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1. INTRODUCTION 
1.1 PurDose and ScoDe 

The purpose of this report is to: 

review the extensive published and unpublished literature on 
the geochemi stry, hydro1 ogy and geology of Lake Magadi , Kenya, 
and its associated hot springs; 

based on this review and field visits, estimate the temperature 
in the geothermal reservoir beneath the lake; and 

from this, develop a plan to determine the potential for the 
development of geothermal electric power at Lake Magadi. 

1.2 Data Base and Methodoloqv 

The data base of chemical information used in this report 
consists of some 135 published and unpublished chemical analyses and 8 
unpublished isotope analyses of water samples from the Magadi area. 
These analyses were processed by visual scanning, by plotting a number 
of variables on graphs, and by calculating the geothermometers. In 
addition, several hot-spring analyses were processed using two different 
chemical-simulation computer codes, which calculate the distribution of 
ion species in the fluid at depth, and the effects of pH and ion-species 
distribution on the chemical geothermometers. 
from these computer codes are presented as Appendix A .  

Examples of printouts 
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Both t h e  s e n i o r  and j u n i o r  a u t h o r s  had v i s i t e d  t he  Magadi b a s i n  
i n  e a r l i e r  y e a r s ,  a s  p a r t  o f  r e g i o n a l  geothermal  e x p l o r a t i o n  p r o j e c t s  i n  
the  Kenya Rif t  V a l l e y .  The s e n i o r  a u t h o r  had conducted  g e o l o g i c a l  and 
geochemical  sampl ing  d u r i n g  h i s  s t a y  a t  Magadi i n  1972. A 2-day v i s i t  
t o  the Magadi a r e a  was made by the j u n i o r  a u t h o r  f o r  pu rposes  o f  d a t a  
c o l l e c t i o n  and v e r i f i c a t i o n  o f  p r i o r  work, d u r i n g  e a r l y  September  1989. 
Subsequen t ly ,  mee t ings  and t e l e p h o n e  c o n v e r s a t i o n s  were he ld  w i t h  
v a r i o u s  Kenyans and Americans who have worked on the  geology and 
geochemis t ry  o f  t he  Magadi a r e a .  

P u b l i s h e d  g e o l o g i c  mapping has  been used,  a long  w i t h  p u b l i s h e d  
and unpub l i shed  h y d r o l o g i c a l  d a t a ,  t o  e v a l u a t e  the r e l a t i o n s h i p  o f  the 
tnermal  s p r i n g s  t o  the s t r u c t u r a l  and v o l c a n i c  g e o l o g i c  o f  t h e  Magadi 
r e g i o n .  T h i s ,  i n  turn, has  been used t o  help c o n s t r u c t  a hydrogeo log ic  
model o f  t h e  geothermal  system. All  o f  t h i s  m a t e r i a l  i s  then u t i l i z e d  
i n  p r e p a r i n g  a se t  o f  recommendations f o r  e x p l o r a t o r y  d r i l l i n g .  

1 .3  Acknowledsements 

T h e  Magadi Soda Company g r a c i o u s l y  provided  f i e l d  s u p p o r t  and 
a c c e s s  t o  t h e i r  f a c i l i t i e s .  Thanks  a r e  ex tended  t o  them f o r  th i s  
a s s i s t a n c e .  
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2 .  LOCATION AND GEOLOGIC SETTING 

Lake Magadi o c c u p i e s  one o f  the l o w e s t - e l e v a t i o n  s e c t i o n s  o f  
the A f r i c a n  R i f t ,  i n  s o u t h e r n  Kenya n e a r  t h e  Tanzanian b o r d e r  
( f i g u r e  1 ) .  
C l ima te  i s  h o t  (mean annual a i r  t e m p e r a t u r e  abou t  28°C) and s e m i - a r i d  
(500 mm o r  20 inches o f  r a i n f a l l  a n n u a l l y ) .  E x t e n s i v e  d e p o s i t s  o f  t r o n a  
(sodium b i c a r b o n a t e )  have formed i n  the l a k e  bed ( f i g u r e  2 ) ,  p r o b a b l y  a s  
t h e  resul t  o f  a complex p r o c e s s  o f  groundwater  upwe l l ing  and 
e v a p o r a t i o n .  T h e  e x p l o r a t i o n  and mining o f  these  d e p o s i t s ,  f o r  use i n  

t h e  p r e p a r a t i o n  o f  soda  a s h  f o r  t he  s o a p ,  g l a s s  and chemical i n d u s t r i e s ,  
h a s  l e d  t o  widesp read  and i m p o r t a n t  s t u d i e s  o f  the r e g i o n a l  and l o c a l  
geo logy  and hydro logy ,  and the  g e o c h e m i s t r y  o f  l a k e  w a t e r ,  thermal  
s p r i n g s  and mine ra l  d e p o s i t s  a t  Lake Magadi. 

The l a k e  e l e v a t i o n  i s  abou t  1 ,950  f ee t  ( a b o u t  595 m). 

There i s  l i t t l e  s u r f a c e  i n f l o w  o f  w a t e r  i n t o  Lake Magadi, and 
no s u r f a c e  o u t f l o w .  L i t t l e  Magadi Lake i s  a s m a l l e r  soda l a k e ,  l o c a t e d  
w i t h i n  one km o f  t he  n o r t h e r n  end o f  Lake Magadi and s e p a r a t e d  from i t  

by a f a u l t - b o u n d e d  r i d g e .  
lakes ,  a l t h o u g h  L i t t l e  Magadi i s  s e v e r a l  m h i g h e r  i n  e l e v a t i o n ,  and no 
s u r f a c e  o u t f l o w  from L i t t l e  Magadi . 

There i s  no s u r f a c e  c o n n e c t i o n  between the 

The Lake Magadi a r e a  i s  c h a r a c t e r i z e d  by complex g raben-and-  
h o r s t  s t ructure ,  t y p i c a l  o f  l a r g e  p o r t i o n s  of the R i f t  V a l l e y ,  r e s u l t i n g  
i n  r o t a t e d  f a u l t  b l o c k s  w i t h  f a u l t  s c a r p s  of u p  t o  600 f ee t  ( a lmos t  200 
m) o f  v i s i b l e  o f f s e t .  Thermal s p r i n g s  (33" t o  abou t  85°C) i s s u e  from 
numerous l o c a t i o n s  on a l l  s i d e s  o f  Lake Magadi and a t  the n o r t h  end o f  

3 



SUITE 201 
5221 C E N T R A L  A V E N U E  G eo t h e r m E X ,  I n c. RICHMOND CALIFOF" 94804-582Ei 

~ 

(415) 527-9576 
CABLE ADDRESS GEOTHERMEX 
TELEX 709152 STEAM UD 
F A X  (415)  527-8164 

L i t t l e  Magadi ( f i g u r e  2 ) .  In general ,  flows a re  g rea t e r  and 
temperatures a re  higher t o  the  n o r t h .  Many of the  thermal spr ings,  

L i t t l e  Magadi Lake c l e a r l y  a re  f a u l t  cont ro l led .  

I 
I espec ia l ly  those a t  the  n o r t h  and west ends of Lake Magadi and along 

There i s  no  evidence of h i s t o r i c  o r  Quaternary volcanism in the  
immediate v i c i n i t y  of t he  lake .  
cen ters  a re  Suswa, some 40 miles (65 km) t o  the  north in the  Kenya r i f t ;  
and 01 Doinyo Lengai, in  Tanzania, some 60 miles (100 km) south of Lake 
Magadi ( f i g u r e  1 ) .  A small scoriaceous volcanic vent a t  Kisamis and  
possibly one a t  Koriamat, b o t h  located about 15 miles (25 km) n o r t h  of 
Lake Magadi, and several  undisturbed ash cones a t  01 Doinyo Nyegi, some 
10 miles (18 km) northeast  o f  the lake ,  may represent  i so la ted  
Quaternary e rupt ive  events.  Whereas Suswa i s  fumarolic,  and 01 Doinyo 
Lengai has  an ac t ive  magma chamber, no  s i g n i f i c a n t  heat output i s  

associated with Kisamis, Koriamat o r  01 Doinyo Nyegi . 

The nearest  major Quaternary volcanic 

Lake Natron i s  a s imi la r  soda l ake ,  located about 30 miles (50 

Natron l ikewise i s  
km) south of Lake Magadi, in Tanzania, a t  an e levat ion only s l i g h t l y  
higher t h a n  Magadi ( a b o u t  2 ,000 f e e t  or 610 m ) .  
bordered by numerous thermal  s p r i n g s .  These r e p o r t e d l y  have enormous 

t o t a l  flow (perhaps over 8,000 gpm) a t  temperatures of 32" t o  50°C. The 
ac t ive  volcano 01 Doinyo Lengai i s  located some 18 miles (30 km) s o u t h  
of Natron. 

Magadi and Natron, have no sur face  drainage connection, and 
represent  i so l a t ed  hydrologic sumps in t h e  R i f t  Valley. Because of 
t h i s ,  i t  has been argued t h a t  each lake  i s  the discharge p o i n t  f o r  
subsurface groundwater flow, channeled n o r t h - s o u t h  by major f a u l t s .  The 

4 



SUITE 201 
5221 CENTRAL AVENUE G eo t he r m E x , I n c. RICHMOND. CAL IEORNI~  94604.5825 

(4 15) 527-9876 
CABLE ADDRESS GEOTHERMEX 
T E L E X  709152 STEAV UD 
FAX (4151 527-8164 

thermai waters of Nat ron  have been a t t r i b u t e d  t o  outflow from a source 
in the  01 Doinyo Lengai area.  The waters of Magadi a re  t h o u g h t  by some 
workers t o  have or ig ina ted  ( a t  l e a s t  in p a r t )  a t  some unident i f ied point 
t o  the  n o r t h ?  perhaps a t  Suswa. This i s  discussed fu r the r  in subsequent 
sec t ions  and in Appendix B. 

Geology, as mapped by Baker (1958), cons i s t s  of a s e r i e s  of 
Pliocene mafic and a lka l ine  volcanic rocks, exposed in the  escarpments 
a t  the  eas t  and west margins of the  R i f t  Valley. These a re  overlain by 
lower Pleistocene a lka l ine  and s i l i c i c  flows and erupt ive  rocks, which 
form the  R i f t  f l o o r  and  fau l ted  r idges within the  R i f t .  
o f  Magadi and L i t t l e  Magadi these  mainly a re  a l k a l i  t rachytes .  Very 
l o c a l l y  overlying these  a r e  lower t o  middle Pleis tocene mafic and 
s i l i c i c  vents (Kisamis? Koriamat or 01 Doinyo Nyegi), 

I n  the  v i c i n i t y  

In the  Magadi basin,  local  l a c u s t r i n e  beds of c h e r t ,  tuffaceous 
c l ay ,  s i l t  a n d  limestone were deposited in midrile and  upper Pleistocene 
epoch. In upper Pleis tocene and  Holocene t ime, s i l t s  and  c lays  ( H i g h  
Nagadi Beds), t r o n a  and  i nterbedded cl  ays (Evaporite S e r i e s )  , a1 1 uvium 
a n d  slope wash have beeri deposited.  All of the volcanic un i t s  except 
the  youngest vents a re  f a u l t - c u t .  The young sediments have formed i n  

fault-bounded basins ,  b u t  only the  che r t  and  some of tuffaceous clays 
a r e  not iceably cu t  by f a u l t s .  The High Magadi Beds, limestone and 
Evaporite Se r i e s ,  along with the  recent  a l luv ia l  depos i t s ,  post-date  
R i f t  Valley f a u l t i n g .  Therefore,  i t  appears t h a t  a c t ive  f au l t i ng  
l a rge ly  had ceased by l a t e  Pleis tocene time. Despite t h i s ,  seismic 
a c t i v i t y  i s  reported from many loca t ions  in the  R i f t  Valley; and  the 
Magadi basin may be se i smica l ly  ac t ive  s t i l l .  

5 
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3. BACKGROUND ON CATION AND SILICA GEOTHERMOMETRY 

Deep reservoir temperatures can be estimated from the chemistry 
o f  hot springs fed by these reservoirs, provided: 

a. the chemistry pf the hot springs i s  controlled by equilibrium 
reactions with the reservoir rock; and 

b. spring-water chemistry has not been significantly changed by 
precipitation of minerals, or by mixing with near-surface 
waters after leaving the reservoir and ascending to the 
surf ace. 

It is not clear that either of these conditions i s  fully met at 
Lake Magadi. 

Therefore, for  this report, we distinguish two possible types 
of mixing which can affect the estimates o f  reservoir temperature. 
Contamination mixinq occurs when a more-dilute thermal water is mixed 
with higher-salinity near-surface water, and the latter comes to 
dominate most characteristics of the mixture; the precise identity of 
the thermal component remains masked. 
the thermal water is more saline than the near-surface component; 
mixing lowers the reservoir-species concentrations, but usually there 
are only minor changes in the resulting ion ratios. 

Dilution mixinq is the case where 

6 
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Mixing models can be used to help discern whether either type 
of mixing actually has occurred, and to determine the effects of 
contamination or dilution on reservoir-temperature estimates. 

Two chemical geothermometers were used for this report, one 
based on the concentration o f  silica (SiO,), and the other on the ratio 
of Na to K. Other commonly used geothermometers, which employ Ca and Mg 
as well as Na and K, were not appl icable because Ca and Mg are below 
detection limit in these spring waters. The Na/K geothermometer is most 
reliable when reservoir temperatures exceed about 150°C. Below this, it 
at best indicates general temperature ranges. 

The silica geothermometer has several forms, depending upon the 
form of silica believed to be present in the reservoir rocks. 
most-common forms are amorphous silica (such as volcanic glass), 
chalcedony, and quartz. Amorphous silica is significant only in cold to 
warm waters, because in hot systems it crystallizes to chalcedony or 
quartz. 
temperatures when the system is below about 180°C. 

temperatures are usually the most accurate. 

The 3 

Chalcedony temperatures tend to be more reliable than quartz 
Above 18O"C, quartz 

A major objective of this report was to consider these two 
geothermometers, and the effects upon them of possible mixing in the 
Magadi thermal system. 

7 
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4 .  GEOTHERMOMETRY INTERPRETATION 

S i l i c a  geothermometers often a re  calculated by rout ine  use of 
standard formulae; t h i s  can be misleading when the  spring waters have a 
wide range of compositions and o r i f i c e  temperatures, and mixing may be 
occurr ing.  In  such cases ,  graphical analysis  i s  more r e l i a b l e .  I n  the 
Magadi case ,  graphic ana lys i s  i s  a l so  advisable because of the high pH 
(8.82 t o  9 90) of the h o t  and  cool waters ( t a b l e  1) .  This causes excess 
s o l u b i l i t y  of t he  various s i l i c a  forms, and r e s u l t s  i n  a wide range in 
the possib e s i l i c a  concentrations amongst the several  mixing 
components pH l e v e l s  above a b o u t  9 cause a s i g n i f i c a n t  increase in 
s i l i c a  s o l u b i l i t y .  
p rec ise ly  t h i s  reason. 

Very high SiO, i s  found i n  the  lake br ines  f o r  

Figures 3 and  4 i l l u s t r a t e  s i l i c a  versus temperature i n  waters 
o f  t h e  Magadi a r ea .  
a l so  the pH o f  the  water sample ( a  designation of - 1 . 0  i nd ica t e s  no pH 
d a t a ) .  The f igu res  d is t inguish  as " h o t  spr ings"  a l l  the  samples which 
have been so-described in published or unpublished r epor t s .  (However, 
spr ings below about  38°C are  l e s s  t h a n  10°C above ambient a i r  
temperature, and might s t r i c t l y  n o t  be ca l led  " thermal" . )  Some of the 
warm waters ( a b o u t  45°C) c l e a r l y  show t h e  e f f e c t s  of mixing with a 
high-pH, very-high-Si0, lake br ine ,  o r  o f  d i s so lu t ion  of volcanic g l a s s  
(amorphous SiO,).  

Figures 5 and  6 a re  equivalent t o  3 and 4 ,  b u t  show 

The samples dis t inguished as lake br ines  on f igu res  3 th rough 6 
a re  from the  sur face  o f  t h e  lake ,  because none o f  the  samples of the  

8 
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brines found interstitial to lake sediments (collected from wells) 
included a temperature measurement. Among several dozen interstitial 
brine samples, pH ranged from 9.8  to 10.8, and SiO, from 72  to 1,350 
ppm. Assuming that the interstitial brines have an average temperature 
of 25°C (slightly below average air temperature), they should plot 
parallel to the fields of samples from the lake brines and the warm 
springs. 

On figure 6 we show the result of correcting the SiO, conter;ts 
of the hottest spring waters to remove the pH effect. As a result, the 
hot springs appear to be in equilibrium with chalcedony at a temperature 
o f  about 85°C. Alternatively, they could be cooled from equilibrium 
with quartz at about 115°C. If the water at depth has a temperature 
higher than 85' - 115"C, it must be cooling and re-equilibrating SiOi 
before reaching the surface; this is possible, but cannot be determined 
from the available data. 

Kamondo (1988) reported a probable siiica reservoir temperature 
above 170°C. it Ss unknown if this represents a vzlue co:-*-ected for 
very high pH; however, nothins reported by an) otner worker suagests 
such high temperature. 

It i s  a l s o  possible that the hot-spring water is mixed. A 

simple mixing model based on dilution (see Chapter 3) would connect a 
low-temperature mixing component through the hot--spring sample points to 
a higher-temperature point somewhere on the solubility curve o f  

chalcedony or quartz. In this case, possible low-temperature mixing 
components are poorly constrained, because the SiO, concentrations are 
highly variable. The range of low-temperature sample points (pH value:. 
in italics on figure 6) drawn through the pH-corrected hot-spring point 

9 
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intersects the quartz line across a range from about 115°C to 140°C. 
Mixing lines to these points are shown as dashed lines on the figure. 

Thus, the possible temperature of a hot component at Lake 
However, because the hot-spring Magadi could be as high as 140°C. 

waters fall on the solubility curve o f  chalcedony, we cannot conclude 
definitely that mixing is occurring. If mixing does occur, it is 
followed by re-equilibration of SiO,. 
re-equilibration occurs is unknown. 

The point where this 

If contamination mixing is occurring, it is most likely that 
the cool component is an interstitial-sediment brine with SiO, 
concentration somewhere in the wide range (100 to > l o 0 0  ppm. Depending 
upon the assumptions made for the average SiO, content of the 
interstitial brine samples, and the quantity of this contaminant in the 
hot-spring water, the temperature of the hot, quartz-equilibrated 
component may range from less than 100°C to over 115°C. 

The Na/K temperatures of the Magadi hot springs are 0 5 "  to 
100°C, deDending upor! which formulation of the Na/K geothermometer is 
used. 
chemical data from different areas. 
temperatures of about 100°C. 

imprecise at temperatures as low as these. 
significantly above 100°C, there must be significant dilution with low-K 
waters. 

Different formulations have been calibrated us ing  temperature and 

The most general form gives 
The Na/K method typically is very 

If temperatures are 

To further investigate the Na/K temperatures, K was plotted 
versus Na for the area waters (figure 7). 
are maintained as they evaporate to form the lake brines. 

Ratios in the spring waters 
There is some 

10 
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d i scon t inu i ty  between r a t i o s  in the d i l u t e  groundwaters and in the  
sp r ings ,  b u t  the  d i l u t e  waters have lower Na/K t h a n  the  spr ings .  The 
study of Jones e t  a ? .  (1977),  discussed in Appendix 6 of t h i s  r e p o r t ,  
concluded t h a t  the  spring waters ul t imately a re  evaporated equivalents  
of  the  d i l u t e  waters.  To explain the  r e l a t i v e  l o s s  o f  K as  s a l i n i t y  
increases ,  they suggested ( b u t  did n o t  spec i fy)  the  act ion of a sorpt ion 

I 

o r  p rec ip i t a t ion  mechanism. 

Because there  i s  some s c a t t e r  i n  Na/K amongst the h o t  spr ing 
waters on f i gu re  7 ,  these d a t a  were rep lo t ted  as Na/K versus spring 
temperature ( f i g u r e  8 ) .  This shows t h a t  the  lowest Na/K (highest  Na/K 
temperatures) a r e  c h a r a c t e r i s t i c  o f  t h e  h o t t e s t  spr ings  as a g r o u p .  

The e f f e c t  of mixing on cat ion temperatures depends upon 
whether the mixing i s  contamination or d i l u t i o n  ( see  Chapter 3 ) .  I f  
t he re  i s  d i i  u t ion ,  there  should be i i t t l e  t o  n o  e f f e c t  on the  Ra/K 
r z t j c .  A s  c ~ e s c l t . ;  z!thougi: d i l u t i o ~  r;;ixing should ’lower the  s i l i c z  
temperature,  i t  ri,2y n o t  s i g n i f i c a n t l y  a f f e c t  the  ca t ion  temperature,  
wbich should s t i ; ?  y ie ld  some indicat ion of t h E  deep resei-voir 
condi t ions .  S i l i c a  and  czt ion temperatures o f  the  b’iagadi h o t  spr incs  
a re  somewhat s i m i l a r ,  with: s i1  ic; tendins  t o  y i e l e  higher temperatures 
t h a n  Na/K. Di lut ion mixing, t he re fo re ,  would occur only i f  d i l u t i o n  w a s  

foilowed by SiO, r e -equ i l ib ra t ion .  This cannot be assessed a t  present .  

Contamination mixing, i n  c o n t r a s t ,  would involve a 
h igh - sa l in i ty  lake brine o r  i n t e r s t i t i a l  b r ine ,  having very high Na/K. 
This could t o t a l l y  mask a very hot,  l e s s - s a l i n e  component having low 
Na/K. 
hypothetical  h o t  component, except by reference t o  a s i l i c a  mixing 
model. 

There i s  n o  way t o  constrain the  possible  Na/K temperature of the 

As we have seen, a s i l i c a  mixing model f o r  contamination mixing 

11 
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i s  v e r y  p o o r l y  c o n s t r a i n e d ,  and y 
h i g h e s t  s p r i n g  t e m p e r a t u r e  ( abou t  
140°C a s  t he  maximum. 

e l d s  a r ange  o f  v a l u e s  between the  
85°C) a s  the  lower  v a l u e ,  and abou t  

12 



5. DISCUSSION O F  THE M A G A D I  GEOTHERMAL SYSTEM 

A d e t a i i e d  discussion of groundwater and surface waters in the 
Magadi basin,  giving one possible  or ig in  o f  the  spring waters,  i s  
presented as Appendix B .  I n  summary, dissolved s o l i d s  in waters 
t h r o u g h o u t  the  basin a re  dominated chemically by Ra and HCO,; b u t  there  
i s  a wide range in  water s a l i n i t y ,  frorn 100 t o  1 ,000  ppm in the  cool ,  
d i l u t e  sur face  a n d  g round  waters,  t o  300,000 ppm in lake br ines  ( f igu re  
B l ) .  The h o t  and warm spr ings ( f igu re  2 )  have s a l i n i t i e s  o f  a b o u t  
1 0 , 0 0 0  ppm t o  38,000 pprn. This broad range o f  values ind ica tes  t h a t  t h e  

thermal spr ings  probably a re  affected by mixing. 

The h o t  and warm springs discharge a t  the  lake shore and  flow 
i n t o  lagoons i n  t he  lake :  on good evidence they a re  considered t o  be the 
rr,;jor s o u r c e  of t he  1 a k e  water. mi  ch becomes increasingfy concentrated 
DJ' evEporation. Tne spr ings may a l so  be the h i s t o r i c  source o f  s imi lkr  
br ines  found i n t e r s t i t i a l l y  i n  the  lake sediments in wel ls  d r i l l e d  t o  
depths o f  7 5  m ;  a n d  in a s ing le  well d r i l l e d  in to  l z v a s  a t  tne  eastern 
e q o  o f  t n z  'ake t o  a depth o f  2S7 m (well I C ;  f i a u r e  2 ) .  ihere arc some 
c a t ;  snov;ins t h a t  br ine s L l i n i t j  decreases with depth,  b u t  the  water 
from 2 2 7  m depth s t i l l  c a r r i e s  125,000 ppm s o l i d s .  

-. 

The h o t  spr ings  a t  the  n o r t h  end of the  lake have temperatures 
of  60" t o  85°C ( t a b l e  1 ) .  Those a t  the  southern end a re  below 50°C, and 
occasional ly  below 35"C, which i s  n o t  f a r  above temperatures of lake and 
lagoon waters.  The temperature of cool groundwater i s  between a b o u t  25" 
and 30°C; mean annual a i r  temperature i s  a b o u t  2 8 ° C .  Di lu te ,  potable 
groundwaters a r e  scarce ,  because evaporation t h r o u g h o u t  the  basin causes 

13 
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c o n s i d e r a b l e  b u i l d - u p  o f  s a l i n i t y .  
by p i p e l i n e  from s t r e a m s  l o c a t e d  a t  very high e l e v a t i o n  on t h e  Nguruman 
Escarpment t o  the west ( f i g u r e  1 ) .  

Fresh wa te r  i s  brought  i n t o  the a r e a  

D e s p i t e  e x t e n s i v e  e f f o r t s  by Magadi Soda Company t o  mon i to r  and 
unde r s t and  f low c o n d i t i o n s ,  there  i s  s t i l l  some u n c e r t a i n t y  c o n c e r n i n g  
f low r a t e s  o f  i n d i v i d u a l  ho t  and warm s p r i n g s .  Seve ra l  worke r s  have 
commented on t h e  a p p a r e n t  s t a b i l i t y  i n  t e m p e r a t u r e  and f l o w  r a t e  t h rough  
a 6 0 - y e a r  p e r i o d  i n  which t r o n a  has  been produced.  However, a t  l e a s t  
one r e c e n t  worker  (K. Crane,  unpubl i shed  m a n u s c r i p t ,  p robab ly  1980) has  
drawn a c o n t r a d i c t o r y  c o n c l u s i o n :  t empera tu re  and f low r a t e s  have had 
both  c y c l i c  and p r o g r e s s i v e  v a r i a t i o n  w i t h  time. These she r e l a t e d  t o  
e a r t h q u a k e  a c t i v i t y  w i t h i n  the  Ri f t ,  and p o s s i b l y  t o  v o l c a n i c  a c t i v i t y  
a t  01 Doinyo Lenga i ,  60 miles (100 km) t o  t he  s o u t h ,  o r  t o  y e a r l y  
v a r i a t i o n s  i n  l o c a l  r a i n f a l l .  

I n  t h e  193@s, measurements o f  e v a p o r a t i o n  r a t e  were used t o  
c a l c u l a t e  t h e  t o t a l  r e c h a r g e  i n t o  the  lagoons  and l a k e ,  assuming t h a t  
e v a p o r a t i o n  was matched by s p r i n g  and s u b s u r f a c e  i n f l o w  ( there  i s  no 
p e r e n n i k l  si;rfacE i n f i o w ,  and o n l y  e p i s o d i c  r a i n f a l l  , o r  r u n o f f  i n t o  t he  
l a k e  a f t e r  major s torms) .  Tota l  i n f l o w  t o  a l l  l agoons  and t h e  l a k e  was 
e s t i m a t e d  t o  be 70 m i l l i o n  ga l lons /day .  
which i s  fed by t h e  no r the rnmos t  and h o t t e s t  s p r i n g s ,  the r a t e  was 21 
m i l l i o n  g a l l o n s / d a y ,  o r  14,500 gpm. 

I n t o  L i t t l e  Magadi Lake a l o n e ,  

There  i s  c o n s i d e r a b l e  doubt  t h a t  t h i s  can be i n f l o w  from the  
Measurements made a t  t h e  L i t t l e  Magadi t he rma l  h o t  s p r i n g s  a l o n e .  

s p r i n g s  by the  j u n i o r  a u t h o r  i n  September 1989 i n d i c a t e  the t o t a l  
s u r f a c e  s p r i n g s  d i s c h a r g e  t o  be about  2,000 gpm. 
may e i ther :  ( a )  v a r y  s h a r p l y  by season  o r  y e a r ;  o r  ( b )  t h e  s u r f a c e  f low 

T h e r e f o r e ,  s p r i n g  f low 
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r a t e  of t he  thermal spr ings must be exceeded g rea t ly  by sub- lacus t r ine  
spring discharge o r  ( c )  sur face  flow r a t e  must be exceeded by 
groundwater upflow from deeper thermal aqui fe rs .  

Even i f  the  inflow comes from combined surface and sub- 
l acus t r ine  h o t  spr ings ,  t h i s  combined flow r a t e  i s  remarkably high. 
Given the  r e l a t i v e l y  l imi ted  r a i n f a l l  d i r e c t l y  i n t o  the R i f t  Valley,  i t  
i s  necessary t o  consider t h a t  the  ul t imate  source of water in the  
springs i s  subsurface flow across a l a r g e r  region, including r a i n f a l l  
i n f i l t r a t i o n  from the Nguruman Escarpment t o  the west. 
t r a v e l s  down-gradient t o  t he  regional ly  lowest point (Lake Magadi 
b a s i n ) ,  where i t  discharges i n t o  the  lakes  and s a t u r a t e s  the  sub- 
l acus t r ine  sediments. 

This water 

I 

A typ ica l  spring composition i s  as follows (sample M1018, Jones 
- e t  a., 1 9 7 7 ) ,  from the  high-temperature spr ings located a t  the  northern 
end o f  L i t t l e  Magadi Lake: 

T " C  
pH-fie1 d 
p s - 1  ab 

83 
9 .44  
9 .05  

85 
bel ow de t ec t  i on 
bel ow de tec t ion  
10,500 
198 
10,400 
4 ,450  
168 
4 ,890  
146 
20 
8 . 3  

25,600 mg/l 
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Ca is absent because the very high concentration of carbonate species 
(CO,) causes precipitation of calcite. 
because of carbonate precipitation, or because Mg-silicate is 
precipitated. Typically, Ca is reduced in abundance and Mg is absent 
from high-temperature geothermal systems. Also, both Ca and Mg are 
absent from the other regional waters whose TDS exceeds about 10,000 
PPm - 

Mg is below detection either 

The origin of the hot spring waters remains in doubt. Jones et 
- a ? .  (1977) described the hottest springs as mixtures of two principal 
components, dilute shallow groundwater, and hot saline brines 
interstitial to sedimentary deposits beneath the lake (figures B1 and 
E 2 ) .  The quantities and concentrations of the various components are 
not fully described, and the model is not fully in agreement with the 
trends observed in cherriistrj' of sprint;, lake and interstitial -sediment 
v:?te.-s ( f i g u r e s  3 t h r o u g h  8 ) .  Ir! the Jone: ct a ] .  m 5 ~ 1  ~ ';he 'Lhei-r;;~? 

component c o u l d  be signiffcantly abave 140°C. 

. ,  . -  Anc,k,+g,- ~ c ~ , ~ , ~  c;  I i ';,\.I. fays!*e6 k7,,>. i L h ~  jgi i c,:- L : ; ! ~ ~ - J Y  c f A ~ -  - .  L i lF .  

p r e s e n t  r e p o r t ,  i s  t h a t  t h E  thermal  springs originate l a r g e l y  a s  o u t f l o w  

f r o m  the mzjor  volcanic systems to the north or south cf Vagadi, at. z 
C;i stance of  several tens of miles (dozens of km) . This outfiow ~ o o l s  
conductively, and may be mixed with cooler water of different 
composition and origin, en route to Magadi or beneath the lake at 
unknown depths. 

In 1981, Harmon Craig collected water samples from 
basin for stable-isotope analysis and water and gas samples 
of stable and radiogenic helium. His unpublished data grac 

the 
for 
ous 

Magadi 
analysis 
y have 

16 



SUITE 201 

(415) 527-9876 
CABLE ADDRESS GEOTHERME 1 
T E L E X  709152 STEAM U t  
F A Y  t4!5l 527-8164 

been made ava i lab le  f o r  the  present report  ( t a b l e  2 and f i gu re  9 ) .  His 
r e s u l t s  a r e  di  scussed i n  the  following paragraphs. 

There i s  a s ign i f i can t  d i f fe rence  in the He/N, r a t i o ,  and the  
3He/4He r a t i o ,  f o r  gas samples taken from L i t t l e  Magadi and Magadi 
thermal spr ings ,  a n d  in the in te rpre ted  component of mantle-derived 
helium f o r  each sample. 
l imi t ed ,  and t h a t  f u r t h e r  sampling may change the  r e s u l t s  and 
i n t e r p r e t a t i o n s .  However, from the ava i lab le  da ta  he has concluded t h a t  
the  mantle helium component from L i t t l e  Magadi i s  comparable t o  t h a t  of 

ac t ive  volcanic systems in other  geologic s e t t i n g s .  This does n o t  
suggest a volcanic source f o r  the L i t t l e  Magadi thermal spr ings .  I t  
does suggest t h a t  h o t  gases a re  r i s i n g  from g rea t  depth beneath the  
Magadi basin,  and a re  dissolving in the  waters having the  deepest 
c i rcu lax ion ,  namely those supplying the L i t t l e  Magadi h o t  spr ings .  
T h i s .  i n  turn. allows the inference t h a t  a very high-temperature source 
= /  1r.s a t  s o w  Uni:r,ov:n ( b c t  p o s s i b ? y  g r ~ a t )  depth, beneath the Kagad i  

basi:. 

Craig pointed out t h a t  the  number of samples i s  

-,,: i 

Stab1 e - i  s o - o p ~  t ia t ;  (“0 and  deuter  i u ~ j  so shop: a cii f fe rence  
between thernia? waters from the south end o f  Magadi take and  those c f  

L i t t i e  Magad-;. This suggests t h a t  the  waters e i t h e r  have a d i f f e r e n t  
i n i t i a l  o r i a i n ,  or have undergone s i g n i f i c a n t l y  d i f f e r e n t  mixing 
h i s t o r i e s .  Craig a l s o  presented t w o  unpublished s t ab le - i so tope  analyses 
performed a t  some e a r l i e r  time by J .  Stevens a t  Hagadi. 
the prec ise  loca t ion  of these sample points  i s  n o t  known.  Together with 
Craig’s r e s u l t s ,  t hese  def ine a trend which, again,  suggests d i f f e r e n t  
mixing t , i s t o r i e s  o r  d i f f e r e n t  o r ig ins .  

Unfortunately,  
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Kathleen Crane (unpublished manuscript, probably 1980) has 
reviewed the  h i s t o r i c  d a t a  on  spring temperature and  flow r a t e ,  
co l lec ted  over t he  decades by personnel of Magadi Soda Company, and has 
attempted t o  c o r r e l a t e  these  d a t a  with leve ls  of earthquake a c t i v i t y .  
She concluded t h a t  t he re  i s  such a re la t ionship ,  although i t  i s  obscure 
in d e t a i l .  Spring temperatures have shown progressive changes ( t a b l e  
l ) ,  e i t h e r  increasing o r  decreasing, which she r e l a t e s  t o  t he  opening o r  
c losing o f  upflow channels by earthquake a c t i v i t y .  
chemical p rec ip i t a t ion  could have the same e f f e c t . )  Crane a l so  reported 
t h a t  fumarolic a c t i v i t y  occurred a t  the southern end of Magadi lake 
a f t e r  one earthquake, b u t  does n o t  have spec i f i c  d e t a i l s .  

(Cementation by 

Crane a l so  ca lcu la ted  the power o u t p u t  of the  several  groups o f  

thermal spr ings ,  based on g round  and  ae r i a l - in f r a red  surveys done i n  

1979.  She concluded t h a t :  

( c ;  t n e  Li : t t l e  Kccadi t h e r m ;  sprincs h a v e  2 d ' f f e r e n t ,  deeper 
c i r c u l a l i o n  path t h a n  the other spring groups; and  

. I  ( b j  :?px;~if i* , ; t~l j ,  two-thir5s  o f  t h e  pow?:' o l ; t p ~ ~  07 t h E  combines 
therm21 system comes f r o m  t h e  L i t t l e  Piagadi g r o u p .  

This supports a higher-temperature or ig in  f o r  L i t t l e  Magadi. 

All o f  t h i s  permissively allows the conclusion t h a t  the  surface 
thermal discharges a re  s i g n i f i c a n t l y  modified from the deeper 
condi t ions ,  by some unknown combination of processes t h a t  probably 
includes mixing and conductive cooling, and possibly mineral 
p rec ip i t a t ion  and chemical r e -equ i l ib ra t ion .  I t  i s  concluded a l so  t h a t  
the  L i t t l e  Magadi thermal system has a deeper and higher-temperature 
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c i r cu la t ion  t h a n  the  o ther  spr ings (with the possible exception o f  the  
northeastern lasoon o f  Magadi Lake). H o t ,  mantle-derived gases may 
cont r ibu te  t o  heating the L i t t l e  Magadi reservoi r  a t  depth. I f  t h i s  i s  
indeed the case! the chemical geothermometry ( l o o o  t o  140°C)  i s  only a 
crude approximation o f  the  thermal regime a t  depth. 
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i 
6 .  EXPLORATION AND ASSESSMENT PROGRAM 

As described above, the geothermal energy potential of the 
Magadi basin cannot be resolved from the geological , geochemical and 
hydrological data that have been collected by the various workers. 
brief consideration of surface geophysical techniques yields the 
conclusion that no additional surface surveys are likely to be of any 
help in answering the questions of reservoir temperature, depth and 
size. 

A 

For example, all electrical resistivity, electromagnetic and 
magnetotelluric techniques would be affected greatly by the presence of 
a thick, highly conductive evaporite sequence at and just below the 
surface. It is to be anticipated that a major conductance-high 
/ r e s i s t i v i t y - l o w  would be found across the evaporite bodies, having its 
greatest intensity in the areas o f  highest fluid salinity and 
temperature. 
resistivity/conductance anomaly. 

This feature thus would likely mask any underlying 

Gravimetry would be expected to yield further evidence of block 
faulting, and possibly the angle of the block-forming faults. However, 
gravimetry and magnetic surveys would not be likely to identify areas of 
changed rock density or magnetic properties, even if they exist, because 
of the complications and uncertainties in the subsurface geology. 
Mi crosei smi ci ty has no proven record ' in resol vi ng questions of reservoi r 
temperature, size or depth. Seismic refraction and reflection surveys 
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are very expensive to perform and typically are of post-dictive rather 
than predictive Val ue in geothermal exploration. 

The only remaining technique is thermal measurement. This 
could consist of the measurement of temperature in numerous shallow (50 
to 200 m) holes, to create a set of maps of shallow temperature, 
temperature gradient, and (by the use of thermal conductivity data from 
the rock suiie encountered in drilling) heat flow. However, the shallow 
regime unquestionably is distorted by both the thermal springs that 
discharge at many places across the basin (figure Z ) ,  and the very high 
thermal conductivity of the saline sediment and groundwater. Results 
from shallow drillholes thus would be almost meaningless. 

F, smaller number of deeper holes or a singlt very deep hole are 
the remaining alternatives. These would have to be located and designed 
to accompiish the following: 

a )  Intercept a n;ajor f ~ u l t  ;long which thermal springs are 
discha-Gin? r ~ i  t h e  ssrfacE. at 2 0 2 ~ t h  o f  severcl hundred IT,. 

b) Penetrate beneath t h e  perched water tables c f  very sal in€ brine 
believed to be present in the upper few hundred rn under the 
1 ake basin. 

c) Allow the recovery and sampling of the deeper, presumedly 
hotter, source fluid of the thermal springs en route to the 
surface, before there h2.s been significant mixing with shallow, 
cool, possibly saline aquifers. 

I 
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d) Allow the repeated measurement of temperature within a cased 
and cemented hole, to yield stabilized in situ temperature 
profiles. 

e) Allow the repeated measurement of pressure within any hole(s) 
that encounter the permanent water table beneath the basin. 

approximately 600 m (2,000 feet). 
4 inches, and preferably larger, to allow downhole measurements and 
induced flow of water to the surface. Given the saline conditions 
within the lake basin, no disposal well will be needed if flow is 
induced. It is anticipated that the static water level in any deep 

Diameter at bottom should be at 
To accomplish this, the holes must go to a minimum depth of 

east 
the 

hole 
in the Magadi basin will be near to the ground surface. If flow cannot 
be induced, pumping may be necessary. Accommodating a pump would 
require a bottom-hole diameter o f  approximately 5 inches at a minimum. 

Geothermometry predicts temperatures in the upper zone between 
100°C anci l S O c C ,  with only & slight chance of temperatures above 140°C. 
In order to obtain the highest possible temperature, it is proposed that 
the holes to be drilled into areas o f  probable strongest upflow and 
highest surface temperature. The highest surface temperatures are found 
in the Little Magadi hot springs, a t  the northern end o f  Little Magadi 
Lake; the next-highest are at the northeastern lagoon o f  Lake Magadi 
(figure 2 and table 1). 
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There i s  a passable t r ack  across the r idge between Magadi and 
L i t t l e  Magadi Lakes; b u t  t h i s  t rack  ends a t  a b luf f  above the  lake ,  and  
a road would have t o  be constructed with some d i f f i c u l t y  downslope t o  
the ho t t e s t  spr ings.  Al te rna t ive ly ,  a 2-km-long extension of an 
ex i s t ing  road  a l s o  would have t o  be constructed t o  the spr ings of the  
northeastern lagoon. 

I n  order t o  minimize the  construct ion cos t s  and maximize d a t a  
co l l ec t ion ,  i t  i s  proposed t h a t  a s ing le  passable t r ack  be constructed 
i n t o  the  L i t t l e  Magadi thermal a rea ,  and  t h a t  3 holes be d r i l l e d  t o  
600 m (2,000 f e e t )  a t  loca t ions  approximately one km a p a r t  i n to  the  3 
major  c l u s t e r s  of thermal spr ings the re .  By d r i l l i n g  3 holes ,  i t  will  
be possible  t o  explore the  h ighes t -poten t ia l  area thoroughly; the cos t  
o f  mobilization and road  bui ldin? wil l  be spread over 3 holes;  
therefore :  the cos t  per foot d r i l l e d  should be the  m i n i m u m  possible  fo r  
such a pro jec t .  

E)' con t ra s t ,  a s ing le  hole t o  about i , 5 0 0  m (4 :900 f x t )  wou ld  
c c s t  approxiEate1y the same 2s the  ?-hole  ?rogram, b u t  would y ie ld  
i n f o r m a t i o n  z t  o n l y  one 7ocat io : ; .  The r i s k  of n o t  in te rcept i r , s  zti 

upflow zone i c t he re fo r€  increzsed. 
would be t o  d r i l i  2 holes t o  800 m ( 2 , 6 0 0  f e e t ) .  thereb)/ providing d a t a  
from an intermediate depth a t  2 l oca t ions ,  with e corresponding lessened 
r i s k .  The pr incipal  advantage of a 3-hole program i s  t h a t  i f  one hole 
f s  l o s t  because of mechaniczl problems, t he re  s t i l l  remains s u f f i c i e n t  
d a t a  f o r  f e a s i b i l i t y  assessment. 

A compromise t h i r d  a1 t e rna t ive  
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Cost for the 3-hole program will depend upon: ~ 

a) The availability of a suitable drilling rig within Kenya. It 
is known that Kenya Power and Lighting Company has a rig 
capable of going to these depths at its Olkaria geothermal 
field, with full crew and support equipment. I f  this rig 
cannot be made available on suitable contract terms, other 
possibilities may exist within the country. 

b) The level of support for the project given by Magadi Soda 
Company. Magadi Soda should be asked to provide living 
accommodations at the Magadi facilities, along with the use of 
its earth-moving equipment at cost, for road construction and 
site preparation. 

c) The subsurface conditions to be encountered. It is expected 
that high-temperature flows, lost circuiation, and difficult 
formation conditions will be encountered. The effects of this 
can be minimized by the provision of adequate lost-circulation 
and cementing materiais, an a i r  compressor ana a blow-out 
preventor, on-site, and by t h e  use o f  drillers experienced in 
geothermal conditions. 

Although the actual cost cannot be estimated,closely, it i s  
projected that cost, including road building, site preparation, 
drilling, logging and reporting, will be approximately US4300 per m 
(US490 per foot), or USS180,OOO per hole. 
would, therefore, cost approximately US$540,000. With a 15% contingency 

A recommended 3-hole program 
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allowance to cover the imponderable additional costs, the total comes to 
US$621,000. 

The expenditure of this sum would provide a convincing answer 
as to whether geothermal reservoir conditions are suitable for the 
devel opment o f  el ectric power at Magadi . 
consist of demonstrating that there is water above about 120" - 130"C, 

suitable for power generation by binary-cycle method, present at a 
suitably snallow depth, with a suitably dilute chemistry. 

Technical feasi bi 1 i ty would 

If technical feasibility is shown as a result o f  this program, 
the next. steps would be to determine economic feasibility on the basis 
of data provided by the drilling program, and to begin the design of 
production wells and a power-generation station. If feasibility is not 
shown b;, drilling. the project can confidently be abandoned with no 
second thoughts. 

Once the decision is made to begin this stage of exploratory 
drilling: as  described above, 2 period 0-7 approximte!y 8 mor;ths ~ i ? i  be 
needed f o r  a i  1 ope!-;ti oris: 2s fc;: i ows : 

a )  Contract negotiation and mobilization o f  a drill rig to the 
site: 3 months. 

b) Construction of access road ana drilling sites: 3 months, 
simultaneous with contract negotiation and mobilization. 
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c )  D r i l l i n g  o f  3 h o l e s  each t o  600 m: a t  an ave rage  p e n e t r a t i o n  
r a t e  o f  30 rn (100 f e e t )  per day ,  p l u s  5 days  between h o l e  t o  
move and erect  r i g ,  25 days  w i l l  be needed per h o l e ,  o r  75 days  
( 2 . 5  months)  f o r  t he  en t  

Logging and t e s t i n g  o f  3 
s i m u l t a n e o u s l y  w i t h  d r i l  
months)  a f t e r  comple t ion  

d )  

re d r i l l i n g  o p e r a t i o n .  

h o l e s :  t o  be c a r r i e d  o u t  
i n g ,  and e x t e n d i n g  u n t i l  4 5  days  ( 1 . 5  
o f  d r i l l  i n g .  

e )  Data  a n a l y s i s  and r e p o r t i n g :  t o  begin d u r i n g  d r i l l i n g  o f  t h e  
second h o l e ,  and t o  c o n t i n u e  u n t i l  30 days  (1 month) a f t e r  
comple t ion  o f  a l l  l o g g i n g  and t e s t i n g .  
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7 .  SUMMARY 

The ultimate source of the Magadi hot spring system is not 
we1 1 -understood. Possible sources are: 

(a) infiltration of reinfall and deep circulation along one o r  
other of the Rift faults; or 

(b) lateral flow of heated fluid from a fumarolic volcanic center 
some distance to the north or south. 

Whatever the origin, mixing o f  a deep thermal component with a 
cool component i s  likely: although the exact nature of both the thermal 
and the cool components rernzins speculative. Heating by decjzssing of 
the mantie may occur. Conductive cooling, precipitation and chemical 
re-equi 1 i brat ion a1 sc m2.y occur. 

Geothermometry o f  the hot-spring chemistry is compatible with 
temperatures of 100" to 140°C. If the sprino waters are dilution-mixed, 
a silica mixing model indicates possible temperatures to about 140°C. 
However, silica concentrations and Na/K ratios together suggest that 
dilution mixing wou 

location and nature 

Data from 

d have to be followed by re-equilibration. The 
of this re-equilibration is unknown. 

sotopic analysis, hydrology, geology and 
geochemistry indicate that the Little Magadi springs have a different, 
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and probably deeper-seated, origin than the other thermal springs. It 
is likely that the regionally highest temperatures are found beneath the 
Little Magadi area. 

Given these conditions and uncertainties, no estimate of the 
geothermal energy potential can be made with comfort. Instead a 

drilling program is required, in order to obtain the necessary 
information on temperature, fluid composition and system depth, to allow 
a caiculation of the developable geothermal energy. It i s  distinctly 
possible that a fluid system suitable for power generation by the 
binary-cycle method can be found at relatively shallow depth. 

Therefore, it is recommended that three 600-m (2,000-foot) 
holes be drilled to intercept upflow along faults controlling the Little 
Flagadi thermal springs (temperature to 85°C). Cost is estimated at 
USS621,OOO. 
drilling, logging, testing and preparation o f  reports. This would allow 
a decision regarding the technical feasibility of development. 

Approximately 8 months would be required fo r  contracting, 
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Table 1. Maximum temperature, pll, SiO,  and temperature-change data, Magadi thermal spr ings  

-3 t o  
-8 

t1 t o  
t7 

-3 t o  
-8 

t0.2 t o  
t0.6 

t1 t o  
t7 

-3 t o  
-8 

Spr inq  (1) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Baker 
(1958) 

T"C 

35.5 
37 
39 
45.5 
-44 
-48 
38 
39 
37 
37.5 
38.5 
38.5 
42.8 
44.2 
40 
40 
35 
85 
81.5 
81 
67 
33 
34 
36 

----- Jones e t  a l .  __ . Kamondo 
(1977) ( 1988) 

T"C J I  

36.5 

42 

37 

37 
44.8 
44.2 

43.5 
42.5 
80 
83 

71 

9.6 

8.98 

9.66 

9.9 
9.88 

9.84 
9.3 
9.44 

9.22 

SiO,  S iO ,  

59 

104 

55 
-- 38.5- 8.82- 48- 

45.3 9.65 105 

74 
74 
79 

81.3- 8.85- 80- 
85.3 9.47 86 85 

81 66.6 8.96 83 

:: 1 

Crane - 
(unpubl ished) . .  

ATY' --_- -____ 
?"C 1931-79 1973-79 

34 

41 
41 
40 
37 
43 

37 
44 
45 

40 
42 
77 
83 
77 
71 
35 
34.5 J t0.2 t o  
36.2 t2 

-1 t o  
-2.5 

t0.5 t o  
t3 

t0.8 t o  
t1 

to.5 t o  
t3 

-2 t o  
-3 

t3.2 

(1)  Spr ing number f rom Baker (1958) - see f i g u r e  2, t h i s  r e p o r t ;  however, a d d i t i o n a l  thermal 
spr ings  o r  seeps e x i s t  along shores o f  both Magadi and L i t t l e  Magadi lakes,  whose exact  
l o c a t i o n s  cannot be determined froi i i  a v a i l a b l e  data.  
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Table 2 .  Helium chemistry and isotopy o f  Magadi gases 
(from H. Craig, unpublished) 

He/N, ( P P m )  R/ R,* Percent 
Mantle He1 i urn 

M-1. Nor th  end L i t t l e  Magadi, 
81”C, (Baker, 1958, t 2 0 ) .  
Fluid sample. 

bl-2. L i t t l e  Magadi, 85°C. 
(Baker, 1958, 8 1 8 ) .  
F l u i d  sample. 

M-4A. Magadi, south end o f  SW 
Lagoon.  45°C.  Fluid 
sampl e .  

M-46. Gas co l l ec t ion  a t  M - 4 .  

5! 900 

8,030 

2,340 

7,184 

6 .7  

3.68 

3.74 

2.01 

2.06 

1 

46 

47 

25 

26 

-6 
R = 1 - 4 0  x 10 
A 

R = 8 R  
MORB A 

Note: M-1, M-2: Noncondensible g a s  = 42  and 48% CH, 
M-4 = 0.4% 
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Figure 1, Location o f  Lake Magadi and Little Magadi Lake, Kenva, 
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F i g u r e  2 :  The thermal  s p r i n g s  and a l k a l i n e  l agoons  o f  Lake Magadi. 
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Figure 9: Stable isotopes of  hydrogen  and oxygen, 
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APPENDIX A 

Computer Simulation Printouts 
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APPENDIX B 

HYDROCHEMICAL MODEL OF L A K E  MAGADI BASIN 

The hydrochemis t ry  o f  t he  Magadi b a s i n  has  been i n v e s t i g a t e d  i n  
d e t a i l  by s e v e r a l  workers  i n c l u d i n g  Baker (1958) ;  E u g s t e r  (1970) ;  and 
J o n e s  e t  a l .  (1977) .  Kamondo (1988)  r e p o r t e d  s e v e r a l  a n a l y s e s  o f  t he  
Magadi h o t  s p r i n g s ,  and the  wa te r  c h e m i s t r y  a l s o  has  been reviewed i n  
s e v e r a l  unpub l i shed  s t u d i e s .  The  most comprehens ive  work, by Jones  e t  
a 7 .  ( 1 9 7 7 ) ,  d i v i d e d  t h e  a r e a  w a t e r s  i n t o  11 s e p a r a t e  b u t  i n t e r r e l a t e d  
g roups  by o c c u r r e n c e  and c h e m i s t r y  ( f i g u r e  B l ) :  

R i m  s t r e a m s :  c o o l ,  d i l u t e  s u r f a c e  w a t e r .  

The Ewaso Ngiro R ive r :  c o o l ,  m i l d l y  s a l i n e  s u r f a c e  w a t e r .  

Runoff w i t h i n  the Rif t  Va l l ey :  warm t o  h o t ,  d i l u t e  t o  s a l i n e  
g roundwate r .  

D i l u t e  R i f t  V a l l e y  groundwater :  cool  t o  h o t ,  d i l u t e  t o  m i l d l y  
s a l  i n e  groundwater .  

Seepage i n  s h a l l o w  l a k e  sed imen t s :  cool  t o  warm, m i l d l y  s a l i n e  
t o  s a l i n e  groundwater .  

Deep b r i n e s  i n t e r s t i t i a l  t o  o l d e r  l a k e  sed imen t s :  h o t ,  s a l i n e  
g roundwate r .  

B-  1 
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1 7 )  Brines i n t e r s t i t i a l  t o  t r o n a  deposi ts  in the  lake bed: warm, 
hypersaline groundwater. 

I 8) Lake br ines:  cool t o  warm hypersaline sur face  water. 

9 )  Lagoon br ines  and brine of L i t t l e  Magadi Lake: cool t o  warm, 
s a l i n e  t o  hypersaline surface water. 

10) Warm springs a t  the southern end of Lake Magadi: warm, s a l i n e  
spr ings .  

11) Hot  spr ings a t  the  nor thern  end of Lake Magadi: ho t ,  s a l i n e  
spr ings . 

Dissolved s o l i d s  i n  a l l  of these waters a re  dominated 
p r inc ipa l ly  by Na and HCO,, b u t  there  i s  a wide range in t o t a l  s a l i n i t y .  
The d i l u t e  sur face  waters and groundwaters have 100 t o  1 ,000 ppm t o t a l  
dissolved s o l i d s  (TDS).  A t  the other extreme, br ines  i n  Lake Magadi 
car ry  u p  t o  300,000 ppm. According t o  the Jones e t  a 7 .  (1977) model, 
a l l  waters i n  the  basin system develop from the d i l u t e  surface water and 
groundwa.ter by evaporative concentration. This includes a t  l e a s t  some 
cycl i c evaporat i on t o  dryness and re-di  ssol u t i  o n .  
and  mixing a l so  occurs. Ion r a t i o s  change as  evaporation proceeds, 
because mineral p rec ip i t a t ion  removes ce r t a in  chemical spec ies .  Major 
ions such a s  Na, HCO,+CO, and C1 are  l i t t l e  a f fec ted  u n t i l  t he  l a s t  
p r e c i p i t a t i o n  occurs,  when t h e  lake brines become sa tu ra t ed  with Na and 
HCO, and depos i t s  t r o n a ,  a sodium carbonate-bicarbonate mineral .  

Some rec i  rcul a t i  on 

B - 2  
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F i g u r e s  61 and B2 i l l u s t r a t e  t h e  c i r c u l a t i o n  sys t em a c c o r d i n g  
t o  J o n e s  e t  a 7 .  ( 1 9 7 7 ) .  The lagoon and l a k e  b r i n e  samples  have  TDS o f  
120 ,000  t o  300 ,000  ppm, and a r e  f e d  d i r e c t l y  by e v a p o r a t e d  i n f l o w  f rom 
t h e  h o t  and warm s p r i n g s  (TDS 10,000 t o  38 ,000  ppm). Samples  f rom 
s p r i n g  o u t f l o w  c h a n n e l s  have up t o  45 ,000  ppm, p r o b a b l y  r e f l e c t i n g  
e v a p o r a t i o n  i n  p r o c e s s  d u r i n g  f low i n t o  the  l a k e .  
s p r i n g  w a t e r ,  s p r i n g  o u t f l o w ,  lagoon and l a k e  b r i n e s  a r e  a l l  v e r y  
s i m i l a r ,  e x c e p t  i n  t h e  b r i n e s  a f f e c t e d  by t r o n a  f o r m a t i o n .  T h i s  
conf i rms  the  v i s u a l  e v i d e n c e  t h a t  t h e  l a k e  w a t e r s  form by e v a p o r a t i o n  o f  
t he  s p r i n g  w a t e r s .  

Ion r a t i o s  i n  t h e  

F i g u r e  61 f u r t h e r  i l l u s t r a t e s  J o n e s  e t  a l . ' s  c o n c l u s i o n s  t h a t :  

( a )  t he  n o r t h e r n  h o t  s p r i n g s  ( t o  85°C;  TDS 26 ,000  t o  30 .000  ppm) 
a r e  2 m i x t u r e  o f  deep b r i n e s  found i n t e r s t i t i a l l y  ir! t h e  o l d e r  
1 ake s e d i m e n t s  w i t h  d i  1 u t e  g r o u n c h a t e r ;  and 

( b )  t he  s o u t h e r n  warm s p r i n g s  ( t o  4 5 ° C ;  TDS 10 ,000  t o  3,2,00C ppm) 
a r e  a more-complex m i x t u r e  o f  l a k e  b r i n e s ,  b r i n e s  i n t e r s t i t i a l  
t o  t r o n a ,  d i l u z e  g roundwate r ,  and pe rhaps  sone seepas.  i n  t h e  
s n a l  low 1 ake  s e d i m e n t s .  

Their r e a s o n s  f o r  p o s t u l a t i n g  two d i s t i n c t  s p r i n g  sys t ems  p r o b a b l y  a r e  
r e l a t e d  t o  t h e  h i g h e r  t e m p e r a t u r e  and f low r a t e s  of t h e  n o r t h e r n  s p r i n g s  
v e r s u s  the  l o w e r  t e m p e r a t u r e  and wide r  r ange  o f  s a l i n i t i e s  a t  t he  
s o u t h e r n  s p r i n g s .  
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Borehole da t a  show t h a t  brines beneath the lake a re  s t r a t i f i e d  
in to  a more-saline upper l aye r ,  and  a l e s s - s a l i n e  lower l aye r .  
br ines  found i n t e r s t i t i a l l y  within the older  lake sediments a r e  only 
half  as s a l i n e  (100,000 t o  125,000 ppm) as the shallower lake br ines  and 
the  br ines  i n t e r s t i t i a l  t o  t rona (250,000 ppm and  u p ) .  Apparently, 
Jones e t  a7 .  (1977) cor re la ted  the ho t t e r ,  l e s s - s a l i n e  and higher-flow- 
r a t e  northern spr ings  with the  "deep" br ines ,  and the  southern spr ings 
with the  shallow br ines .  (The ''deep" brines ac tua l ly  a re  encountered 
loca l ly  a t  depths as  shallow as 50 m ) .  

"Deep" 

The model of Jones e t  a l .  i s  reasonable; however, t he  spring 
or ig ins  a r e  n o t  well -estab1 ished, because the depth d i s t r i b u t i o n ,  
composition and temperature of the shallow and deep brines i s  n o t  well 
defined. I f  t he  loca l  geothermal gradient  i s  60"C/krn ( twice the  world- 
wide average, b u t  typ ica l  of ac t ive  r i f t  systems), a n d  i f  local  mean 
annual a i r  temperature i s  a b o u t  2 8 " C ,  then the northern spring water 
must c i r c u l a t e  t o  a b o u t  1 km t o  reach the observed temperatures 
(discounting poss ib le  cooling caused by shallow mixing). Conductive 
cool ing and/or cool ing by mixing would require  c i r cu la t ion  t o  much 
g rea t e r  t h a n  1 km depth.  This i s  reasonable, given the extensive 
f a u l t i n g  i n  t h e  R i f t  Valley, b u t  cannot. be proven on t h o  b a s i s  o f  

present ly  avai 1 ab1 e d a t a .  

I n  summary, then ,  the  Jones e t  a l .  (1977) model ( f i g u r e  B2)  
i n t e r p r e t s  the  warm and h o t  spr ings waters t o  be the  pre-evaporation 
equivalents  o f  t he  lake br ines  and waters trapped in  sediments beneath 
the lake.  
depth than the  shallower spr ings .  This i s  reasonable,  b u t  n o t  

The h o t t e r  and l e s s - s a l i n e  spring waters come from g rea t e r  

8-4  
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necessarily complete. The depth of circulation, the temperature at that 
depth, the possible contribution from thermal systems outside o f  the 
hcgadi basin, and the amount o f  inflow o f  cool water from the escarpment 
to the west, are not addressed and, indeed, cannot be resolved at 
present, given the complexity of the fluid system. 

This points up the necessity for drilling exploratory holes in 
the  Lake Magadi basin. 
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Figure B1:  Schematic diagram illustrating the 
circulation system in the Magadi basin. 
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June  21, 1990 

Mr. David N. Anderson 
Execu t ive  D i r e c t o r  
Na t iona l  Geothermal A s s o c i a t i o n  
P.O. Box 1350 
Davis. C a l i f o r n i a  95617-1350 

Sub jec t :  Lake Magadi. Kenya P r e - f e a s i b i l i t y  Study 
Hol t  Job  No. 10084 

Dear Dave: 

Enclosed are t h r e e  c o p i e s  of t h e  f i n a l  phase of t h e  Lake Magadi. 
Kenya P r e - f e a s i b i l i t y  Study. You w i l l  see t h a t  t h e  proposed 
i n s t a l l a t i o n ,  i s  no t  only p r o f i t a b l e  i n  i t s  own r i g h t ,  b u t  a l s o  
has  o t h e r  impor t an t  advantages.  The f i rs t  advantage  i s  t h e  
p r o s p e c t  of i t s  becoming a major development which could  be t i e d  
i n t o  t h e  Kenya power g r i d .  The second i s  t h a t  i t  w i l l  p rov ide  a 
p r a c t i c a l  demons t r a t ion  of t h e  v i a b i l i t y  of small o f f - g r i d  power 
p l a n t s  developed t o  serve i s o l a t e d  communities w i t h  a r e l i a b l e  
sou rce  of e l e c t r i c i t y .  

The f i r s t  phase w a s  c a r r i e d  out  by GeothermEx. I n c . ,  whose r e p o r t  
you a l r e a d y  have. 
Ho l t  Co. and Karen Venable. 

The f i n a l  phase i s  a j o i n t  e f f o r t  of The Ben 

We e v a l u a t e d  t h r e e  power c y c l e  o p t i o n s  for producing 2.5 MWe n e t  
from a 14OoC. hydrothermal r e s o u r c e  t o  be l o c a t e d  n e a r  L i t t l e  
Magadi. These options are: 

o Water-cooled b i n a r y  

o Air-cooled b ina ry  

o S i n g l e  s t a g e  steam f l a s h  p l a n t  

The economics f a v o r  t h e  water-cooled b i n a r y  and t h e  steam f l a s h  
cyc le .  
and c o s t  of c o o l i n g  water. The c a p i t a l  c o s t  for each case i s  about 
t h e  same: $7,150,000 (1989 b a s i s ) .  

The f i n a l  cho ice  w i l l  l i k e l y  depend upon t h e  a v a i l a b i l i t y  

0 & M c o s t s  s l i g h t l y  f a v o r  t h e  steam f l a s h  c y c l e  ($243.000 vs 
$254,000) and t h i s  ca se  w a s  used  f o r  t h e  f i n a n c i a l  a n a l y s i s .  

The f i n a n c i a l  a n a l y s i s  i s  based  upon U.S. e x p e r i e n c e  and assumes 
t h a t  t h e  p r o j e c t  would be p r i v a t e l y  f inanced.  
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Reasonable e s c a l a t i o n  of power sales, power p r i c e  and 0 & M c o s t s  
are inc luded  i n  t h e  f i n a n c i a l  a n a l y s i s ,  which p r o j e c t s  a 15% 
u n l w e r a g e d  i n t e r n a l  rate of r e t u r n .  Based on 75% borrowed funds  
and 25% e q u i t y ,  t h e  i n t e r n a l  ra te  of r e t u r n  i n c r e a s e s  t o  32%. 

The Magadi Soda Company has  an immediate need f o r  r e p l a c i n g  one of 
t h e i r  e x i s t i n g  d i e s e l  g e n e r a t o r s .  They are a l s o  i n t e r e s t e d  i n  
d e c r e a s i n g  t h e i r  r e l i a n c e  on imported f u e l  o i l .  I n  a d d i t i o n  t o  
t h i s ,  t h e  Government of Kenya has  expres sed  i n t e r e s t  i n  expanding 
Magadi's soda a s h  f a c i l i t y  t o  i n c r e a s e  f o r e i g n  exchange e a r n i n g s .  
They have a l s o  d i s c u s s e d  t h e  p o s s i b i l i t y  of having  Magadi become 
connected t o  t h e  n a t i o n a l  g r i d  system. While Magadi Soda o f f i c i a l s  
b e l i e v e  t h i s  expans ion  p l a n  i s  no t  economic, i f  approved t h i s  could 
mean a d d i t i o n a l  c a p a c i t y  requi rements  i n  e x c e s s  of 20MWe. 

The size of t h e  r e s o u r c e  i s  unknown. P r e l i m i n a r y  exploratory w o r k  
is encouraging. However, f u r t h e r  s u b s t a n t i a l  r e s o u r c e  e x p l o r a t i o n  
w i l l  b e  r e q u i r e d  t o  de te rmine  t h e  exact n a t u r e  of t h e  r e source .  
Based on t h i s  w e  expec t  t h e  economics p r e s e n t e d  i n  t h i s  r e p o r t  
would become w e n  more a t t ract ive.  

F i n a l l y ,  g iven  t h e  h i g h  c o s t s  of d i e s e l  f u e l ,  Kenya's f o r e i g n  
exchange r equ i r emen t s  and i n c r e a s i n g  awareness Over envi ronmenta l  
concerns,  w e  b e l i e v e  t h i s  p r o j e c t  r e p r e s e n t s  a s i g n i f i c a n t  b u s i n e s s  
o p p o r t u n i t y  and w a r r a n t s  a major f e a s i b i l i t y  s t u d y  t o  de te rmine  t h e  
n a t u r e  and e x t e n t  of t h e  r e source .  

We very much a p p r e c i a t e  t h e  f i n a n c i a l  a i d  provided  by t h e  D.O.E. t o  
suppor t  t h i s  r e p o r t .  

S i n c e r e l y ,  

L h  
Ben H o l t  

BH:bc 
Enc losu res  

cc:  M s .  Karen Venable  
M r .  James Koenig, GeothermEx, Inc.  
M r .  Ralph Burr ,  D.O.E. 
M r .  Mike Jones ,  Oak Ridge U. 
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INTRODUCTION 

The Na t iona l  Geothermal A s s o c i a t i o n  (NGA) w i t h  funding  provided  by 

t h e  Department of Energy a u t h o r i z e d  GeothennEx,Inc., The Ben Hol t  

Co. and Karen Venable,  Consu l t an t  t o  Mission Energy Company. t o  

s tudy  t h e  f e a s i b i l i t y  of g e n e r a t i n g  e l e c t r i c i t y  t o  supply  t h e  

Magadi Soda Company and t h e  a d j a c e n t  community from a p r o s p e c t i v e  

geothermal  r e s o u r c e  n e a r  Lake Magadi. Kenya. 

The f i r s t  phase  of t h e  work has  been ca r r i ed  ou t  by GeothermEx, 

Inc .  i n  a r e p o r t  e n t i t l e d  "Probable  Subsurface  Temperature a t  Lake 

Magadi, Kenya as i n d i c a t e d  by Hot Spr ings  Geochemistry and t h e  

P o t e n t i a l  f o r  Development of Geothermal E l e c t r i c  Power" d a t e d  

November, 1989. 

The GeothermEx r e p o r t  p rovided  t h e  b a s i s  f o r  t h e  f i n a l  phase of t h e  

work which i s  t o :  

1. Analyze t h e  e x i s t i n g  power g e n e r a t i o n  f a c i l i t i e s  and t h e  

f u t u r e  power demand a t  t h e  Magadi Soda Company and de termine  

t h e  optimum type  of geothermal  power g e n e r a t i o n  f a c i l i t y  t o  
i n s t a l l .  T h i s  w i l l  r e q u i r e  some knowledge of t h e  r e s u l t s  of 

t h e  e x p l o r a t i o n  s tudy .  

2. P repa re  a f i n a n c i a l  a n a l y s i s  comparing t h e  c u r r e n t  c o s t  of 

g e n e r a t i n g  power from d i e s e l  engines  w i t h  t h e  p r o j e c t e d  c o s t  

of geothermal  power. 

T h i s  f i n a l  phase w a s  p repa red  j o i n t l y  by The Ben Hol t  Co. and Karen 

Venable. 
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This  r e p o r t  i s  based  upon t h e  fo l lowing  d a t a  sou rces :  

c M r .  H o l t ' s  and M s .  Venable ' s  v i s i t  t o  Lake Magadi i n  November 

1988. 

o M r .  H o l t ' s  d i s c u s s i o n  w i t h  M r .  Greg S t e w a r t  on M r .  S t e w a r t ' s  

v i s i t  t o  t h e  U.S. i n  June  of 1989. 

o The GeothermEx r e p o r t .  

o Memorandum from Mike Jones.  0RA.U. t o  Ben H o l t  da t ed  A p r i l  4 .  
1990.  
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BACKGROUND 

The Lake Magadi Soda Company i s  l o c a t e d  on t h e  s h o r e s  of Lake 

Magadi about 100 kilometers southwest  of Na i rob i .  About 200,000 

t o n s  of soda a sh  are produced from Lake Magadi b r i n e  and sh ipped  by 

r a i l  t o  Mombasa f o r  expor t .  The p l a n t  i s  n o t  connected t o  t h e  

Kenyan power g r i d  and i n s t e a d  power r equ i r emen t s  are m e t  by d iese l  

engine  g e n e r a t o r  sets.  The power p l a n t  s u p p l i e s  t h e  needs of t h e  

p l a n t  i t s e l f  as w e l l  as t h e  a d j a c e n t  community of about  3,500 

r e s i d e n t s .  

The Government of Kenya has  approached t h e  Magadi Soda Company 

about t h e  p o s s i b i l i t y  of expanding i t s  soda a s h  f a c i l i t y .  They 

have a l s o  d i s c u s s e d  t h e  p o s s i b i l i t y  of connec t ing  Magadi t o  t h e  

n a t i o n a l  g r i d  system. Magadi has  s t a t e d  t h a t  world wide markets 

f o r  soda a s h  are l i m i t e d  and t h a t  they  are n o t  i n t e r e s t e d  i n  t h i s  

p o s s i b l e  expans ion  p lan .  Other  l o g i s t i c a l  problems such  as 

expansion of t h e  p o r t  f a c i l i t y  and r a i lway  improvements are  of 

concern t o  Msgadl c f f i c i z l s .  Never the less ,  Kenys i s  t r y i n g  t o  f i n d  

W E ~ S  iC i n c r e a s e  Their fo re lg r .  exchange e a r n i n g s  and s t i l l  have t h e  

pro?osa l  under  c o n s i d e r a t i o n .  This  means t h a t  geothermal power 

development i s  of c o n s i d e r a b l e  i n t e r e s t  t o  b o t h  Magadi Soda Company 

o f f i c i a l s  and r h e  Government of Kenya. 

Numerous h o t  s p r i n g s  are l o c a t e d  on t h e  s h o r e s  of Lake Magadi as 

w e l l  as r h e  n o r t h e r n  end of L i t t l e  Magadi, a d i s t a n c e  of about  1 2  

m i l e s  from t h e  Soda Works. The GeothermEx r e p o r t  f i n d s  t h a t  "it i s  

l i k e l y  t h a t  t h e  r e g i o n a l l y  h i g h e s t  t empera tu res  are found benea th  

t h e  L i t t l e  Magadi area" and f u r t h e r  t h a t  "it i s  d i s t i n c t l y  p o s s i b l e  

t h a t  a f l u i d  system s u i t a b l e  f o r  power g e n e r a t i o n  by t h e  b i n a r y  

c y c l e  method can be  found a t  r e l a t i v e l y  sha l low depth". 

Accordingly,  f o r  t h e  purpose of t h i s  s tudy  w e  have chosen t o  l o c a t e  

t h e  geothermal  power p l a n t  i n  t h e  L i t t l e  Magadi area. 
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Hot s p r i n g  chemis t ry  i n d i c a t e s  t h a t  t h e  b r i n e  t empera tu res  i n  t h i s  

area may be expec ted  t o  range  from 100°C t o  1 4 0 O C .  We have chosen 

t h e  h i g h e r  t empera tu re  as a b a s i s  f o r  p re l imina ry  d e s i g n  s i n c e  t h i s  

t empera tu re  is  n e a r  t h e  lower l i m i t  of economic g e n e r a t i o n  from h o t  

water r e sources .  

P r e s e n t  (1989) peak demand f o r  e l e c t r i c i t y  i s  2.5 MWe. Moderate 

i n c r e a s e s  (3% t o  5% p e r  y e a r )  are  p r o j e c t e d  i n  t h e  n e a r  f u t u r e .  

For  t h e  purpose of t h i s  s tudy.  t h e  d e s i g n  and c o s t  estimates are 

based  upon producing  2.5 MWe n e t ,  which w i l l  be  s u f f i c i e n t  t o  

supply  l o c a l  needs  and w i l l  permi t  s h u t t i n g  down t h e  e x i s t i n g  

f a c i l i t i e s  and m a i n t a i n i n g  them only  f o r  s tandby use.  
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POWER CYCLE SELECTION 

We s e l e c t e d  t h r e e  power c y c l e s  f o r  s tudy ,  each  p o s s e s s i n g  impor t an t  

advantages  and d isadvantages .  

Case I i s  a water cooled  b i n a r y  p l a n t .  I n  t h i s  case condensa t ion  

of t h e  working f l u i d  exhaus t  from t h e  power t u r b i n e  is accomplished 

u t i l i z i n g  a conven t iona l  mechanical  d r a f t  c o o l i n g  tower.  The 

advantage  of t h i s  case i s  t h e  lowes t  p o s s i b l e  condensing 

t empera tu re  and hence m a x i m u m  c y c l e  e f f i c i e n c y .  The d i sadvan tage  

is t h e  requi rement  of f r e s h  make-up w a t e r  t o  t h e  c o o l i n g  tower i n  a 

water s h o r t  area. 

Case 11 i s  an  a i r  cooled  b inary .  Cycle e f f i c i e n c y  i s  less because 

of less f z v o r a b l e  condensing tempera tures .  b u t  no consumptive use 

of f r e s h  water i s  r equ i r ed .  

Case 111 i s  a s i n g l e  f l a s h  steam c y c l e  employing water coo l ing .  

The condensed steam from the  t u r b i n e  i s  used as c o o l i n g  tower 

make-up, e l i m i n a t i n g  t h e  need of an  o u t s i d e  sou rce  of c o o l i n g  

water. 

I n  each  of t h e  cases, a s u f f i c i e n t l y  l a r g e  g e n e r a t o r  i s  provided  t o  

supply  t h e  p l a n t  p a r a s i t i c  l o a d s  ( i n c l u d i n g  w e l l  pumps) as w e l l  as 

e x p o r t i n g  2.5 me. 
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DESIGN BASIS 

The d e s i g n  b a s i s  f o r  each  case i s  summarized as fo l lows:  

o Loca t ion :  L i t t l e  Magadi 

o N e t  Power: 2.5 Mde 

o Resource Temperature:  14OoC (284'F) 

Case I 

o Power Cycle: B ina ry  

o Water cooled  

o Wet Bulb Temperature  (des ign )  : 65'F 

Case I1 

0 Power Cycle: ELnaq- 

o Air Cooled 

0 Dry Bulb Tempercture  (des ign )  : 87'F 

Case I11 

o Power Cycle: S i n g l e  Steam Flash 

o Water Cooled 

o Wet Bulb Temperature  (des ign )  : 65'F 

-6- 



DESCRIPTION OF PLANTS 

S i m p l i f i e d  p rocess  flow diagrams f o r  each  of t h e  t h r e e  cases are  

shown on Drawings No. 60324-D-3201, 3202 and 3203. 

I n  a l l  c a s e s  b r i n e  i s  pumped from sha l low w e l l s  ( e s t i m a t e d  depth  

600 f e e t )  w i t h  v e r t i c a l  s h a f t  d r i v e n  c e n t r i f u g a l  pumps. Su r face  

d i s p o s a l  of t h e  spen t  b r i n e  i s  proposed, a l though  i n j e c t i o n  may be  

r e q u i r e d  f o r  p r e s s u r e  maintenance a t  some f u t u r e  d a t e .  

The b i n a r y  p l a n t s  bo th  use i sobu tane  as a working f l u i d .  Cycle 

e f f i c i e n c y  cou ld  be improved somewhat by u t i l i z i n g  a lower  

molecu la r  working f l u i d ,  b u t  does n o t  appear  j u s t i f i e d  u n l e s s  t h e  

p r o j e c t  i s  s t r i c t l y  b r i n e  l i m i t e d .  

The i s o b u t a n e  i s  vapor i zed  under  p r e s s u r e  i r .  s h e l i  and tube  

exchangers .  Tpe vapor s  a r e  expanded Cr- i. t u - b i n e ,  g e n e r a r i n g  t h e  

power r e q u i r e d  t o  o p e r a t e  a u x i l i a r y  equipment. 

I n  t h e  w a t e r  cooled case ,  t h e  a u x i l i a r i e s  inclucie p roduc t ion  pumps, 

i s o b u t a n e  pumps, c o o l i n g  water pumps. an? c o o l i n g  tower f a n s .  i n  

t h e  a i r  cooled  case, t h e  auxiliaries i n c l u d e  p roduc t ion  pumps, 

i s o b u t a n e  pumps, and a i r  condenser  f ans .  

I n  Case IiI, t h e  h o t  b r i n e  i s  f l a s h e d  i n  a s e p a r a t o r  a t  n e a r  

a tmosphe r i c  p r e s s u r e .  The steam d r i v e s  E condensing t u r b i n e  and 

t h e  exhaus t  steam from t h e  t u r b i n e  i s  condensed by c o o l i n g  water i n  

a s u r f a c e  condenser.  Vacuum i s  main ta ined  by a s i n g l e  s t a g e  l i q u i d  

vacuum compressor.  

-7 - 



Estimated brine consumption in each case is as fol lows:  

Case I 2.800 gpm 

Case I1 3.500 gpm 

Case I11 3.050 gpm 
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CAPITAL COST ESTIMATES 

C a p i t a l  c o s t  estimates f o r  t h e  t h r e e  cases are p r e s e n t e d  i n  Tab le  

I. These estimates are based on 1989 c o s t s  f o r  p l a n t s  b u i l t  i n  t h e  

Western Uni ted  S t a t e s .  They are i n s t a l l e d  c o s t s  and as such  

i n c l u d e  design.  procurement of materials and c o n s t r u c t i o n .  I n  

a d d i t i o n  t o  t h e  power p l a n t s  we have a l s o  inc luded  t h e  c o s t  of 

wells, p r o d u c t i o n  pumps, g a t h e r i n g  system, a t r a n s m i s s i o n  l i n e  and 

" s o f t "  c o s t s .  

The l l so f t l l  c o s t s  are based on t y p i c a l  U.S. e x p e r i e n c e  and i n c l u d e  

t h e  f o l l o w i n g  f a c t o r s :  

S i t i n g  and p e r m i t t i n g  

F inanc ing  Fees 

Owners c o s t s  

65 

80 

90 - 
$235 x 2.500 = $587.500 

use  $600.000 

The c o s t  of t h e  planned nex t  phase f e a s i b i l i t y  s t u d y  i s  n o t  

i n c l u d e d  i n  s o f t  c o s t s .  s i n c e  t h e  m a j o r i t y  of t h e  c o s t s  w i l l  be  

f i n a n c e d  through U.S. f o r e i g n  a i d  programs. 
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. .. . . . . . 

TABLE I 

CAPITAL COST ESTIMATES 
- 

LITTLE MAGADI 

( F i g u r e s  i n  Thousands of D o l l a r s )  

Case I Case I1 

B i n a r y  B i n a r y  

Water A i r  

Cooled Cooled 

P l a n t  Cost 4,000 4,800 

Wells 80 0 1 , 200 

Pumps 250 3 20 

G a t h e r i n g  System 3 00 45 0 

T r a n s m i s s i o n  L i n e  5 00 5 00 

- Water L i n e  7 00 

S o f t  costs 600 6 00 

T o t a l  : 7 , 150 7 , 870 

$ /kW 2,860 3 ,148 

Case I11 

Steam 

Flash 

Water Cooled 

4,600 

800 

25 0 

400 

5 00 

6 00 

7 , 150 
- 

2,860 
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0 & M COSTS 

The 0 & M c o s t s  f o r  t h e  t h r e e  cases are  shown i n  Table  I1 and are 
based  upon H o l t ' s  f i v e  y e a r s  o p e r a t i n g  h i s t o r y  of t h e  8 MMe Mammoth 

b i n a r y  p l a n t ,  t h e  two y e a r  o p e r a t i n g  h i s t o r y  of t h e  50 MWe Dixie 

V a l l e y  steam f l a s h  p l a n t  and p r o j e c t e d  c o s t s  of t h e  7 MWe d i r e c t  

steam admiss ion  p l a n t  now under  c o n s t r u c t i o n  i n  Utah. 

Cos ts  i n c l u d e  o p e r a t i n g  l a b o r ,  s u p p l i e s  and maintenance l a b o r  and 

materials. W e  assume t h a t  t h e  p l a n t  w i l l  o p e r a t e  una t tended ,  

excep t  f o r  one man checking  o p e r a t i o n  f o r  two hours  a t  t h e  

beg inn ing  of each  8 hour  s h i f t .  

i sobu tane ,  f u e l ,  l u b e  o i l ,  small t o o l s  and misce l l aneous  items. N o  

cha rge  i s  made f o r  c o o l i n g  w a t e r  except  f o r  t h e  c o s t  of pumping 

through E 1 2  m i l e  p i p e l i n e .  

Supp l i e s  i n c l u d e  such  items as 

Maintenance i n c l u d e s  l a b o r ,  materials and o u t s i d e  c o n t r a c t  

s e r v i c e s .  

t o  cover  p l a n t  s u p e r v i s i o n  and p a y r o l l  burden. Labor ra tes  are 

t y p i c a l  of 1989 U.S. ra tes .  

Opera t ing  and maintenance l a b o r  i n c l u d e s  a burden  of 40% 
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TABLE I1 

0 & M COST ESTIMATES 

LITTLE MAGADI 

( F i g u r e s  i n  D o l l a r s  Pe r  Year) 

Case I Case I1 

Binary  Binary 

Water A i  r 

Cooled Cooled 

Opera t ing  Labor  43,000 43 , 000 

Supp l i e s  35,000 26,000 

Maintenance, Labor 176,000 196,000 

and materials 

T o t a l  : $254,000 $265 , 000 

1.27 C/kWh* 1.22 

* Based on p roduc t ion  of 20,805,000 kWh/yr. 

Case I11 

Steam 

F l a s h  

Water Cooled 

43 , 000 

23 , 000 

177  , 000 

$243 , 000 

1.17 
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COST OF ELECTRICITY 

The c o s t  of g e n e r a t i n g  power i n  MSC's d i e s e l  power p l a n t  i s  shown 

i n  Tab le  I11 and i s  based  upon d a t a  s u p p l i e d  by MSC personnel .  

The c o s t  i n c l u d e s  f u e l  oil, per sonne l ,  l u b e  o i l ,  maintenance and 

e l e c t r i c i t y .  

l o a d s  such  as c o o l i n g  tower f a n s ,  pumping and s i m i l a r  uses .  

T h i s  l a t t e r  charge  takes i n t o  account  t h e  p a r a s i t i c  
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TABLE I11 

COST OF ELECTRICITY 

EXISTING DIESEL POWER PLANT 

Basis: 1988 C o s t s  i n  Kenyan S h i l l i n g s  

kWh produced = 14,700,000 (1.678 kW avg.) 

F u e l  O i l  

P e r s o n n e l  

Lube O i l  

E l  e c t r i c i t y 

Maintenance 

T o t a l  : 

Exchange Rate (1988) 

E l e c t r i c i t y  Cost 

-17- 

11,400,000 

680,000 

850,000 

1 , 600 , 000 

5 , 740 , 000 

KS 20,270,000 

18 KS/$ 
7.66 LkWh 



FINANCIAL ANALYSIS 

The ob jecz ive  of t h i s  s e c t i o n  i s  t o  estimate t h e  c o s t  of producing  

e l e c t r i c i t y  a t  L i t t l e  Magzdi and t o  ccjnpare t h e  c o s t  w i th  t h e  c o s t  

of producing power i n  t h e  e x i s t i n g  p l a n t .  An apyle- to-apple  

comparison i s  compl ica ted  by t h e  f a c t  t h a t  w e  a r e  comparing an o l d  

d e p r e c i a t e d  f a c i l i t y  w i t h  e new f a c i l i t y .  

Consequently w e  have made t h e  b a s i c  assumption t h a t  The Magadi Soda 

Company (!4SC) would be w i l l i n g  t o  purchase  power from a p r i v a t e l y  

f inanced  geothermal  p l a n t  a t  L i t t l e  Magadi E t  MSC's Itavoided cos t" .  

In fo rma t ion  r e c e n t l y  r e c e i v e d  from MSC, as a r e s u l t  of a t e l ephone  

c o n v e r s a t i o n  between Mike Jones  Gf Oak Ridge AssocLated 

U n i v e r s i t i e s  and Greg Stewzrt of KSC i n d i c a t e d  t h a t ,  b e r r i n g  e 

geothenrial  development. !JSC has  two p l e c s  i r  rrln6 f o r  addlng  and 

r e p l z c i n g  i t s  d i e s e l  fuel.  g e n e r a t i z g  c a p e ~ l t ~ - .  P ian  1 ce l l s  for 

~ u r c h e e i r - g  ET;? i r s r e l l i r g  r e r i r e n e r t s  E E L  E L ~ -  L _  -- L-CTiS as rc-.Loi..cc: - . - .  I - - -  

I.C Mke i n  109i 

1.0 Mde i n  1995 

I.@ Ki€ ir. 1998 

?12n 2 c e l l s  f o r  pu rchas ing  and I n s t z l l i n g  1.5 Mde ir. 1091, 1.5 Mke 

i n  1997 snd no o t h e r  pu rchases  u n t i l  w e l l  i n t o  2000. 

E s t i m a t e d  c o s t  of t h e s e  i n s t a l l a t i o n s  were f c m i s h e d  by MSC as follows: 

-18- 



0 The i n s t a l l e d  c o s t  of a 1.0 MWe d i e s e l  g e n e r a t o r  i s  

e s t i m a t e d  t o  be 5 4  m i l l i o n  Ksh i n  mid-1991 i n c l u d i n g  5 

m i l l i o n  Ksh f o r  improvements no t  a p a r t  of t h e  p r o j e c t .  

0 The i n s t a l l e d  c o s t  of a 1.5 MWe u n i t  i s  e s t i m a t e d  t o  be 60 

m i l l i o n  Ksh i n  mid-1991 i n c l u d i n g  5 m i l l i o n  Ksh f o r  

improvements no t  a p a r t  of t h e  p r o j e c t .  

The above c o s t s  i n c l u d e  t h e  fo l lowing  d u t i e s  and t a x e s :  

0 Genera tor  se t  and a l t e r n a t o r ,  25% duty  p l u s  15% f o r  s h i p p i n g  

and c l e a r i n g  and impact l i c e n s e s .  

0 Other  e l ec t r i ca l  equipment ( swi t ch  g e a r / t r a n s f o r m e r s ,  e tc . )  

46.8% duty  and sales tax, p l u s  15% f o r  s h i p p i n g  and c l e a r i n g  

and impor t  l i c e n s e .  

plsC used a convers ion  f a c t o r  of 27 Ksh/$ f o r  1991.  Thus t h e  

e s t i m a t e d  c o s t  f o r  E 1.5 W ~ E  L n s t a l l a t i o n  would be $2,037,000 o r  

$1360/KW. The e s t i m a t e d  c o s t  f o r  a 1.0 MWe i n s t a l l a t i o n  would be 

$1 815/kW. 

I n  p r e p a r i n g  t h e  f i n a n c i a l  e n a l y s i s  w e  have made t h e  following 

a s s - m p t i o n s  : 

Income t ax  r a t e  402 

P r o j e c t  L i f e  20 y e a r s  

Power p r i c e  e s c a l a t i o n  5% p e r  y e a r  

Other  e s c a l a t i o n  5% p e r  y e a r  

Power Usage 5% p e r  y e a r  

D e p r e c i a t i o n  20 yea r s ,  S t .  L ine  
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We assume t h a t  income taxes a r e  comparable t o  combined C a l i f o r n i a  

and Fede ra l  income tax rates. Power p r i c e  e s c a l a t i o n  i s  our  

estimate of t h e  i n c r e a s e  i n  t h e  c o s t  of power produced by MSC, 

about  h a l f  of which i s  t h e  c o s t  of f u e l  and t h e  ba l ance  l o c a l  c o s t s  

of maintenance. l a b o r  and s u p p l i e s .  0 6 M e s c a l a t i o n  a p p l i e s  on ly  

t o  t h e  geothermal  p l a n t .  Power usage i n c r e a s e  of 5% is based on 

MSC f i g u r e s .  

Based on t h e  fo rego ing ,  w e  have e s t i m a t e d  KSC's avoided  c o s t  of 

producing i t s  own e l e c t r i c i t y  f o r  t h e  next  20 yea r s .  The f i g u r e s  

are shown i n  Tab le  I V .  The base  y e a r  i s  1991, a t  which t i m e  t h e  

1988 G&M c o s t  of $0.0766/kWh escalates t o  $0.0887/kWh and c o n t i n u e s  

t o  escalate  f o r  t h e  nex t  20 y e a r s  a t  t h e  same rate.  However, i n  

1991 a new 1.0 MW d i e s e l  g e n e r a t i n g  u n i t  i s  i n s t a l l e d  a t  a c o s t  of 

$1.815 m i l l i o n .  T h i s  inves tment  d e p r e c i a t e s  a t  t h e  ra te  of 5% p e r  

yea r ,  l e a d i n g  t o  an annual  su rcha rge  of $90.750. The su rcha rge  i s  

i n c r e a s e d  i n  1995 and a g a i n  i n  1998 t o  i n c l u d e  d e p r e c i z t i o n  of t h e  

next  two u n i t s  i n  MSC's avoided c o s t .  

Mclz ip lyLr-g  rhe  ~ ~ ' c l c i e l  C O S T  f i g u r e s  times rhe esiimaief E l e c t r i c a l  

requi rements ,  w e  e r r i v e d  a t  g r o s s  income. which i s  t h e  revenue 

t h a t  t h e  Lake Nagadi geothermal  p l a n t  could expec t  t o  r e c e i v e  by 

e n t e r i n g  i c t o  .z power s a l e s  agreement w i t h  MSC. A f t e r  s u b t r a c t i n g  

0 d ?! c o s t s  we Errive st t a x a b l e  income. n e t  income and c a s h  f l o w .  

Standbv Diesel Cost 

I t  w i l l  be necessa ry  t o  m a i n t a i n  t h e  e x i s t i n g  d i e s e l  power p l a n t  i n  

s tandby c o n d i t i o n  t o  o p e r a t e  when t h e  geothermal  p l a n t  i s  s h u t  down 

f o r  maintenance,  emergencies  o r  o t h e r  reasons .  U.S. expe r i ence  i s  

t h a t  small geothermal  power p l a n t s  are v e r y  r e l i a b l e  and t h a t  

a v a i l a b i l i t i e s  of 95% o r  h i g h e r  may b e  expected.  

s tandby c o s t s  w i l l  be e q u i v a l e n t  t o  one month 's  normal o p e r a t i o n  o r  

$93,80O/year (1988 b a s i s ) .  

We estimate t h a t  

-20- 



R o y a l t i e s  

We have assumed t h a t  a r o y a l t y  of 3 mils/kWh w i l l  be  pa id  by t h e  

deve loper  t o  t h e  cognizant  government agency. 

t y p i c a l  of r o y a l t y  requi rements  of U. S. Government agenc ie s  on 

Fede ra l  l ands .  

T h i s  f i g u r e  i s  

Four Cases 

Four cases are p resen ted  i n  t h e  fo l lowing  pages. 

money can  be borrowed a t  a ra te  of 8%. 

is  d i f f e r e n t  i n  each  case. The r e s u l t s  a r e  summarized as fo l lows :  

All assume t h a t  

The r a t i o  of deb t  t o  e q u i t y  

Case - 

A 

B 

D 

Debt/Equi ty  

0 

1 .o 

2.0 

3 .O 

-21- 

IRR, % 

14.85 

21.45 

26.85 

31.61 



Geothermal Plant Cost, $MM 7.865 
Tax Rate, Yo 4 0  
O&M Escalation, Yo 5 
Power Price Escalation, YO 5 
Capacity Factor Escalation, '10 5 
Capacity Factor, Maximum, 70 9 5  

Year 
Power Production, MW hours /year 
Base Power Price, $/kWh (1988=$0.766) 

Base Power Income, $M. 
Avoided Cost, $MI 1991 Diesel Plant 
Avoided Cost, $MI 1995 Diesel Plant 
Avoided Cost, $MI 1998 Diesel Plant 

Total Power Revenue, $M 

Expenses 
O&M Expense, $M 
Depreciation, $M 
Diesel Engine Standby, $M 
Royalty, $M 
Properly Taxes & Insurance, $M ' 

Total Expenses, $M 

Taxable Income 
Income Tax 
Net Income 

Cash Flow, $M - 7 , 8 6 5  

IRR 14.85 

- 
Table IV .- Financia, hnalysis for Lake Magadi-- - 

1991 Cost of 1.0 MW Diesel Plant 
1995 Cost of 1.0 MW Diesel Plant 
1998 Cost of 1.0 MW Diesel Plant 
Depreciation Period, Years 2 0  

Maximum Power Produced, MW hours/year 

1 9 9 1  1 9 9 2  1 9 9 3  
17,017 17 ,868 

0.089 0.093 
1,515 1 ,670  

9 1  9 1  

1,605 1 ,760 

2 6 7  2 8 1  
3 9 3  3 9 3  
1 0 8  1 1 4  

5 6  6 2  
1 1 8  1 1 8  
9 4 3  9 6 8  

6 6 2  7 9 3  
2 6 5  3 1 7  
3 9 7  4 7 6  

7 9 1  8 6 9  

18 ,761  
0.098 
1,84 1 

9 1  

1,932 

2 9 5  
3 9 3  
1 1 9  

6 8  
1 1 8  
9 9 4  

9 3 8  
3 7 5  
5 6 3  

9 5 6  

1 9 9 4  
1 9 , 6 9 9  

0.1 0 3  
2,030 

9 1  

2,120 

3 0 9  
3 9 3  
1 2 5  

7 5  
1 1 8  

1 ,021 

1 ,099 
4 4 0  
6 5 9  

1 ,053 

1 9 9 5  
20,684 

0.108 
2,238 

9 1  
1 1 0  

2,439 

3 2 5  
3 9 3  
1 3 2  

8 3  
1 1 8  

1 ,051  

1 ,388 
5 5 5  
8 3 3  

1 ,226 

20 ,805 

1 9 9 6  
20 ,805 

0.1 14 
2 ,363 

9 1  
1 1 0  

2,564 

3 4 1  
3 9 3  
1 3 8  

8 8  
1 1 8  

1 ,078 

1 ,486 
5 9 4  
8 9 2  

1 ,285 

MMKsh 
4 9  

1 9 9 7  
20,805 

0.119 
2,481 

9 1  
1 1 0  

2,682 

3 5 8  
3 9 3  
1 4 5  

9 2  
1 1 8  

1 ,107 

1,576 
6 3 0  
9 4 5  

1 ,339  

- 

$MM 
1.81 5 
2.206 
2.554 

I 

1 9 9 8  
20 ,805  

0 .125 
2 ,605 

9 1  
1 1 0  
1 2 8  

2,934 

3 7 6  
3 9 3  
1 5 2  

9 7  
1 1 8  

1 ,137 

1 ,798 
7 1 9  

1,079 

1,472 
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kr, . 

1 9 9 9  
20 ,805 

0.131 
2 ,736 

9 1  
1 1 0  
1 2 8  

3,064 

2 0 0 0  
20,805 

0.138 
2,873 

9 1  
1 1 0  
1 2 8  

3,201 

2 0 0 1  
20,805 

0.145 
3 ,016 

9 1  
1 1 0  
1 2 8  

3 ,345 

2 0 0 2  
20,805 

0.1 52  
3 ,167 

9 1  
1 1 0  
1 2 8  

3 ,496 

2 0 0 3  
20,805 

0.1 60  
3 ,325 

9 1  
1 1 0  
1 2 8  

3 ,654  

2 0 0 4  
2 0 , 8 0 5  

0.1 68  
3 ,492  

9 1  
1 1 0  
1 2 8  

3 ,820 

2 0 0 5  
20 ,805 

0.1 76  
3 ,666  

9 1  
1 1 0  
1 2 8  

3,995 

2 0 0 6  
20,805 

0.1 85 
3 ,849 

9 1  
1 1 0  
1 2 8  

4,178 

2 0 0 7  
20,805 

0.1 94 
4,042 

9 1  
1 1 0  
1 2 8  

4,371 

2 0 0 8  
20,805 

0.204 
4,244 

9 1  
1 1 0  
1 2 8  

4 ,573 

2 0 0 9  
20,805 

0.21 4 
4 ,456 

9 1  
1 1 0  
1 2 8  

4,785 

3 9 5  4 1 5  4 3 5  4 5 7  4 8 0  5 0 4  5 2 9  5 5 6  5 8 3  6 1 3  6 4 3  
3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  
1 6 0  1 6 8  1 7 6  1 8 5  1 9 4  2 0 4  2 1  4 2 2 5  2 3 6  2 4 8  2 6 1  
1 0 2  1 0 7  1 1 2  1 1 8  1 2 4  1 3 0  1 3 6  1 4 3  1 5 0  1 5 8  1 6 6  
1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  

1,168 1,201 1,235 1,271 1 ,309 1,349 1,391 1 ,435 1,481 1,530 1 ,581  

1,897 2,001 2,110 2,224 2 ,345 2,471 2,604 2,743 2 ,889 3,043 3 ,204  

1,138 1,200 1,266 1,335 1 ,407 1 ,483 1 ,562  1,646 1,734 1,826 1 ,922 
7 5 9  8 0 0  8 4 4  8 9 0  9 3 8  9 8 8  1 ,041 1 ,097 1 ,156 1 ,217 1 ,282 

1 ,531 1,594 1 ,659 1,728 1 ,800  1,876 1 ,955 2,039 2,127 2,219 2 ,316  

C A S E  A - 2 3 -  
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Table IV - Financial tmalysis for Lake Magadi MMKsh 

Geothermal Plant Cost, $MM 7.865 1991 Cost of 1.0 MW Diesel Plant 4 9  
Tax Rate, o/o 
O&M Escalation, o/o 
Power Price Escalation, Yo 5 Depreciation Period, Years 2 0  
Capacity Factor Escalation, Yo 5 

4 0  
5 

1995 Cost of 1.0 MW Diesel Plant 
1998 Cost of 1 .O MW Diesel Plant 

9 5  Maximum Power Produced, MW hours/year 20,805 Capacity Factor, Maximum, Yo 

Year 1 9 9 1  1 9 9 2  1 9 9 3  
Power Production, MW hours /year 17 ,017 17 ,868  18 ,761  
Base Power Price, $/kWh (1 988=$0.766) 0.089 0.093 0.098 

1,841 Base Power Income, $M. 1,515 1,670 
Avoided Cost, $M, 1991 Diesel Plant 9 1  9 1  9 1  
Avoided Cost, $M, 1995 Diesel Plant 
Avoided Cost, $MI 1998 Diesel Plant 

Total Power Revenue, $M 1,605 1,760 1 ,932 

Expenses 
O&M Expense, $M 2 6 7  2 8 1  2 9 5  
Deprecialion, $M 3 9 3  3 9 3  3 9 3  
Diesel Engine Standby, $M 1 0 8  1 1 4  1 1 9 '  
Royalty, $M 5 6  6 2  6 8  
Property Taxes & Insurance, $M 1 1 8  1 1 8  1 1 8  

Interest 3 1 5  3 0 7  2 9 9  
Total Expenses 1,258 1,275 1 ,293 

Taxable Income 
Income Tax 
Net Income 

3 4 8  4 8 6  6 3 9  
1 3 9  1 9 4  2 5 6  
2 0 9  2 9 1  3 8 3  

Principal Payment 9 5  1 0 2  1 1 1  
Cash Flow - 3 , 9 3 3  5 0 7  5 8 2  6 6 6  

Deb t/E qu i t y R alio 
Money Borrowed 3 ,933 

Projccl Term, years 2 0  

Loan Payrrionl 4 0 9  

1 .oo 

Loan B;ilance 3 ,933 3 ,838 3 ,735 3 ,624 

Inlercsl Rate, Percent 8 -00 

1 9 9 4  1 9 9 5  1 9 9 6  1 9 9 7  
19,699 20,684 20 ,805 20 ,805 

0.1 14 0.1 19 
2 ,481 

9 1  9 1  9 1  9 1  
1 1 0  1 1 0  1 1 0  

0.1 03  0.108 
2 ,030 2,238 2 ,363 

2,120 2,439 2,564 2 ,682 

3 0 9  3 2 5  3 4 1  3 5 8  
3 9 3  3 9 3  3 9 3  3 9 3  
1 2 5  1 3 2  1 3 8  1 4 5  

7 5  8 3  8 8  9 2  
1 1 8  1 1 8  1 1 8  1 1 8  
2 9 0  2 8 0  2 7 0  2 5 9  

1,311 1,331 1,348 1 ,366 

8 0 9  1 ,107  1 ,216 1 ,317 
3 2 4  4 4 3  4 8 6  5 2 7  
4 8 5  6 6 4  7 2 9  7 9 0  

1 2 0  1 2 9  1 3 9  1 5 1  
7 5 9  9 2 9  9 8 3  1 ,033  

3 ,505 3 ,376 3 ,236  3 ,086  

$MM 
1.81 5 
2.206 
2.554 

1 9 9 8  
20,805 

0.1 25 
2,605 

9 1  
1 1 0  
1 2 8  

2,934 

3 7 6  
3 9 3  
1 5 2  

9 7  
1 1 8  
2 4 7  

1,383 

1,551 
6 2 0  
9 3 0  

1 6 3  
1 ,161  

2 ,923 

IRR 21.45 
C A S E  B -24- 
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Table IV---Financial Analysis for Lake Magadi 

1 9 9 9  
20 ,805  

0.131 
2 ,736 

9 1  
1 1 0  
1 2 8  

3 ,064 

2 0 0 0  
20,805 

0.138 
2,873 

9 1  
1 1 0  
1 2 8  

3,201 

3 9 5  4 1 5  
3 9 3  3 9 3  
1 6 0  1 6 8  
1 0 2  1 0 7  
1 1 8  1 1 8  
2 3 4  2 2 0  

1,402 1,420 

1 ,663  1,781 
6 6 5  7 1 2  
9 9 8  1,068 

1 7 6  1 9 0  
1 ,215  1 ,272 

2 ,748  2,558 

2 0 0 1  
20,805 

0.145 
3,016 

9 1  
1 1 0  
1 2 8  

3,345 

4 3 5  
3 9 3  
1 7 6  
1 1 2  
1 1 8  
2 0 5  

1,440 

1,905 
7 6 2  

1 ,143 

2 0 5  
1,331 

2 ,353 

2 0 0 2  
20,805 

0.152 
3,167 

9 1  
1 1 0  
1 2 8  

3,496 

2 0 0 3  2 0 0 4  
20,805 20 ,aos  

0.1 60  0.1 68  
3,325 3 ,492  

9 1  9 1  
1 1 0  1 1 0  
1 2 8  1 2 8  

3,654 3,820 

2 0 0 5  2 0 0 6  
20,805 20,805 

0.1 7 6  0.185 
3 ,666 3,849 

9 1  9 1  
1 1 0  1 1 0  
1 2 8  1 2 8  

3 ,995  4,178 

4 5 7  4 8 0  5 0 4  5 2 9  5 5 6  
3 9 3  3 9 3  3 9 3  393 3 9 3  
1 8 5  1 9 4  2 0 4  2 1 4  2 2 5  
1 1 8  1 2 4  1 3 0  1 3 6  1 4 3  
1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  
1 8 8  1 7 1  1 5 1  1 3 1  1 0 9  

1,460 1 ,480 1 ,501 1,522 1 ,544 

2,036 2,174 2,320 2,473 2,635 
814  8 7 0  9 2 8  9 8 9  1,054 

1 ,222 1,304 1,392 1 ,484 1 ,581 

2 2 1  2 3 9  2 5 8  2 7 9  3 0 1  
1,394 1 ,459 1,527 1 ,598 1,673 

2 ,132 1 ,893 1,635 1,356 1 ,055 

2 0 0 9  2 0 0 8  2 0 0 7  
20,805 20,805 20 ,805  

0.1 94 0.204 0.21 4 
4,042 4,244 4 ,456  

9 1  9 1  9 1  
1 1 0  1 1 0  1 1 0  
1 2 8  1 2 8  1 2 8  

4,371 4,573 4 ,785  

5 8 3  6 1 3  6 4 3  
3 9 3  3 9 3  3 9 3  
2 3 6  2 4 8  2 6 1  
1 5 0  1 5 8  1 6 6  
1 1 8  1 1 8  1 1 8  

8 4  5 8  3 0  
1,566 1,588 1 ,611  

2,805 2,984 3 ,174  
1 , I  22 1,194 1 ,270  
1,683 1,791 1,904 

3 2 5  3 5 1  3 7 9  
1,751 1,833 1 ,918  

7 3 0  3 7 9  0 

C A S E  B - 2 5 -  
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Geothermal Plant Cost, $MM 
Tax Rate, o/o 
OBM Escalation, Yo 
Power Price Escalation, YO 
Capacity Factor Escalation, '/O 

Capacity Factor, Maximum, o/o 

- 
Table 1V - Financial ,,lialysis for Lake Magadi MMKsh $MM 

7.865 1991 Cost of 1.0 MW Diesel Plant 4 9  1.815 
2.206 

5 1998 Cost of 1.0 MW Diesel Plant 2.554 

5 

4 0  1995 Cost of 1.0 MW Diesel Plant 

5 Depreciation Period, Years 2 0  

9 5  Maximum Power Produced, MW hours/year 20,805 

Year 1 9 9 1  1 9 9 2  1 9 9 3  1 9 9 4  1 9 9 5  
Power Production, MW hours /year 17 ,017 17 ,868 18 ,761 19 ,699 20,684 
Base Power Price, $/kWh (1 988=$0.766) 0.089 0.093 0.098 0.1 03  0.1 08  

Base Power Income, $M. 1,515 1 ,670 1 ,841 2 ,030 2 ,238 

1 1 0  

Total Power Revenue, $M 1,605 1,760 1 ,932 2,120 2 ,439 

Avoided Cost, $MI 1991 Diesel Plant 9 1  9 1  9 1  9 1  9 1  
Avoided Cost, $M, 1995 Diesel Plant 
Avoided Cost, $MI 1998 Diesel Plant 

1 9 9 8  1 9 9 6  1 9 9 7  
20 ,805 20 ,805  20,805 

0.1 14 0.1 19 0.1 25 
2,605 2 ,481 2 ,363 

9 1  9 1  9 1  
1 1 0  1 1 0  1 1 0  

1 2 8  
2,564 2 ,682 2 ,934 

Expenses 
0 8 M  Expense, $M 2 6 7  2 8 1  2 9 5  3 0 9  3 2 5  3 4 1  3 5 8  3 7 6  

Diesel Engine Standby, $M 1 0 8  1 1 4  1 1 9  1 2 5  1 3 2  1 3 8  1 4 5  1 5 2  

Property Taxes 8 Insurance, $M 1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  
Interest 4 1 9  4 0 9  3 9 8  3 8 7  3 7 4  3 6 0  3 4 5  3 2 9  
Total Expenses 1,363 1 ,377 1 ,392 1 ,408 1,425 1,439 1,452 1 ,466  

Depreciation, $M 3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  

Royally, $M 5 6  6 2  6 8  7 5  8 3  8 8  9 2  9 7  

Taxable Income 
lricome Tax 
Net Income 

2 4 3  3 8 3  5 3 9  71 2 1 ,014 1 ,126 1 ,230  1 ,468  
9 7  1 5 3  2 1 6  2 8 5  4 0 6  4 5 0  4 9 2  5 8 7  

1 4 6  2 3 0  3 2 4  4 2 7  6 0 8  6 7 5  7 3 8  8 8 1  

Principal Payment 1 2 7  1 3 7  1 4 8  1 5 9  1 7 2  1 8 6  2 0 1  2 1 7  
Cash Flow - 2 , 6 2 2  , 4 1 2  4 8 7  5 6 9  6 6 1  8 2 9  8 8 3  9 3 1  1 ,058  

DebVEquity Ratio 
Money Borrowed 
Loan Balance 
Project Term, years 
Interest Rate, Percent 
Loan Payment 

2.00 
5 ,243 

2 0  
8.00 
5 4 6  

5 ,243 5,117 4 ,980 4,833 4,673 4,501 4,315 4 ,115 3 ,898  

IRR 26.85 C A S E  C 
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1 9 9 9  
2 0 , 8 0 5  

0 .131  
2 , 7 3 6  

9 1  
1 1 0  
1 2 8  

3 , 0 6 4  

2000 
2 0 , 8 0 5  

0 .138  
2 , 8 7 3  

9 1  
1 1 0  
1 2 8  

3 , 2 0 1  

. _  - - - - _ _  -~ -- - - -- _______ _ -  

Table IV - Financial tmalysis for Lake Magadi --- 

2 0 0 1  
2 0 , 8 0 5  

0.1 45 
3 , 0 1 6  

9 1  
1 1 0  
1 2 8  

3 , 3 4 5  

2 0 0 2  
2 0 , 8 0 5  

0 .152  
3 , 1 6 7  

9 1  
1 1 0  
1 2 8  

3 , 4 9 6  

2 0 0 3  
2 0 , 8 0 5  

0.1 6 0  
3 , 3 2 5  

9 1  
1 1 0  
1 2 8  

3 , 6 5 4  

2 0 0 4  
2 0 , 8 0 5  

0.1 6 8  
3 , 4 9 2  

9 1  
1 1 0  
1 2 8  

3 , 8 2 0  

2 0 0 5  
2 0 , 8 0 5  

0.1 7 6  
3 , 6 6 6  

9 1  
1 1 0  
1 2 8  

3 , 9 9 5  

2 0 0 6  
2 0 , 8 0 5  

0.1 85 
3 , 8 4 9  

9 1  
1 1 0  
1 2 8  

4 , l  7 8  

2 0 0 7  
2 0 , 8 0 5  

0 .194  
4 , 0 4 2  

9 1  
1 1 0  
1 2 8  

4 , 3 7 1  

2 0 0 8  
2 0 , 8 0 5  

0 .204  
4 , 2 4 4  

9 1  
1 1 0  
1 2 8  

4 , 5 7 3  

2 0 0 9  
2 0 , 8 0 5  

0.21 4 
4 , 4 5 6  

9 1  
1 1 0  
1 2 8  

4 , 7 8 5  

3 9 5  4 1 5  4 3 5  4 5 7  4 8 0  5 0 4  5 2 9  5 5 6  583 6 1 3  6 4 3  
3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  3 9 3  
1 6 0  1 6 8  1 7 6  185 1 9 4  2 0 4  2 1 4  2 2 5  2 3 6  2 4 8  2 6 1  
1 0 2  1 0 7  1 1 2  1 1 8  1 2 4  1 3 0  1 3 6  1 4 3  1 5 0  158  1 6 6  
1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  1 1 8  
3 1 2  2 9 3  2 7 3  2 5 1  2 2 7  2 0 2  1 7 4  1 4 5  113 7 8  4 0  

1 , 4 8 0  1 , 4 9 4  1 , 5 0 8  1 , 5 2 2  1 , 5 3 7  1 , 5 5 1  1 , 5 6 6  1 , 5 8 0  1 , 5 9 4  1 , 6 0 8  1 , 6 2 1  

I ,585 1 , 7 0 7  1 , 8 3 7  1 , 9 7 3  2 , 1 1 7  2 , 2 6 9  2 , 4 2 9  2 , 5 9 8  2 , 7 7 7  2 , 9 6 5  3 , 1 6 4  
1 , 2 6 5  
1 , 8 9 8  

1 , I  8 6  6 3 4  6 8 3  7 3 5  7 8 9  8 4 7  9 0 8  9 7 2  1 , 0 3 9  1 , 1 1 1  
9 5 1  1 , 0 2 4  1 , I  0 2  1 , I  84 1 , 2 7 0  1 , 3 6 1  1 , 4 5 8  1 , 5 5 9  1 , 6 6 6  1 , 7 7 9  

2 3 4  2 5 3  2 7 3  2 9 5  3 1 9  3 4 4  3 7 2  4 0 1  433 4 6 8  5 0 6  
1 , 7 8 6  1 , 1 1 0  1 , I  6 5  1 , 2 2 2  1 , 2 8 2  1 , 3 4 5  1 , 4 1  1 1 , 4 7 9  1 , 5 5 1  1 , 6 2 6  1 , 7 0 4  

3 , 6 6 4  3 , 4 1 1  3 , 1 3 8  2 , 8 4 3  2 , 5 2 4  2 , 1 8 0  1 , 8 0 8  1 , 4 0 7  9 7 4  5 0 6  0 

C A S E  C 
- 2 7 -  
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Table IV - Financial Analysis for Lake Magadi- MMKsh 

Geothermal Plant Cost, $MM 7.865 1991 Cost of 1.0 MW Diesel Plant 4 9  
Tax Rate, o/o 

ORM Escalation, % 
Power Price Escalation, Yo 5 Depreciation Period, Years 2 0  
Capacity Factor Escalation, o/o 5 

4 0  
5 

1995 Cost of 1 .O MW Diesel Plant 
1998 Cost of 1.0 MW Diesel Plant 

Capacity Factor, Maximum, o/o 9 5  Maximum Power Produced, MW hours/year 20 ,805 

$MM 
1.81 5 
2.206 
2.554 

Y2ar 1 9 9 1  1 9 9 2  1 9 9 3  1 9 9 4  1 9 9 5  1 9 9 6  1 9 9 7  
Power Production, MW hours /year 17 ,017 17 ,868 18 ,761  19 ,699 20,684 20 ,805  20,805 

Base Power Income, $M. 1,515 1 ,670 1 ,841 2 ,030  2,238 2 ,363 2 ,481 
Base Power Price, $/kWh (I 988=$0.766) 0.089 0.093 0.098 0.1 03  0.108 0.1 14 0.1 19 

Avoided Cost, $M, 1991 Diesel Plant 9 1  9 1  9 1  9 1  9 1  9 1  9 1  
Avoided Cost, $M, 1995 Diesel Plan1 1 1 0  1 1 0  1 1 0  
Avoided Cost, $M, 1998 Diesel Plant 

Total Power Revenue, $M 1,605 1,760 1 ,932 2 ,120  2 ,439 2,564 2 ,682  

1 9 9 8  
20,805 

0.1 25  
2 ,605 

9 1  
1 1 0  
1 2 8  

2 ,934 

Expenses 
O&M Expense, $M 
Depreciation, $M 
Diesel Engine Standby, $M 
Royally, $M 
Properly Taxes 8. Insurance, $M 

Interest 
Total Expenses 

2 6 7  
3 9 3  
1 0 8  

5 6  
1 1 8  
4 7 2  

1,415 

2 8 1  
3 9 3  
1 1 4  

6 2  
1 1 8  
4 6 1  

1,428 

2 9 5  3 0 9  
3 9 3  3 9 3  
1 1 9  1 2 5  

6 8  7 5  
1 1 8  1 1 8  
4 4 8  4 3 5  

1 ,442 1 ,456  

3 2 5  
3 9 3  
1 3 2  

8 3  
1 1 8  
4 2 1  

1 ,472 

3 4 1  
3 9 3  
1 3 8  

8 8  
1 1 8  
4 0 5  

1,484 

3 5 8  
3 9 3  
1 4 5  

9 2  
1 1 8  
3 8 8  

1 ,495  

3 7 6  
3 9 3  
1 5 2  

9 7  
1 1 8  
3 7 0  

1 ,507  

Taxable Income 
Income Tax 
Net Income 

3 3 2  
1 3 3  
1 9 9  

4 9 0  6 6 4  
1 9 6  2 6 6  
2 9 4  3 9 8  

9 6 7  
3 8 7  
5 8 0  

1 ,081 
4 3 2  
6 4 8  

1 ,187  
4 75 
7 1 2  

1 ,427  
5 7 1  
8 5 6  

1 9 0  
7 6  

1 1 4  

Principal Payment 
Cash Flow 

1 4 2  
3 6 5  

1 5 4  
4 3 9  

1 6 6  1 7 9  
5 2 1  6 1 2  

1 9 4  
7 8 0  

2 0 9  
8 3 3  

2 2 6  
8 8 0  

2 4 4  
1 ,006 1 , 9 6 6  

DebVEquity Ratio 
Money Borrowed 
Loan Balance 
Projccl Term, years 
Interest nalc, Percent 
Loan Payment 

3.00 
5 ,899  
5 ,899 

2 0  
8.00 
6 1 4  

5,756 5 ,603 5 ,437 5 ,257  5 ,064 4,855 4 ,629  4 ,385  ' 

IRR 31.61 
- 2 8 -  



1 9 9 9  
20 ,805 

0.131 
2 ,736 

9 1  
1 1 0  
1 2 8  

3,064 

3 9 5  
3 9 3  
1 6 0  
1 0 2  
1 1 8  
3 5 1  

1 ,519 

1,546 
6 1  8 
9 2 7  

2 6 3  
1 , 0 5 7  

4 ,121 

2 0 0 0  
20,805 

0.1 38 
2,873 

9 1  
1 1 0  
1 2 8  

3,201 

4 1 5  
3 9 3  
1 6 8  
1 0 7  
1 1 8  
3 3 0  

1,530 

1,671 
6 6 8  

1,003 

2 8 5  
1 ,111 

3 ,837 

2 0 0 1  
20,805 

0.145 
3,016 

9 1  
1 1 0  
1 2 8  

3,345 

4 3 5  
3 9 3  
1 7 6  
1 1 2  
1 1 8  
3 0 7  

1,542 

1 ,803 
7 2 1  

1 ,082 

3 0 7  
1 ,168 

3 ,530 

2 0 0 2  
20 ,805 

0.152 
3 ,167 

9 1  
1 1 0  
1 2 8  

3,496 

4 5 7  
3 9 3  
1 8 5  
1 1 8  
1 1 8  
2 8 2  

1,554 

1,942 
7 7 7  

1 ,165 

3 3 2  
1 ,227 

3,198 

2003 
20,805 

0.1 60  
3 ,325 

9 1  
1 1 0  
1 2 8  

3 ,654 

4 8 0  
3 9 3  
1 9 4  
1 2 4  
1 1 8  
2 5 6  

1,565 

2 ,089 
8 3 6  

1 ,253  

3 5 8  
1 ,288 

2 ,839 

2 0 0 4  
20,805 

0.1 68  
3 ,492 

9 1  
1 1 0  
1 2 8  

3,820 

5 0 4  
3 9 3  
2 0 4  
1 3 0  
1 1 8  
2 2 7  

1 ,576 

2,244 
8 9 8  

1,346 

3 8 7  
1,353 

2,452 

2 0 0 5  
20 ,805 

0.1 76 
3 ,666 

9 1  
1 1 0  
1 2 8  

3 ,995 

5 2 9  
3 9 3  
2 1 4  
1 3 6  
1 1 8  
1 9 6  

1 ,587 

2,408 
9 6 3  

1 ,445 

4 1 8  
1 ,420 

2,034 

2 0 0 6  
20,805 

0.185 
3 ,849 

9 1  
1 1 0  
1 2 8  

4 ,178 

5 5 6  
3 9 3  
2 2 5  
1 4 3  
1 1 8  
1 6 3  

1,598 

2 ,580 
1 ,032 
1 ,548 

4 5 1  
1,490 

1 ,583 

2 0 0 7  
20,805 

0.194 
4,042 

9 1  
1 1 0  
1 2 8  

4,371 

5 8 3  
3 9 3  
2 3 6  
1 5 0  
1 1 8  
1 2 7  

1 ,608 

2,763 
1,105 
1,658 

4 8 8  
1 ,563 

1,095 

2 0 0 8  
20,805 

0.204 
4,244 

9 1  
1 1 0  
1 2 8  

4,573 

6 1 3  
3 9 3  
2 4 8  
1 5 8  
1 1 8  

8 8  
1,617 

2,955 
1 ,182  
1,773 

5 2 7  
1 ,640 

5 6 9  

2 0 0 9  
20 ,805  

0.21 4 
4,456 

9 1  
1 1 0  
1 2 8  

4,785 

6 4 3  
3 9 3  
2 6 1  
1 6 6  
1 1 8  

4 5  
1 ,626  

3 , 1 5 9  
1 ,263  
1 , 8 9 5  

5 6 9  
1 ,720  

0 

- 2 3 -  
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D I  S CU S S I O N  

T h i s  s e c t i o n  d i s c u s s e s  t h e  assumptions on which t h e  f i n a n c i a l  

a n a l y s i s  i s  based. 

o The R e s e r v o i r  

The e x i s t e n c e  of a s u i t a b l e  r e s e r v o i r  has  n o t  been e s t a b l i s h e d .  

Add i t iona l  s t u d i e s  and a c t u a l  t e s t  h o l e s  w i l l  b e  r equ i r ed .  A major  

f e a s i b i l i t y  s t u d y  c o s t i n g  about  $750,000 w i l l  b e  necessa ry  t o  

confirm t h e  r e s e r v o i r .  T h i s  c o s t  has  n o t  been inc luded  i n  t h e  

c a p i t e 1  c o s t .  

o Power Cycle  

Water cooled  b i n a r y  and stem f l a s h  p l a n t s  are c o m p e t i t i v e  and t h e  

s e z e c t i o n  w i l l  depend l a r g e l y  on t h e  w a l l a b i l i t y  and c o s t  cf 

c o o l i n g  water.  

o P l a n t  Cost 

E s t i m a t e  of c a p i t a l  c o s t s  are based on U.S. expe r i ence .  I t  i s  

l i k e l y  t h a t  t h e  p l a n t  w i l l  use  one o r  two modules, s k i d  mounted as 

much as p o s s i b l e  i n  o r d e r  t o  minimize s h i p p i n g  and f i e l d  e r e c t i o n  

c o s t .  We assume power p l a n t  equipment can be  imported du ty  f r e e .  

Binary and steam f l a s h  u n i t s  are a v a i l a b l e  from several domest ic  

sou rces  . 

-3 0- 



0 0 & M c o s t s  

These c o s t s  a re  based on U.S. experience.  We would expect  t h a t  

material  c o s t s  would be h i g h e r  than U.S. c o s t s ,  o f f s e t  a t  l ea s t  i n  

p a r t  by lower l a b o r  c o s t s  i n  Kenya. 

The c o s t  of m a i n t e i n i n g  t h e  e x i s t i n g  power p l a n t  i n  s tandby 

c o n d i t i o n  i s  e s t i m a t e d  t o  be equa l  t o  one month's o p e r a t i o n  of t h e  

power p l a n t  (1/12 of t h e  annual  c o s t ) .  

o F i n a n c i a l  A n a l y s i s  

The a n a l y s i s  i s  based upon a s e t  of r easonab le  assumptions which 

would be of i n t e r e s t  t o  a t y p i c a l  U.S. c o r p o r a t e  or p r i v a t e  

i n v e s t  o r .  

The b a s e  c a s e  of 100% e q u i t y  shows an i n t e r n a l  r a t e  of r e t u r n  (IRR) 
of s l i g h t l y  less t h a n  15%. A h u r d l e  r a t e  of 15% basee on 100% 

e q u i t y  i s  commonly used by U.S. based c o m p ~ n i e s .  1F.P. i n c r e a s e s  t c l  

2*-- - -* ivp  - C - O L . ~ _  j 2 ~  t-trt; E Gebt!rEzic e q c i z l -  Z Z Z < C  of 3 . C  (i?*~: IS, 

7 5 %  borrowel  money and 25% e q u i t y ) .  

I t  i s  to bo no ted  t h a t  t h e  i m e s t m e n t  i n  t h e  g e o t h e m e l  p l m t  i s  
Ebcct $ 3 , O @ C  per  k l l o w z t t  as c o c p e r ~ d  tcm about Si,OOC per k l l o w s t t  

f o r  t h e  e x i s t i n g  p l a n t .  11.. t h e  long  run t h i s  a d d i t i o n a l  c a p i t a l  

c o s t  i s  j u s t i f i e d  by reduced o p e r a t i n g  c o s t s  which a r e  l e s s  

s e n s i t i v e  t o  t h e  u n c e r t a i n t i e s  of t h e  world o i l  market. 

Other  o p p o r t u n i t i e s  f o r  improving p r o f i t a b i l i t y  i n c l u d e  income tax 

concess ions  and h i g h e r  e s c a l a t i o n  of power consumption and power 

rates.  
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CONCLUSIONS 

The Magadi Soda Company has  an  immediate need f o r  replacement  of 

one of t h e i r  e x i s t i n g  d i e s e l  g e n e r a t o r s .  They a l s o  want t o  

e v a l u a t e  u s i n g  g e o t h e m a l  power f o r  f u t u r e  c a p a c i t y  r equ i r emen t s  as 

a way t o  d e c r e a s e  t h e i r  r e l i a n c e  on impor t ing  d i e s e l  f u e l .  Because 

of t h i s ,  The Ben H o l t  Co. and GeothermEx. Inc .  have had numerous 

d i s c u s s i o n s  w i t h  Magadi o f f i c i a l s  ove r  t h e  p a s t  two y e a r s .  T h i s  

h a s  inc luded  s i t e  v i s i t s ,  sample a n a l y s i s  and economic c a l c u l a t i o n s  

of geothermal power p l a n t  design.  

The f i n a n c i a l  a n a l y s i s  p r e s e n t e d  i n  this r e p o r t  demons t r a t e s  t h a t  a 

p r i v a t e  c o r p o r a t i o n  c o u i l  d e l i v e r  power t o  Nagadi Soda Company et a 

re te  e q u i v a l e n t  t o  Nagad i ' s  p r e s e n t  power c o s t s  and yrGvi.de t h e  

p r i v a t e  c c r p o r z t i o n  a s z r i s f 2 c t  or>- r e t u r n  o r  irvestmer;: 

F i n a i l y ,  g iven  Magadi Sode' s i n t e r e s t  I n  the p r o j e c t ,  t h e  

p o s s i b i l i t y  of i n c r e a s e d  f o r e i g n  exchange e a r c i n g s  and 

environmental  c o n s i d e r a t i o n s ,  t h i s  p r o j e c t  w a r r a n t s  a Icej o r  

f e a s i b i l i t y  s t u d y  t o  determine t h e  n a t u r e  and e x t e n t  of t h e  

r e source .  
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