is available on the regional terrestr ia l  heat flow i n  the 

Pacific Northwest. A compilation of recent results (Roy, e t  a l . ,  1971) Indicates 9 - 
the pattern shown i n  Fig. 3. There are indications that much o f  Eastern 

Oregon and Washington, the entire s t a t e  of Idaho and the western part of 
@ 

Montana have a regional average heat flow above the global average of 1.5 HFU. 

T h i s  appears to  be consistent w i t h  the extensive Cenozoic volcanism i n  the 

region. 
0 

Preliminary results as t o  prospective geothermal resource areas publ ished 

by Godwin and others (1971) are shown i n  Fig.  4. 

areainvolved is of the order of 50,000 square miles. 

The total estimated surface 
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FIGURE 3 Heat flow i n  the western U.S. (from 
Roy, e t .  a1 . , 1971) 

2 HFU = Heat flow u n i t  = cal/cm sec 
$- = 0 - 0.99 HFU 

.O = 1.0 - 1.49 
0 = 1.5 - 1.99 
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v. (1 ) Low- to-medi urn temperature f 1 u id  phase resources embedded i n  1 ayered 

volcanics of great horizontal extent. Temperatures from 5OoC t o  2 O O O C  can 

be expected. 

(2) High-temperature resources of a more localized nature and closely Y 

associated w i t h  Holocene volcanism such as 

(2.a) F l u i d  phase resources w i t h  temperature above 200OC. 

(2.b) Dry steam resources w i t h  temperature of the order of 2 5 O O C .  

(2.c) Dry hot  rock resources w i t h  temperatures of several hundred 

Y 

degrees C. ___-. 
. _ _  -. . c) 

The great extent of 1 ayered Cenozoi c vol cani cs i n the Pacific Northwest 

can be taken as an indication of the possibility for extensive geothermal 

resources of type (1) i n  the region. A further discussion of the mechanism 

of'production of thermal water from such resources is therefore of particular 

interest ,  and will be given i n  the following section. 

0 

High-temperature geothermal resources of type (2) belong to  the category 
0 

which has been i n  the main focus of interest  for a number of years. Since 

resources of this type have as yet t o  be iden t i f i ed  i n  the Pacific Northwest, 

.we will refrain from a further discussion and refer t o  the l i terature  (for 

example, Kruger and Otte, 1973). 
W 

PRODUCTION OF LOW-TO-MEDIUM TEMPERATURE THERMAL WATERS FROM LAYERED VOLCANICS 

Q Heat Extraction of Water Flowing Through a Flat Fracture of Infinitesimal 

Width i n  a Homogeneous Sol id  

Consider a half-space composed of a homogeneous impermeable sol id  w i t h  

b' ___ a density p, specific heat c,  thermal conductivity k, thermal diffusivity 

a = k/pc and having a t  time t = 0 a uniform temperature To. We will 

C L '  



assume that the physical properties of the solid and the.fluid are temperature 

independent. Place a coordinate system such that. the (y,z) plane coincides 

w i t h  the surface of the half-space w i t h  the x-axis placed vertically down 

into the so l id .  Let the surface be insulated and the half-space be permeated 

by a very narrow f l a t  fracture coinciding w i t h  the (x,z) plane. The fracture 

is permeable t o  water b u t  is assumed t o  have an inflnitesimally small width. 

The model is shown i n  Figure 5. 

Y. 

Y 

0 Assume that  start ing a t  time t = 0 a specific mass flow of q units 

mass per u n i t  length and time o f  a f l u i d  is being injected into the fracture 

along the z axis. The f l u i d  has zero in le t  temperature and a specific heat 

a. The resulting flow is  parallel t o  the positive x-axis and is assumed 

constant i n  time and uniform i n  space. The present task is t o  derive the 

temperature T(x,y,t) i n  the solid for t > 0. T h i s  problem is quite simple 

u 

0 and -assuming.%hat.-the -flow '-9 s so qarge-that :laxT}<cI 3 TI the solut ion 
Y 

(Carslaw and Jaeger, 1959, Bodvarsson, 1969) is 

0 T(x,y,t) = Toerf[(ax + lyl)/2&€], x - > 0, t > 0 
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Considkr the situation a t  the distance x from the inlet .  The temp- W .  
erature of the f l u i d  there is given by equation (4) above. Moreover, during 

the time interval from t = 0 to  t a total f l u i d  mass o f  q t  per u n i t  

length of the z-axis has passed by this location. This mass of f l u i d  has 

absorbed heat from a fracture contact area of x units and Q = q t /x  is 

then the total mass of heated f l u i d  produced per u n i t  contact area. The 

term contact area refers to  the area i n  the (x,z) plane and n o t  t o  the rock 

surface areawhich is twice as large. 

v. 

v 

Y 
Equation (4) can now be simplified, 

r ( t )  = T(x,O,t)/To = er f@ &/Q) (5) 

I t  i s  convenient t o  introduce the concept of the half-time t h  for a 

t given f l u i d  mass Q. This  is the time required for  r ( t )  to  decrease to 

1/2.' Since erf(0.48) = 0.5 we obtain on the basis of (5) 0 

(7 1 2 2  t h  = 0.23 Q /B 

Mich can then be restated as 
0 

r ( t )  = e r f ( 0 . 4 8 q )  (8) 

This  i s  a useful relation independent of 8 and Q. 0 

The average temperature of the f l u i d  mass Q is 

r t  
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Figure ‘ 5  Sketch o f  the single-fracture .I 
. system 

t/th * 

.I) ‘3 . .  4 Figure 6 Production temperature ratios as functions o f  operation timehalf time *. . 
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W .  which can be written 
Y 

Tav(t) = T O W  QQ) (10) 
8 

where the function A ( u )  is defined Y 
a 

A(u) = 2u 2 j  (l/x3)erf(x)dx (11 1 
* 

U w 
With the help of t h  and rav(t) = TaV/To equation (10) can be modified i n  

the same manner as (8) above, 

rcl 
rav(t) = Tav/To = A ( 0 . 4 8 q t )  (12) 

Perti'nent values of the functions erf(u) and A ( u )  are given i n  Figure 7.. 

Equations .(5), ( 8 ) ,  ( lo) ,  and (12) are our principal results. Equation 
@ ' .  

(5) determines the f l u i d  mass Q which can be produced per u n i t  fracture 

area during a given time t and a t  a fixed end temperature ra t io  r ( t ) .  

Equations (8) and (12) furnish general relations for r ( t )  and rav( t ) .  
3 

Common rock materials are quite uniform w i t h  respect t o  thermal 

-6 2 properties. The values, k = 2.1 w / m , O C  and a = 10 m /sec 

can be assumed to  be fa i r ly  representative values for most types of rocks. 

In practically a l l  cases the heat carrying f l u i d  is pure water and hence 

CJ = 4.2 x 10 jl/kg, 'C giving 13 = 0.5 as a representative average value. 

W 

3 
CLI, 

Applying these values i n  the above equations, we can derive numerical data 

of practical relevance. The production temperature ratios r ( t )  and rav( t)  

are shown i n  Figure 6 as functions of t/th. 

production Q obtained dur ing  a given time interval from t = 0 t o  t = to 

as a function of to and r ( to) .  Moreover, Figure 9 shows Q as a function 

Figure 8 shows the specific 
w 

b 
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Figure 8 e Specific production of Figure $ Specific production of thermal 
thermal water as a function 
of operation time and end 
temperature ra t io .  ra t io .  

. water as a function bf  operation 
time and average temperature 
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o f  to and rav(to). U .  
The above results, which have been obtained for a single fracture model, 0. 

can also be applied t o  the case of many fractures provided the distance between 

the individual fractures is sufficiently large t o  prevent thermal interaction. 

Considering the case of parallel equidistant fractures w i t h  a distance d ,  

equation (4) shows that  interaction is practically negligible i f  d > 3 q  . 
Assuming, for example, that to = 100 years, we f i n d  that d>170 m. 

w 

(Clr 
I t  i s  of in te res t . to  note that the argument of the error-function i n  

equation (4)  is $ x / q f i  Hence, the time requfred a t  a given posit ion x 

t o  attain a fixed f l u i d  temperature Tf is proportional t o  l / q  . The 

temperature development depends on the square of the specific flow. 

example, the half-time for the specific flow of 2q is th /4 .  T h i s  i s  a 

characteris t i c  of the present model resul ti  ng from the conduct1 ve transport 

of heat through the rock. 

Application t o  the Cenozoic Volcanics of the Pacific Northwest 

2 
cy 

For 

0, 

* 

0 The above model has been applied by Bodvarsson (1962) t o  estimate the 

Similar considerationsapply t o  potential of geothermal areas i n  Iceland. 

the Cenozoic volcanics of the Pacific Northwest. To obtain an order of 
0 magnitude measure of the heat which can possibly be extracted from such 

formations the following considerations are useful. 

Assuming a temperature gradient of 50°C km we f i n d  that  the temperature a t  
Q the depth of 2 kilometers will be about 110OC. Moreover, assuming a pro- 

duction period of 100 years and an end temperature of 90°C, Figure 8 indicates 

that  each square meter of contact area can produce about 25 metric tons of 

thermal water which has an average temperature of about 100OC. 

total area of 10,000 square kilometers of open lava-bed contacts a t  the 

depth o f  around 2 kilometers. The 100 year productivity is then 2.5~10 

v ,- Consider a 

11 
I 



* metric tons of water a t  around 100OC. Utilizing a temperature differential 

of 5OoC the heat content of this water is equivalent to  the effective 

enthalpy of about 1.5 x 10 metric tons or lolo barrels of petroleum. 

Obviously, layered rocks o f  sufficient horizontal extent and permeabil i t y  

and located i n  a region of moderately h i g h  temperature gradients can be 

sources of a very large amount of heat which is applicable for space and 
many types of industrial and agricultural heating. 

w. 

9 

r6 

w -  
The above estimate was obtained on the basis of a total contact area of 

10,000 square kilometers a t  a depth of around 2 kilometers. Taking i n t o  

consideration that there are i n  the Pacific Northwest 200,000 t o  300,000 

square kilometers of thick layered Cenozoic volcanics, i t  appears quite 

reasonable t o  expect that the ' total  available contact area a t  favorable 

depths may be much i n  excess of 10,000 square kilometers. The actual 

possibil i t ies can only be revealed by exploration and d r i l l i n g  i n  the region. 

The economics of the type (1) resources discussed above is a matter of 

w 
. 

0 

Ls considerable interest ,  i n  particular, the economic limits t o  the.depth from 

which low-to-medium temperature thermal waters can be produced. Based on 

actual f ield experience obtained i n  Iceland, where thermal waters are currently 

being produced from layered volcanics, estimates of economical depth limits 

for  the production of thermal waters a t  three different well-head temperatures 

. 

w 

are given i n  Table 1. These results are t o  be regarded as rough order of -. 
Q magnitude estimates which will, as matter of course, depend t o  a considerable 

extent on local conditions. They indicate, however, quite clearly that  thermal 

waters for direct  non-electrical uses can be produced economically from con- 

siderable depth provided there is sufficient local market for the heat. 
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W .  Table 1 
e, 

ECONOMICAL DEPTH LIMITS FOR THERMAL WATER RESOURCES TO BE USED FOR NON- 
ELECTRICAL PURPOSES SUCH AS SPACE, INDUSTRIAL AND AGRICULTURAL HEATING. W 

Average Source Temperature 100 150 200 

Expected Maximum Flow o f  pumped 

Annual load (4,400 hours) 0.50 0.50 0.50 

Annual f 1 ow/borehol e 400,000 400,000 400,000 

Value o f  thermal water  0.35 0.60 1 .oo 

25 25 25 
w 

boreholes 

Y 

Annual revenue/borehol e 140,000 240,000 400,000 

Units 
O C  

kg/sec 

tons/year 

$/metric ton 

$/year 

Operati on costs o f  boreholes 20 22 25 

Ccceptable d r i l l i n g  costs 700,000 1,100,000 1,600,000 

Dry hole r a t i o  1 /2 1 /2 1 /2 

Cost o f  d r i l l i n g  120 160 200 

w 

cy 
Economic maximum depth o f  production 2,900 3,400 4,000 

Minimum temperature gradient 31 41 48 

%/year 

$/hole 

$/meter 

meters 

OC/km 

0 

* *  

The value o f  the thermal water refers, t o  the value a t  borehole and i s  based on 

a cost  o f  heating o i l  o f  $100/metric ton = 0.35 cents/gal, less a t ransportat ion 

cost o f  50%. 

Iy 

91) 

b 
0 '  . . 
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u. RESEARCH NEEDED TO PROMOTE THE DEVELOPMENT OF GEOTHERMAL 'RESOURCES I N  THE 

PAC IF IC NORTHWEST 
v 

The basic research needed to  promote the development of optimum methods 

IC, of exploring, assessing and utilizing geothermal resources i n  the Pacific 

Northwest can be itemized as concentrating on the topics given i n  Table 2. 

Exploration and Assessment Techniques 
. _  . .  

Column (I)  of Table 2 includes the geophysical exploration methods which u 

are applicable for  geothermal exploration and assessment work i n  the Pacific 

Northwest. The methods l is ted i n  rows (a) to (c) are of main interest  and 

can be regarded as principal tools for future exploration work i n  the region. 

The methods l is ted i n  row (d) are o f  a more .uncertain nature and the methods 

Y 

l is ted under (e) are t o  be regarded as supplementary t o  the principal methods 

i n  'i-ows *(a) t o  (c). 
+) 

Research i n  the f ie ld  of geothermal gradient and terrestr ia l  heat flow 

mapping should concentrate on the development of more economical and faster  

methods of data aquisition, that  is, the use of very shallow boreholes dril led 
(Y 

by l i g h t  equipment. 

Research i n  the f ie ld  of D.C. or ULF conduction and te l lur ic  current 
9 i 

methods should concentrate on the development, of better field procedures and 

improved interpretation and modeling techniques. 

mentation can be regarded as largely adequate whereas current interpretation 

techniques are inadequate and unable t o  extract a1 1 the information contained 

i n  the f ie ld  data. 

Presently available instru- 

6 

. Further experimentation w i t h  the microearthquake and seismic noise u 



t c e e e d 2 e f ' 

TABLE Z 

(I) Exploration and assessment techniques (11) Resburce physics and 
production mechanics 

(111) Utilization of geothermal 
energy 

.. . (a) Temperature gradient and heat flow ' (a )  Hydrology of the Cenozoic ')(a) Generation of electrich1 
methods volkanics of the Pacific NW power 

(b) D.C. or ULF electr ical  conduction (b) Natbral convective circulation ( b )  Space heating 
methods w i t h i n  the Cenozoic volcanics 

(c) Natural field te l lur ic  and magneto- 
tel l  uric methods 

(d)  Microearthquake and seismic noise (d )  D r i l l i n g  and production tech- ( d )  Heating i n  industry and 
methods niqices agriculture 

(e) Structural methods such as gravity, (e) Resburce sMmulation techniques (e) Special problems: water 
magnetic and seismic methods 

( f )  Special assessment techniques ( f )  Reihjection and disposal of optimi zati on . 

(c) Heat extraction by flowing water (c) , Refrigeration and a i r  
condi tioni ng 

treatment, scaling, 
foul i ng , heat exchangers , 

thekmal effluents 
- 

I 

-I 

03 

- 
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The assessment of geothermal resources includes investigations of base 

temperature, resource volume, resource permeabi 1 i ty  , chemical qual i ty  of 

resource fluids and economical depth limits for production boreholes. The 

basic relevant data are provided by the geological and geophysical f ie ld  Y 

_. .work as well as the economical structure of the region LBodvarsson, -19701 
. .. - 

Resource Physics and Production Mechanism 
w 

Li t t le  data is available on the general hydrology of the Cenozoic 

volcanics of the Pacific Northwest. In particular, l i t t l e  is known about 

the possibil i t ies for  large scale natural convective circulation systems . 

i n  the layered volcanics. These topics are of principal interest  for the 

development of geothermal resources i n  the region. Moreover, further research 

on the modes and rate of heat transfer between the country rock and the per- 

colating resource f l u i d s  is a matter of great interest. 

Y 

0 

There is l i t t l e  doubt that  the a r t i f ic ia l  stimulation of geothermal 

energy production will be a technique of great commercial interest  i n  the 

future. Stimulation can be achieved by the pumping of water through natural 

or a r t i f i c i a l  openings i n  the h o t  rock. The layered volcanics o f  the 

Pacific Northwest appear t o  provide a very suitable setting for resource 

ti2 

8 
stimulation (Bodvarsson, 1974). The problems involved i n  the disposal of geo- 

thermal effluents by reinjection are also of great commercial interest. 

0 I In general, d r i l l i n g  costs and 'completion constitute a very substantial 

part  of the total  costs of developing geothermal resources. I t  is  therefore 

o f  great importance to  develop the optimal d r i l l i n g  and completion techniques 

i n  the various geologfcal environments. The layered volcanics of the Pacific 

Northwest provide a special setting which requires research on optimal 
W . 

. 

1 techniques: 

. (r 



PART I1 

PROSPECTIVE UTILIZATION OF GEOTHERMAL ENERGY 

Iri THE PACIFIC NORTHWEST 

20 

W 
GENERATION OF ELECTRICAL POWER 

Electrical power is preferably generated from high-temperature resources , 
that i s ,  a t  base temperatures of 180°C o r  more. Al though  from the technological 

po in t  o f  view, power generation is feasible a t  much lower resource temperatures, 

the required throughflow of geothermal and condensor cooling fluids per u n i t  power 

generated increases very rapidly w i t h  decreasing resource temperatures and 

there is  therefore a definite economic lower limit t o  the resource temperature. 

Many aspects of the generation of electrical power on the basis of geothermal 

energy have been discussed a t  length elsewhere and will therefore not be 

dealt w i t h  here (Armstead, 1973). 

u 

w 

No high-temperature resources have as yet been identified with certainty 

. i n  the Pacific Northwest. With the exception of the discussion i n  Part I and 
@ 

a few generaq remarks to follow i n  the next section, a further discussion o f  

the possibilities i n  t h i s  respect therefore appear premature and w i l l  not be 

taken up i n  this brief report. 

POTENTIAL ROLE OF GEOTHEFNAL ENERGY IN THE OVERALL ECOFlOMY 

tl 

As compared w i t h  heat obtained by the combustion of conventional fossil 
v fuels, geothermal energy resources are characterized by a much lower tempera- 

ture level , and therefore a lower thermodynamic quality. Temperatures of the 

order of 1,500"C o r  more are easily attainable by combustion whereas the 

highest known temperatures of workable geothermal resources are of the order . w 

&1/ ' i of 350OC. 
1 



With regard ' to  the discussion t o  fol low, i t  i s  useful t o  introduce the 

Le t  the grade be 
. 

concept o f  the thermodynamic grade o f  a resource o f  'heat. 

defined as the r a t i o  o f  the theore t ica l l y  avai lable mechanical energy t o  the 

\ avai lable enthaply o f  the resource material. Hence, f o r  f o s s i l  f ue l  the 

grade i s  near un i t y  whi le f o r  geothermal resources i t  ranges from 0.1 t o  0.3 

f o r  base temperatures o f  100°C and 300°C respectively. 

b . 

w 

An examination o f  the usual ly presented energy f low diagrams from the 

v I viewpoint o f  spec i f i c  a v a i l a b i l i t y  (exergy) i s  i ns t ruc t i ve  since i t  reveals 

tha t  geothermal energy w i th  i t s  charac ter is t i ca l l y  low grade may be able t o  

improve the energy u t i l i z a t i o n  p ic ture i n  the United States. 

(u The usual ly presented energy f l o w  type diagram f o r  the U.S. i s  shown 

i n  Figure 10 f o r  1970. Figure 11 shows the f low o f  spec i f i c  a v a i l a b i l i t y  

i n the U.S. i n  1970 (Reistad, 1974) b The two diagrams are drawn on the same 

w -%formtit -tor.il l us t ra te  -the, difference-between :energy .and -s@eci,fic a m i  l a b i  li ty 

flows. 

t ha t  i s  u t i l i z e d  approximately one u n i t  of energy i s  wasted. The spec i f i c  

a v a i l a b i l i t y  f low diagram shows a much bleaker p ic ture o f  our technology -- 
f o r  each u n i t  of avai lable energy consumed i n  end uses, greater than three 

uni ts  o f  avai lable energy i s  wasted. Moreover, Figure 11 reveals t h a t  our 

leve l  o f  technology i n  energy conversion and u t i l i z a t i o n  i s  roughly one-half 

o f  t ha t  imdicated by the usual 'energy t tp icture" as shown i n  Figure 10. The 

main reason the  spec i f i c  a v a i l a b i l i t y  performance i s  so poor i s  t ha t  current 

methods o f  meeting the low-grade heating requirements i n  the i ndus t r i a l  and 

household and commercial sectors are grossly impractical.  

The energy f low diagram i l l u s t r a t e s  tha t  f o r  every u n i t  o f  energy 

Q3 

When considering which segment of our economy i s  most i n  need of improve- 

ment, magnitude o f  waste may be a good indicat ion.  The energy f low diagram a 

' 1  indicates t h a t  the e lec t r i ca l  generation and transmission sector and the 
I 

Y 
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transportation sector were the largest contributors t o  the 'wasting of 

energy, and that  b o t h  were substantially less efficient than either the 

industrial or  household and commerical segments. Figure 11, on the other 

hand, shows each of the four segments of our economy contributing roughly 

equal shares t o  the waste of spe.cific availability. Here, the transport- 

ation and household and commercial categories are indicated as the least  

eff ic ient  (effective) w i t h  effectiveness values roughly ha l f  that for  elec- 

t r ical  generation and industrial. 

t h u s  indicates that  the household and commercial category, that can most 

easily be converted t o  geothermal energy, i s  a prime area for significantly 

improving the available'energy use i n  our econov. 

U 

W 

W 
The specific availability flow diagram 

W 

Although the thermodynamics above is  very helpful t o  indicate the proper 

direction t o  look f a r  improvement, the final t e s t  is economics awl practic- 

abil i ty.  Investigations of the economics, the specific flow requirements, 

and experience w i t h  geothermal systems indicate that electrical generation 

from geothermal resources is quite often Lineconomic when the resource temp- 

u 

- 
a3 

erature is a t  or below 2 0 0 O C .  

An investigation o f  the temperature required for  energy i n  the U.S. 

national economy indicated that  greater than 40% of the total energy require- 

ments i n  the U.S. could be met by heating a t  a maximum of 200°C (Reistad, 1975). 

This amount represents greater than 60% of the total  i f  transportation and non- 

energy uses' of fuels are no t  considered. 

I 

(Ilts 

I 

w 
Thus, the total  potenti a1 direct application of geothermal energy is 

very significant on a national scale. 

- 'U 
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S E  OF GEOTHERMAL RESOURCES I N  D I R E C T  A P P L I C A T I O N S  

W i t h  the exception of recent research on u t i l i za t ion  of warm water 
w *  

U 

rejected from power 'p lants ,  research on applications of heating i n  the 

temperature range of 30 to 200°C has not been carried out on a significant 

scale. The main reasons are (1) energy has, u n t i l  now, been moderately cheap 

and easy t o  get; and (2 )  the h i g h  temperatures available from the h igh  grade 

sources of energy, such as fossil  fuels,  have pemitted convenient systems 

by t r ad ing  i rreversi b i  1 i t i  es of heat transfer through 1 arge temperature 

differences to  minimize system design effort  and cost. Research on meeting 

these requirements i n  an eff ic ient  manner i s  now necessary because (1) not 

only is energy becoming very costly, b u t  i t  may be diff icul t  t o  get i n  certain 

forms a t  any price and (2)  i f  geothermal energy is to meet these require- 

ments, the available resource temperatures are too close t o  the required 

V 

Y 

or 

on temperatures t o  allow trading inefficient system design against  YJ 

design effort .  

The recent research on u t i l i z a t i o n  of warm waters from power p lan ts  

has, for  the, most par t ,  been restricted t o  investigating the use of waters 

in the temperature range o f  about 30 t o  5 O O C .  

appear t o  have the greatest potential i n  direct  awlications when they 

exis t  a t  temperatures below about 200°C, since above this temperature, 

electrical  power generation is usually economical. For purposes here, then 

w 

The geothermal resources 

0 
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The fallowing material will t rea t  each of these classifications. I t  W .  
Y should be noted, however, t h a t  applications t h a t  have been investigated as 

part of warm water uti l ization studies may benefit markedly from higher 

temperatures and thus may require additional investigation i n  this new setting. 

1. 
V 

.Applications Previously Investigated As Users O f  Warm Water In The 

Temperature Range O f  30' To 50°C. 
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Agricultural Applications 

Energy and Food Production: O f  equal importance t o  energy supply problems and 

inextricably t ied to  them are the problems of supplying an adequate d ie t  to 

a l l  inhabitants of the earth a t  a reasonable cost. The efficiency of food 

production has steadily increased by the use of better equipment, manufactured 

f e r t i l i ze r s ,  and the introduction of h i g h  yielding plant varieties. However, 

these developments have niade modern agriculture strongly dependent on the 

availabil i ty of low cost energy. 

u. 
5, 

W 

e, 

The impact of energy shortages on food production is not only the 

availabil i ty of energy b u t  also the price. Increased costs will have a 

significant impact on the cost of food i n  a l l  parts of the world.  As the price 

of fuel increases i t  will be less available t o  countries w i t h o u t  foreign 

exchange reserves. This  has already occurred during the past year. 

*proiluct^ion was reduced ‘ i n  several countries ‘because ferti’l-iters were not 

available i n  sufficient quantity. 

genous f e r t i l i ze r s  rose from about $70 t o  about $300 per ton during 1972-75 

period, as a. result  of increased energy costs. 

(3 

Grain 
0 

In the United States the cost of ni t ro-  

v 

The amount of energy consumed i n  agriculture related act ivi t ies  is small 

al though significant (Table 3). Several attempts have been made recently 

t o  quantify energy flows i n  agriculture. 

capita energy consumption for  food related a t t i v i t i e s  i n  the United States for 

the year 1963 (Hirst, 1974). .The energy required on the farm was only a small 

part of  t o t a l  energy needs i n  1963. 

requirement was used fo r  processing. 

Table 4 shows the total annual per (rs, 

Forty-seven percent of the total  energy 

Thirty-one percent of the total  require- 

ment was used fo r  food processing i n  the home. 
w 

A similar analysis was made for Australia (Anonymous, 1974). Results 

i (Table 5) show a lower rate  o f  energy consumption (6.1 vs 8.2 million Kcall , 
1 

Lr 
person/year) and a different distribution of use. About the same percentage 

Y 
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V Table 3. Energy i n p u t s  for several uses i n  percent 
of to ta l  U.S. consumption (Heichel, 1974). 

Percent of t o t a l  . 
U.S. consumption Category 

t + Transportation 25 
Space heating 18 
Iron and steel 5.7 
Petrol eum refining 4.8 
Agriculture 3.5 
Paper 2.2 
Petrochemical feedstock 2.1 
A1 umi num 1.2 
Ammonia . 0.8 
G1 ass 0.3 

3 

Table 4. Total annual per capita energy consumption fo r  food related 
activities i n  the U.S. for 1963 (Hirst, 1974). 

/ -Percent OT to ta l  Y 

Annual Food related A l l  energy 
Category Consumption energy uses uses 

% 1 06Kcal /person - x - 
V 
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Table 5. Total annual per capita energy consumption for food 
related a c t i v i t i e s  i n  Australia f o r  1974 (Anonymous, 

crs LA 1974). 

Total Annual Percent 
Category annual consumpti on of 

consumption per person to ta l  

W 
6 1 O1 ‘Kcal /year 10 Kcal /person - % 

Y 

Farm production 
Fuel and e l e c t r i c i t y  
Fertil iters 
Other 

Processing 
Transportation 
In plant 

Distribution 
Transportation 
Trade 

Home preparation. 
Refrigeration 
Cool i ng 

13.1 
4.5 
3.2 

1.8 
20.2 

1.8 
7.9 

11 .o 
10,o 

1.1 
0.4 
0.3 

0.2 
1.7 

0.2 
0.7 

0.9 
0.8 

18 
6 
4 

2 
27 

3 
11 

15 
14 

Total . 73.5 6.1 100 

Table 6. Ratio of the energy required for food 
production t o  the food energy content 
for major food groups (Hirst, 1974). )3 

Food category Ratio 

Sugar, fats,  oils  2.6 
Flour and cereals 4.0 

5.0 
7.6 

Fresh vegetables 
Dairy products 
Meat and poultry 9.0 

. Eggs 10.0 
Fresh fruits 10.2 
F i s h  15.0 
Processed fruits and vegetables 16.0 

Average 6.4 

w 

V 

_ _  w 



was used for home preparation, b u t  the Australian study showed a higher per- 

centage for  processing and d i s t r i b u t i o n .  The differences are i n  part due to 

different types of agriculture i n  the two countries. 

The energy efficiency of farming can be estimated by comparing the energy 

Y ' required to  raise food w i t h  the energy content of the food produced. Table 

6, based on a graph presented by Hirst (1974) indicates that  the average 

return on a u n i t  of energy invested-in food production was about 16 percent. 
y3 The efficiency ranged from about 43 percent for high energy content products 

t o  6 percent fo r  low energy products which require much energy for  storage 

and processing. 
w Land and Food Production : Agricul tural productivity has increased throughout  

the past decade and this is indeed fortunate as the demand for  food has similarly 

'l'ncreased due t o  population increases and increased levels o f  affluence. 

Based -on :an iexponentia'tly -increasing population .and a gradual ly  -demeasi ng 

amount of land available fo r  crop production, one publication (Meadows 

c e t  -* a1 ' 1972) predicts that by about the year 2000 the amount of arable land 

cr3 

available will be just sufficient t o  feed the world population (Figure 12). us 
Although man now only farms about half o f  the earth's 3.2 biilion hectare 

which can potentially be cultivated, there is  a definite limit to the available 

area and some of the best farmland is lost  each year t o  agricultural production 

by the construction of roads, urban development, airports, and shopping centers. 

In the United States about 0.5 million hecatre of f e r t i l e  lands are lost  each 

year. 

agricultural productivity remains a t  I t s  1970 level. 

production is often limited by water resources and may be limited by energy 

resources i n  the near future. The use of geothermal energy has potential 

t o  alleviate both restrictions. 

Q 

The estimates shown i n  Figure 12 are global estimates assuming t h a t  Y 

Bringing new land  into 

0 -  

bi 

(I) 
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Figure 12 Land area needed to supply a basic food ration to the world 

Also  shown is the land area available 
population at current yield levels and two and four times 
current yield levels. 
for food production assuming a loss of agricultutal land to 
non-agricultural uses.  

Y 

0 
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Water Supply Problems: Withdrawals for cooling of thermal e lectr ic  power 

plants is by f a r  the largest category of water use i n  industry. Much concern 
W *  
v 

has been expressed recently as t o  whether water supplies will be sufficient t o  
\ 

suppor t  the accelerated energy development projected. Figure 13 shows t h a t  
Y the rate of water withdrawn for thermal e lectr ic  power production exceeded 

withdrawals fo r  irrigation by 1965, when i t  became the leading class of water 

withdrawal i n  the United States. However, the rate of  water withdrawal shown 

is based on once-through cooling and thus does n o t  represent a consumptive use 

aS is the case w i t h  irrigation. The use of geothermal energy for desalina- 

tion of brackish water may well be one of the most productive applications. 

0 

v Potential For Geothermal Energy Use: Because a wide range of temperatures 

could. be obtained, geothermal energy can be applied a t  many stages i n  the food 

producing 'chain of events. According t o  Tables 4 and 5 the most productive 

appltcations would-be the process3ng sec tor  and-in 

Application i n  the l a t t e r  category would mean processing for  immediate home- 

Y 

* 
* use invo lv ing  less preparation. However, most of the analysis i n  development 

of uses for alternate energy sources such as geothermal energy t o  date 

has been i n  the area of "On Farm Production". 

heating and cooling of greenhouses, heating and cooling of open a i r  basins 

f o r  single cell  protein production or fish production, open f ie ld  soil warming. 

.Greenhouses : Heating and cooling o f  the greenhouse airspace w i t h  waste heat 

can be accomplished by several techniques. Most promising are: (i) the Oak 

0 

Proposed applications include 

@ 

Ridge System which uses a wet pad i n  combination w i t h  a finned-tube heat v 

exchanger for  heating and cooling, (it) the Oregon State University system 

which uses a more compact finned-tube heat exchanger for heating and a conven- 

tional evaporative cooler or ventilator for cooling, and ( i i i )  the Oregon State 

University soil  warming system. The Oak Ridge system has the disadvantages 

u 



1955 . 1960 1965 1970 

. -  - .  . 
/Figure13 Rates of water withdrawals for several uses  (Davis and 

Wood, 1974). The rate of with$ra$als shown for power 
gen(eration i s  based on once-through cooling and is a non- 

Q 

. consumptive use.  

9 



. of h i g h  humidity, large heat exchangers, and a continual exposure of the con- 

denser cooling water t o  greenhouse or outside air .  The OSU system eliminates 

these problems. In some situations soil warming may be used as the sole heat 

source. Plants grow well a t  cooler air temperatures w i t h  the roots maintained 

warm. The soil warming system, however, cannot be expected t o  appreciably 

increase the greenhouse a i r  temperature (Boersma and Rykbost, 1975). 

fore an auxiliary heating system should be available t o  warm the greenhouse 

airspace dur ing  periods of unacceptably low n i g h t  temperatures. 

'w 

Y 

There- 

Y 

, The economic potential of using waste heat from power plants t o  control 

a i r  temperatures i n  commercial greenhouses has been evaluated by comparing 

total  discounted costs of the waste heat system t o  that of a conventional gas- 

fired forced-air system (Boersma e t  a1 . , 1974). Based on U.S. Federals Power 

Commission's projections through 1990, the annual costs were calculated for 

the time period of 1976 through 2005 for the Portland, Oregon climate which 

i s  characterized by mild winters and cool summers. Table 7 shows the value 

ad 

-- - __ - .- _ _  ~ 

_ .  - 

Y 

of the waste heat i n  dollars per Kcal for conditions where the two systems ya 
would cost . the same t o  own and operate. The value o f  the waste heat per 

million Kcal i s  estimated a t  $0.63 i n  1976 increasing t o  $6.01 i n  2005. The 

indicated values would be changed by selecting a different projection. Ac- Q 

cording t o  this analysis users of the heat exhanger system could pay a sub- 

stantial  fee for  warm water. 

Algal Basins: Algae grow in-water contained i n  basins. 

throughout the year, while f ie ld  crops only grow during the summer. months. 

This accounts for about a four fold increase i n  dry matter production over 

conventional agronomic crops. Algal cells can be harvested wi thou t  leaving 

parts behind while plant roots, stems, and leaves of most agronomic crops are 

l e f t  i n  the field. 

. .  . .~ . 

They can be cultured w 

U 

. 
I 

I 
I T h i s  accounts for  about a two fold difference i n  dry matter 
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Table 7. Annual heating costs for a 30 x 60 meters greenhouse using ( i )  gas- 
fired forced-draft or  ( i i  ) a waste-heat heat-exchanger system t o  
maintain a minimum temperature of 15 degrees Celsius i n  a Portland, 
Oregon climate (Boersma e t  a1 . , 1974) 

0 

interest  , interest ,  energy waste 
Year maintenance . Gas Total Maintenance value heat 

. and taxes and taxes 

Gas system costs Waste heat system costs Value 
bepreci a ti  on Depreci a t  i on Equi Val ent of 

1 

$/1 06Kcal 
0 
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production. 

that  of soybeans. 

higher rate of protein production per acre by algae over soybeans. 

The protein content of algae is  about three times higher t h a n  

These three factors combine for the better than 25 fold 
b, . 

V 

Low temperatures prevent algae from using available l i g h t  energy efficiently. 

The growth ra te  of algal cells  i s  controlled by a l i g h t  dependent process 

and a l i g h t  independent process. The l i g h t  dependent process uses l i g h t  energy 

t o  produce a chemical compound which is subsequently converted t o  protein by 

the l i g h t  independent process. The rate a t  which the in i t ia l  compound can be 

u 

0 

produced is controlled by the rate of i t s  conversion t o  protein, which is 

controlled by the culture temperature. The rate is low a t  cool temperatures 

and h i g h  a t  warm temperatures. 

of cell  doubl ings,  which is  a measure of growth ra te ,  i s  two per day a t  25 

degrees Celsius b u t  nine per day a t  35 degrees Celsius. Consequently the 

advantages oT growing the algae i n  heated basins merits’ evalutaion. 

For example, for some algal species, the rate w 

w 

Information t o  make an economic analysis of heating algal basins is not 

available. Therefore, any attempt t o  make such an analysis must be based on 

best estimates. Such an estimate has been made by Boersma e t ’ a l .  (1974) 
. . .  9 

wi th  the following conclusion: 

Protein production could be economically feasible w i t h  a heated 
rrr, 

system b u t  probably would not be economically feasible w i t h  an unheated 

sys tem . 
Aquaculture: Several studies have indicated the possibi l i ty  of growing f i s h  

i n  heated basins. Young salmon and shrimp grow almost twice as f a s t  in heated 

sea water as they do a t  ambient temperatures (Figure 14). Some fresh water 

fish, such as catfish, grow much faster  t n  heated water than a t  ambfent temp- 

eratures. The two systems found t o  be most promising f o r  temperature control 

are open sys terns i n  which f i sh  grow i n  the condenser cooling water and closed : 

V 

u 

I 
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1 systems i n  which the basin water is circulated through a heat exchanger 
L lv@+ 
# where i t  is heated by the condenser cooling water. Several observations can 

be made which are considered to be important, ( i )  this application of waste 

heat has been shown to  have great economic potential for certain species of 

fish. These are mostly freshwater species a1 though potential for saltwater 

species and shellfish also exist, ( i i )  a problem of potential markets for  

U 

ter  fish species exists. Probably the best market would be the 

Fish meal produced i n  such basins could Y use for protein-rich animal food. 

for  example replace the protein derived from the anchovy fishery of Peru. 

The economic potential for such a scheme depends on the solution o f  production 

problems such as feeding techniques , waste control, and disease control 

( i i i )  this application would be advantageous i n  an integrated system where 

the fish could be processed and consumed locally. 

Soi 1 *%ami ng.:. GIaste .treat *can *be .*used +to .increase .the soi4 -temperature by 

circulating condenser cooling water through subsurface pipes. 

yield of maintaining a 30 Celsius temperature i n  pipes i o 0  cm deep and 180 cm 

apart is shown i n  Figure 15 (Rykbost e t  a1 ., 1974). Analysis indicates that 

economic feasibi l i ty  is generally limited t o  high value crops such as 

Y 

43 

Effect on 

. .  .. 0 

tomatoes or  broccoli (Figure 16). The economic potential has, however, not  

been optimized a t  this time. 

Urban Application 

0 

Y The requirement fo r  low-grade heating i n  urban comnunities of the U.S. 

represents a significant fraction of the total  energy requirement i n  the U.S. 

Consider 1968 data: space heating consumed 10,857 x 10l2 B t u  which could 

have been supplied a t  temperatures between 40 and 75°C; hot water heating 

consumed 2,389 x loJ2 B t u  wh ich  could have been satisfied a t  temperatures of 

u 

(J 

e 
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90°C; and a i r  condit ioning consumed 1,540 x 10l2 Btu which.could have been 

s a t i s f i e d  by absorption machines requir ing heating a t  temperatures ranging 

from 110 t o  200OC. As percentages o f  the t o t a l  U.S. energy consumption f o r  

1968, these become 18, 4 and 24% respectively. 

u. 
Y 

i 

W A large scale approach t o  meeting these urban requirements, such as 

" d i s t r i c t  heating systems", although presently popular i n  Europe, have not 

had much backing i n  the U.S. since before the 1950's. 

the thermal po l l u t i on  from power plants has recent ly prompted modern studies 

regarding the f e a s i b i l i t y  of supplying the thermal energy requirements o f  urban 

communities by coupling the community t o  a steam-electric power plant. M i l l e r  

-- e t  a l .  have considered a system tha t  includes a d i s t r i c t  hot water d i s t r i bu t i on  

network. Reistad e t  a l .  (1974) have,recently completed a study which shows 

tha t  hot  water (300°F) can be economically transported a distance o f  about 

8.5 +miles* 4x1 supp-l-y.4he .needs -o f  the downtown -area -and .apartments ' f o r  -729,000 

inhabi tants o f  a 200,000 population c i t y .  The study also showed f o r  a heat- 

pump system which ,used warm water (90 - 1 1 5 O F )  from the power p lan t  for  a low- 

temperature source, the economical transport ing distance was about one-fourth 

tha t  f o r  high temperature systems. 

In te res t  i n  decreasing 

w 

0 

Y 

0 

Geothermal energy has a good potent ia l  f o r  supplying the thermal energy 

requirements o f  an urban community. Much o f  the t o t a l  geothermal resource 

has temperatures t h a t  are high enough f o r  e i t he r  o f  the two systems mentioned 

above. Geothermal energy has an advantage over the system t h a t  requires 

coupling w i t h  power plants, because current ly  there i s  considerable resistance 

t o  locat ing e i t h e r  nuclear or foss i l - fue led  power plants close t o  urban comun- 

i t i e s .  The argument can be made tha t  geothermal resources probably don't  e x i s t  

*The study was completed before'the dramatic change i n  fue l  prices which s tar ted 

w 

3 

Y 

b/' wi th  the o i l  embargo i n  the F a l l  o f  1973. 
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where the large urban loads do. This is true t o  some extent, b u t  there are 
i 

two important counter agruments : & A *  cr 

1) The possibility of using a low-temperature "geothermal resource" 
considerably broadens the amount of geothermal resources avai lable 
and tremendously increases the 1 i kel i hood of geothermal resources 
existing a t  economical depths below present urban areas. 

If long time periods are considered, the existence of relattvely 
cheap geothermal energy will create urban areas near known geothermal 
resources . 

Y 
2) 

w 2. 

to  200OC. 

Applications That Can Utilize Waters In The Temperature Range Of 50 

The major applications that can uti l ize waters i n  the temperature range 
Y of 50 t o  200°C, i n  addition t o  those l isted above, are heating and refrigeration 

i n  the following industries: 

A. Paper and Allied Products Industry 
u / r B  . -Lumber and ;Wood-PPoducts -1mdustry 

C. Chemical and Applied Products Industry 

D. Food and Kindred Products Industry 

Y E. Petroleum Industry 

F. Other miscellaneous industries. 

The energy consumption rate of these industries that are significant 

consumers i n  the s ta te  of Oregon are shown below (Penwell e t  a l .  , 1973). Qs 

O i  1 ',6as Electric Total 
Gal/Day F t  /Day kwh/Day 10 Btu/Day 

Paper and A1 1 i ed' Products 167,438 77,255,342 6,259,696 12.18 

Lumber and Wood Products 165,616 27,534,795 5,635,067 6.97 

Chemicals and Allied Products ------- 12,183,288 1,180,282 1.62 

23,278 5,860,548 979,701 1.24 Food and Kindred Products 

ru 

V 

LJ 
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Each of the above four categories of industries are quite important t o  

the economy of Oregon and the Pacific Northwest. The potential for each 
u. 

o$ 

of these t o  use geothermal energy will now be considered. 

Paper And Allied Products Industry v 
The paper and al l ied products industry is a prime candidate for direct 

application of the geothermal resources of the Pacific Northwest, because i t  

consumes almost twice as much energy as the next largest consumer i n  Oregon, 

and a large portion of i ts  energy consumption is for heating a t  temperatures 

below 200OC. Specifically, greater than 80% of the energy consumption i n  

this industry is for process heating. Also, the substitution o f  geothermal 

energy into the p u l p  and paper industry could have significant national 

impact because the industry is the fourth (1972) largest manufacturing 

consumer o f  energy i n  the industrial sector, following Chemical and Allied 

Products, Primary Metals, and Petroleum and Coal Products and is the largest 

(1972) i n  fuel o i l  cost i n  the U.S. 

w 

V 

(Y 

0 .  Although the industry has the largest fuel o i l  cost of the manufacturing 

industries, the fuel oils only accounted for 22% of the total energy consumed 
. .  ,= 

. i n  1972. Figure 17 shows the spli t  of the total energy usage i n  the U.S. 

U Pulp  and Paper Industry by fuel type. Note that about one-third o f  the total 

comes from bark and spent pulp ing  liquors. 

. 

The principal current technology i n  use i n  the U.S. P u l p  and Paper 

U Industry is the kraft paper manufacturing process. A diagrammatic representa- - 

tion of the'process i s  shown i n  Figure 18. Although the energy requirements 

of the various operations change w i t h  different paper types (the total energy 

requirements of the different products vary widely, ranging from 15 t o  48 

million Btu per ton), the requirements for bleached fo ld ing  boxboard will be 

V 

k) 
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presented t o  show an example of the relative energy requirements of the 

operation. The total energy requirement per ton of bleached fo ld ing  boxboard 

i s  about 28 million B t u ,  which is somewhat below the industry average of 

36.2 mill ion B t u  per ton for a l l  paper and paperboard products i n  1972. 

The three main energy consuming processes are pulping, bleaching and paper 

forming and drying. These processes consume about 40.percent, 18 percent and 

40 percent respectively of the total energy requirement. The debarking and 

chipping processes use only negligible amounts of the total energy, their  

total  amounting t o  less than one percent of the overall requirements. 

& / j .  
Q 

Y 

0 

The steam requirements i n  the p u l p  and paper industry, regarding con- 

di t ions of supply for application i n  present processing equipment are approxi- 

mately as follows: 

Y . 

QIS Process Required Steam Condi ti ons 

Digesting i 150 p s i g  (saturation temperature i 185°C) 

Evaporation 30 ps ig  (minimum) (saturation temperature 
121OC) . 

0 
Bleach Plant 

Drying . 

4 50 ps ig  (saturation temperature 4 139°C) 

* 50 ps ig  for  l i g h t  f ine papers and newsprint  
up t o  150 ps ig  i n  general 

Q 
In addition, steam is required for turbine devices a t  pressures around 250 
p s i g  (sturation temperature 205OC) and for miscellaneous uses a t  nominally 
150 psig. 

10 From the above tabulated values and the previously presented values 

representing the approximate spli t  of the energy consumption among the 

main energy intensive processes, several estimates can be made: 

' 

w 1. If the geothermal resource can provide steam a t  150 ps ig  (185OC 

W saturation temperature) greater t h a n  90% of the heating energy 

requirements for the processing can be met from this resource. 
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Y 

- .  

2. If the geothermal resource can provide steam a t  .50 psig (139°C 

saturation temperature), between 40 and 80 percent of the heating 

energy requirements can be met from this resource. The 80 percent 

value applies t o  newsprint and l i g h t  f ine papers while the 40 

w .  
. G 

v percent is for more general processes. 

3. The geothermal resource must be able to  supply a t  least  30 psig 

(120OC saturation temperature) steam to  be applicable i n  the 

pulp  and paper industry for  present processing equipment. 
w 

This  industry, w i t h  such large heating requirements a t  relatively low 

temperatures , deserves considerable research t o  consider not only how geothermal 

can be applied t o  the existing processes, b u t  also how the existing processes 

can be modified i n  temperature requirements t o  allow optimization of the 

u 

' potential geothermal use. 
1y 1 

Lumber And Wood Products Industry 

The lumber and wood products industry includes operations ranging from 

w logging camps and millwork t o  the production of wood products. The most ' 

important operations are sawmills and planing mills, and plywood and related 

' products. 

0 Energy is used for  drying, curing, and mechanical drive operations. A t  . 

present, there exists no hard data to  evaluate the spl i t  of total energy among 

the various operations. However, a number of companies are presently implement- 

i n g  studies to  evaluate the split o f  energy i n  their  particular operation. 0 

The drying and curing operations are typically met w i t h  steam heat a t  pressures 

near 150 ps ig  (saturation temperature 4 185°C) or by direct f ir ing a t  somewhat 
W higher temperatures. Since a large portion of this industry's energy require- 
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research is necessary t o  evaluate (1) i f  specific resources and innovative 

conversi on sys tern can provide these higher temperatures and (2) i f  the temp- 

eratures can be reduced providing a cheap geothermal resource is  available. 

6 

w Chemi cal s and A 1  1 i ed Products 

T h i s  sector contains a myriad of appl i cati ons . Nati onal ly , the 1 argest 

energy consumers are shown i n  Table.8. These industries consume over half of 

the t o t a l  for the sector, b u t  only about one-third of the total that  is consumed 

for purposes other than feedstock. Consider each of the major applications:* 

(A) Chlorine - caustic soda: About three-fourths of the U.S. chlorine 

and caustic soda production is by electrolytic methods using diaphragm 

cel ls .  Figure 19 shows a flow diagram of the diaphragm cell  process 

for  caustic soda and chlorine producing 76% caustic. In the typical 

w 

d 

fw / process, major energy requirements (80 t o  90%) are e lectr ic i ty  for 

electrolysis and steam for  evaporation. Additional energy (10 to 

20%) is required for pumps, compressors, and .refrigeration for  liquified 

chl ori ne. The temperatures and speci f i c amun ts of steam depend 

on the type of caustic produced: The normal 50% eaustic is produced 

in double 01" triple effect  evaporators which require steam a t  50 

&, 

0 t o  60 ps ig  (but which commercially use up t o  150 or 175 psig) . 
for  the f irst  stage. Stronger, 70 or 75% caustic can be concen- 

trated from cooled and sett led 50% caustic i n  a single effect  f inal  

of h igh  evaporator requiring a t  least 75 to  100 psig steam. Also, 

caustic containing less t h a n  1% water can be produced by f i n i s h i n g  

50 of 75% caustic i n  Dowtherm heated evaporators or direct f i red 

units a t  temperatures o f  450 to  600OC. Since a majority of the 

Y 

au 

*The material on the major applications i n  the Chemicals and Allied Products 
IW 

Sector is  taken from Reistad (1975). 
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volume i n  the industry i s  50% caustic w i t h  the next largest share 

being 70 t o  75% caustic, most'of the 69 ~ ' 1 0 ' ~  B t u  of steam re- 

q u i r e d  fo r  this industry could be supplied by a geothermal source 

a t  a maximum temperature o f .  170°C. 

In this industry, the refrigeration would probably n o t  be Y 

able t o  be done by absorption units because.the low temperatures 

would require the ammonia-water system t o  be used. In addition t o  

having t o  operate w i t h  ammonia a t  a vacuum, for the -50°F refrig- 

eration, which poses many operating problems, the chance of having 

ammonia and chlorine come i n  contact upon which they form a very 

ya 

explosive mixture would probably be too much of a risk t o  consider 0 

this type of opera ti  on. 

Soda ash (synthetic): The term "synthetic soda ash" refers to sodium 

carbonate produced by 'Solvay '(ammoni a-soda) process. 

growth of this production has been limited by an increasing shift 

B. 
Y I 

Further 

t o  "natural soda ash" produced from trona (sodium sesquicarbonate). 
Y 

Although there has been a substantial shift for new plants t o  produce 

the "natural soda ash", the synthetic process s t i l l  consumes tremen- 

dous amounts of energy and is important on a national and global 

basis. Figure 20 shws a flowchart for the Solvay process.' The 

process requires energy for a variety of purposes: the k i l n i n g  

process requires coke for burning w i t h  the limestone; steam is  

required i n  the weak and strong liquor s t i l ls ;  energy is required 

i n  the calciner, the older units being direct  f ired,  b u t  the more 

modern ones u t i l i ze  steam heating; substantial amounts of energy are 

requi red for various pumpi ng , compressing and "mi 11 dr i  ves ' I .  The 

calciner requires steam a t  about 235°C o f  an amount roughly 40 to  

Y 

cr, 

W 

.u 
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w .  50% of the total energy requirement for  soda ash production, ex- v 
cl uding the coke requirement; mechanical drives account for about 

15 t o  20% and steam for the s t i l l s  a t  about 120°C accounts for the 

other major use, roughly 35 t o  45% of the energy requirement. 

(Kirk & Othmer, 1969) . 

u 

The steam requirements i n  this industry are t h u s ,  largely a t  

temDeratures a t  which geothermal could sat isfy them, 235°C for  40 y3 

to  50% of the requirements and 120°C for 35 t o  35% of the require- 

ments. 

C. Ammonia: Ammonia production consumes very large amounts of. steam, 

b u t  has l i t t l e  potential for direct geothermal applications because 

the steam is required a t  very h i g h  temperatures and the overall 

reaction is highly exothermic thus providing energy from the process 

fo r  steam generation. The temperatures required for  steam use are 

775°C for reforming CH4 and 400°C for the shift conversion. 

Alumina: Almost a l l  of the alumina produced i n  the world is  ex- 

tracted from bauxite. The almost universally used process is known 

as the Bayer process. 

u / ' 

0 D. 

(D Figure 21 i l lustrates  a flow diagram of the Bayer process. 

The dashed lines show the major energy inpu t s :  

of the alumina; steam for  evaporation of the water introduced for 

steam for  solution 

+D washings; and fuel for calcination; The calcination process occurs 

a t  very h i g h  temperatures; about 12OO"C, and could not  u t i l i ze  

geothermal energy. The two steam uses i n  the 6ayer process could 
Y util ize geothermal energy. Steam for evaporation o f  the water 

hd introduced for washings can be a t  temperatures between 120°C 

and 150OC: In the solution of alumina, there are two types of 

Y 
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treatment which' have different steam requirements, the European 

type and the American type. In the European type, i t  has been necess- 

ary t o  use heavy concentrations of caustic soda and temperatures of 

200 t o  250°C i n  order t o  deal w i t h  the European bauxite's containing 

LJ * 

Y 

. boehmite. In the American type lighter concentrations of caustic , 

soda can be used a t  corresponding lower temperatures of between 120 

and 140°C t o  deal w i t h  the trihydrated tropical bauxites. 

use i n  the Americas of bauxites from Jamaica which contain some 

boehmite have necessitated the h i g h  temperature treatment typical 

i n  Europe. 

Recent 

e3 The temperature requirements on the a1 umina manufacture are 

such that geothermal energy a t  150°C could satisfy the steam require- 

ments of the industry except for the bauxites containing boehmite, 

Y ' then  >tempera tures Saroufid 250°C ould*be-required. ;Most af t h e  52 

x lo1' B t u  consumption i n  the U.S. could be replaced by 15OOC 

geothermal energy. 

E. Methanol: The most important method of manufacturing methanol is Y 

by a medium pressure process from hydrogen and carbon monoxide w i t h  

small amounts of carbon dioxide. The mixture of gases, referred 

to  as "synthesis gas" are mainly produced i n  the U:S. from coke and 

natural gas. Although methanol manufacture uses steam, mainly i n  

the "synthesis gas" production, the use is a t  a quite h igh  tempera- 

ture, such as 300 t o  500°C i n  the "water-gas shif t  reaction" or 

a t  875OC for  the reforming conversion of natural gas and geothermal 

use does not appear feasible. 

Sulfur (Frasch): 

b u t  decreasing percentage of a l l  of the elemental sulfur. The Frasch 

Y 

-u F. Sulfur mining by the Frasch process is a major 

i 

v 
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process appears t o  be a very good potential for geothermal use 
4 d ) .  
Y since water a t  16506 and under pressure i s  pumped down in to  the 

sulfur deposits to  melt the sulfur and allow i t  t o  be brought  out 

by a combination of a i r  l i f t  and hydraulic pressures. 'Hot water is 

Y . required i n  amounts of 4 t o  50 tons per ton of mined sulfur. 

Energy is also required for d r i v i n g  pumps, compressors miscellaneous 

electrical  uses and steam-heating of the sulfur lines from the bore- 

hole, hence present practice has about one fourth of the volume 

flowrate of mining water being converted to h i g h  pressure steam 

cu 

which  upon exhausting from the prime-movers is used t o  preheat 

w mining water. 

Chlorine and caustic soda production is a major product i n  the Pacific 

Northwest because of the marketing t o  the paper and al l ied products industry. 

Thus, this +industry would be -a ,potential target-+ar-*keetjng -from geothermal 

resources i n  the Pacific Northwest. 

geothermal has the potential t o  be used directly i n  a number of industrial 

applications for supplying steam a t  somewhat reduced temperatures , i t  may not 

be desirable or  wise from an energy conservation viewpoint t o  do so. Many 

industries that  use low-pressure steam get  that  steam either from processes 

w 

I t  must be noted, however, ' that  although 

0 

such as i n  ammonia systhesis or from h i g h  pressure steam that has been expanded 0 

t o  generate e lectr ic i ty  or drive steam turbines for direct mechanical drive. 

In the f irst  case, where the steam comes from a process, there appears t o  be 

l i t t l e  incentive t o  reallocate the amount to  possible geothermal use. In 

the second case, the steam generation is a very good thermodjlnamic process 

and should not  be replaced unless (1) the energy supply gets-so short that 

0 

W 
fossil fuels cannot be burned for any heating, and electrical energy is then 

' 1  supplied by a nuclear or remote geothermal source, or (2) the geothermal resource 
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is  such tha t  i t  can provide the electrical generation a t  the s i t e  as well as 

the steam requirements, or (3) the use of geothermal energy could save sig- 

nificant quantities of fossil fuels. The chlorine-caustic soda and the Solvay 

soda ash processes are good examples o f  the second case because they have sub- 

stanti  a1 electri  cal and/or mechani cal drive requirements and can get the process 

steam almost as the waste product from the electrical .generation or  mechanical 

drive. Almost a l l  chlorine-caustic soda and Solvay soda ash plants. presently 

produce their  low pressure steam i n  this manner. 

w 

U 
\ 

Y 

Because amnonia and methanol production is n o t  amenable t o  heating from 

geothermal resources and there is l i t t l e  i f  any alumina production or sulfur 

mining i n  the Pacific Northwest, the potential for geothermal applications 

i n  this sector is dependent on the chlorine-caustic soda and soda ash processes. 

As noted above, a detailed investigation o f  these processes must be accomplished 

before the desirabil i ty and potential for geothermal subs t i t u t ion  can 'be 

assessed. 

(3 

Y / 

y3 Food and Kindred Products 

A t  the national level, the processes t h a t  are the major consumers of 

energy i n  this sector are shown i n  Table 9 w i t h  their  respective energy consump- 

W tion values. With the exception o f  the bakery products industry, most o f  the . 

energy required i n  this category of uses is nee'ded for mechanical drives, 

relatively low temperature heating which could be accomplished w i t h  steam a t  
Y pressures less than 50 psig,  and refrigeration that  could be met w i t h  absorp- 

t ion  refrigeration systems. The process steam usage has been estimated t o  be 

10% a t  pressures between 50 and 100 psig and 90% a t  pressures less t h a n  50 

W ps ig  (Miller, 1971). 

hi In Oregon, significant classifications, i n  order of importance are, 

canned, cured and frozen foods, bakery, meat, dairy, and, grain products. 
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Thus, there is a potential market for geothermal applications i n  the food and 

kindred products industries particularly i n  the canning and freezing processes. 

Research Necessary For Using Geothermal Energy i n  Direct Applications 

L 7 - J .  

3 

W i t h  the potential for direct applications as indicated above, the 
Y 

utiqizat ion research necessary t o  allow widespread use is: 

A. Research t o  develop methods of using geothermal energy for applica- 

tions a t  existing energy requirements. 

B. Research to  develop methods of efficiently (optimally) us ing  

geothermal energy for  existing or projected requirements. 

C. Research t o  develop new methods of processing t o  allow use of 

the lower temperatures available from geothermal resources. 

Thermo-economic feasibil i ty studies t o  show the p ro f i t ab i l i t y  of 

direct  use. 

D. 

0 
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