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Ten yearm Ã‘ the United Itotiona Conference on the Hunan Environment (Stockholm, 
5-16 Jure 1972) adopted the Action Plan for the Human Environment, including the 
General Principle* for Aeeeseoent and Control of Marine Pollution. In the light of 
the result* of the Stockholm Conference, the United Nations General Assembly decided 
to establish Uf United Nations Environment Programme (UNEP) to "serve as a focal 
point for envimmmtal action and co-ordination within the United Nations systemn 
(General Assembly resolution (XXVII) of 15 December 1972). The organizations of the 
United Nation* systw were invited "to adopt the measures that may be required to 
undertake concerted and co-ordinated programmes with regard to international 
environmental problemsn, and the nintergovernmental and non-governmental 
organizations that have an interest in the field of the environmentn were also 
invited "to lend their full support and collaboration to the United Nations with a 
view to achieving the largest possible degree of co-operation and co-ordinationn. 
Subsequently, the Governing Council of UNEP chose "Oceansn as one of the priority 
areas in which it would focus efforts to fulfil its catalytic and co-ordinating 
role. 

The Regional Seas Programme was initiated by UNEP in 1974. Since then the Governing 
Council of UNEP'haa repeatedly endorsed a regional approach to the control of marine 
pollution aid the management of marine and coastal resources and has requested the 
development of regional action plans. 

I/ The Regional Seas Programme at present includes ten regions- and has over 120 
coastal States participating in it. It is conceived as an action-oriented programme 
having concern not only for the consequences but also for the causes of 
environmental degradation and encompassing a comprehensive approach to combating 
environmental problems through the management of marine and coastal areas. Each 
regional action plan is formulated according to the needs of the region as perceived 
by the Governments concerned. It is designed to link assessment of the quality of 
the marine environment and the causes of its deterioration with activities for the 
management aid development of the marine and coastal environment. The action plans 
promote the parallel evelopment of regional legal agreements and of action-oriented 

29 programme activities- . 
Â 

At the third session of UNEPts Governing Council (1975), a number of West and 
Central African States requested UNEP to study the problems of marine and coastal 
pollution of their region. As a result of that request, UNEPts exploratory mission 

, visited fourteen States of the region during 1976. The mission's report identified 
4 the major environmental problems of the region and recommended the development of a 
r regional action plan for the protection and development of the marine environment 

and coastal areas of the region. 
Â 

- Mediterranean, Kuwait Action Plan Region, West and Central Africa, Wider 
Caribbean, East Asian Seas, South-East Pacific, South Pacific, Red Sea and Gulf 
of Aden, East Africa and South-West Atlantic. 

- 2/ UNE P: Achievements and planned development of UNE P Is Regional Seas Programme 
and comparable programmes sponsored by other bodies. UNEP Regional Seas Reports 
and Studies No. 1. UNEP, 1982. 



A f t e r  consider ing the  r e p o r t  o f  the  mission, the  f i f t h  session o f  t he  Governing 
Counci l  (1977) decided t h a t  "steps should be undertaken f o r  the  development o f  an 
a c t i o n  p lan  and a reg iona l  agreement t o  prevent and abate p o l l u t i o n "  i n  the  West and 
Cent ra l  A f r i can  region. 

The preparatory work on the  development o f  t he  a c t i o n  p l a n  and e reg iona l  9 agreement inc luded severa l  expert  group meetings, missions and s u r v e y s  lead ing t o  
t h e  Conference o f  P len ipo ten t i a r i es  on Co-operation i n  the  Pro tec t ion  and 
Development o f  t he  Marine and Coastal Environment o f  the  West and Cent ra l  A f r i can  
Region (UNEP/IG. 22/7) convened by UNEP i n  Abidjan, 16 - 23 March 1981 as the  f i n a l  
stage o f  t he  preparatory work lead ing t o  the adoption o f  t he  (a) Ac t ion  Plan for  t he  
p r o t e c t i o n  and development o f  t he  marine environment and coas ta l  areas of t he  West 
and Cent ra l  A f r i can  Region, (b) Convention f o r  the  Co-operation i n  the  Pro tec t ion  
and Development o f  the Marine and Coastal Environment o f  the  West and Centra l  
A f r i can  Region, (c)  Pro toco l  concerning co-operation i n  combating p o l l u t i o n  i n  cases 
o f  emergency, and (d) a se t  o f  conference reso lu t ions .  

This document i s  one o f  the  surveys prepared as a c o n t r i b u t i o n  t o  the  development o f  
t he  Act ion  Plan. 

For d e t a i l s  see: 

- Report o f  t he  Executive D i rec to r  on preparatory a c t i v i t i e s  f o r  an a c t i o n  p lan  
f o r  the p r o t e c t i o n  and development o f  the  marine and coas ta l  environment i n  
the  West A f r i can  Region. UNEP/IG. 22/4. UNEP, 1981. 

- UNIDO/UNEP: Survey o f  marine p o l l u t a n t s  from i n d u s t r i a l  sources i n  the  West 
and Centra l  A f r i can  Region. UNEP Regional Seas Reports and Studies No. 2. 
UNEP, 1982. 

- UNESCO/UNEP: River i npu ts  t o  the  West and Cent ra l  A f r i can  marine 
environment. UNEP Regional Seas Reports and Studies No. 3. UNEP, 1982. 

- IMCO/UNEP: The s ta tus  o f  o i l  p o l l u t i o n  and o i l  p o l l u t i o n  c o n t r o l  i n  the  West 
and Centra l  A f r i can  Region. UNEP Regional Seas Reports and Studies No. 4. 
UNEP, 1982. 

- UNDIESA/UNEP: Onshore impact o f  o f fshore  o i l  and n a t u r a l  gas development i n  
the West A f r i can  Region. UNEP Regional Seas Reports and Studies No. 33. 
UNEP, 1983. 

- UNDIESA/UNEP: Environmental management problems i n  resource u t i l i z a t i o n  and 
survey o f  resources i n  the  West A f r i can  Region. UNEP Regional Seas Reports 
and Studies No. 37. UNEP, 1983. 
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CHAPTER I: INTRODUCTION 

Even though t h e  major c u r r e n t  u t i l i z a t i o n  o f  t h e  ocean a r e a  as 

an energy source  i n  t h e  West Afr ican reg ion  i s  i n  the product ion o f  

o i l  and gas  from t h e  c o n t i n e n t a l s h e l f ,  ocean energy from renewable 

sources ,  p a r t i c u l a r l y  from favorab le  areas, could be o f  major local 

importance. The p r e s e n t  p r o f i l e  o f  commercial energy product ion 

and consumption i n  t h e - r e g i o n  i s  dominated by o i l  and gas .  During 

t h e  per iod  1971-75, t h e  average annual  product ion o f  o i l  and gas  i n  

t h e  reg ion  accounted f o r  almost  n inety-nine pe rcen t  o f  commercial 

energy production.  Hydropower and coal accounted f o r  the remaining 

one pe rcen t .  The d i s t r i b u t i o n  o f  energy product ion i n  t h e  r eg ion  

i s  a l s o  very  uneven. Though the gene ra l  p rospec t s  f o r  o i l  and gas  

on t h e  c o n t i n e n t a l  s h e l f  o f  the reg ion  a r e  q u i t e  good, a t  the pre- 

s e n t  t ime,  product ion i s  from on ly  e i g h t  of  t h e  c o u n t r i e s  w i t h  an  

overwhelming p ropor t ion  o f  it o r i g i n a t i n g  from Niger ia .  O f t h e  

e i g h t  producing c o u n t r i e s ,  three are n e t  expor t e r s  o f  primary energy 

while t h e  remainder are n e t  o i l  importers .  ,- 

The fou r fo ld  i nc rease  i n  OPEC o i l  p r i c e s  i n  1973-74 w a s ,  t he re -  

f o r e ,  a s e r i o u s  blow t o  most o f  the o i l  importing c o u n t r i e s  i n  the 

region.  The o i l  p r i c e  rises, world economic r eces s ion ,  and l a c k  

o f  d e f l a t i o n a r y  p o l i c i e s  i n  s .everal  o f  t h e s e  c o u n t r i e s  have led t o  

l a r g e  i n c r e a s e s  i n  their  c u r r e n t  account d e f i c i t s  s i n c e  1973. 

S ince  imported energy requirements  a t  p r e s e n t  c o n s i s t  almost  e n t i r e l y  

of  o i l ,  a reduc t ion  i n  imported o i l  can be  achieved i n  t h e  short 



te rm o n l y  a t  t h e  expense o f  a r educ t i on  i n  energy supply  and,  i n  

consequence, lower economic growth, because  non-productive u s e s  of 

o i l  ( p r i v a t e  t r a n s p o r t  and r e s i d e n t i a l  and commercial coo l ing )  are 

minimal. For the  o i l  impor t ing c o u n t r i e s  o f  t h e  r eg ion ,  t h e  new 

l e v e l  o f  pet roleum p r i c e s  has t w o  p r i n c i p a l  long t e r m  imp l i ca t i ons :  

m The development o f  d est ic sou rce s  of pet roleum tha t  

w e r e  regarded as uneconomic a t  pre-1973 p r i c e s  now prompt 

endeavors t o e x p a n d  known o i l  and gas  r e s e r v e s ;  and 

0 the development o f  energy  from a l t e r n a t i v e  sou rce s  w i l l  

l e a d  t o  the s u b s t i t u t i o n  o f  petroleum-based energy s u p p l i e s .  

Within t h i s  c o n t e x t ,  t h e  need f o r  both n a t i o n a l  and r e g i o n a l  

o c e a n  based energy development s t r a t e g i e s  i s  unavoidable. The main 

c o n s i d e r a t i o n  i n  s e t t i n g  these s t r a t e g i e s  i s  a knowledge of t h e  

ocean based energy r e s o u r c e  endowments. The c o u n t r i e s  o f  the r eg ion  

pos se s s  ocean based energy r e s o u r c e s  tha t  a r e  both renewable and 

non-renewable i n  character. These energy r e sou rce s ,  however, are 

o f t e n  e i t h e r  n o t  proven o r  n o t  f u l l y  developed,  b u t  these p o t e n t i a l  

energy r e s o u r c e s ,  i f  developed,  could  reduce o r  e l i m i n a t e  the depen- 

dence on imported energy.  

I t  i s  a prime requirement  o f  energy p lann ing  t o  i d e n t i f y  Ã 

t h e s e  p o t e n t i a l  r e sou rce s  and p l an  f o r  their  e v a l u a t i o n  as a . 
v i a b l e  energy source .  I t  i s  i n  t h i s  connect ion t h a t  t h i s  s t u d y  i s  * 

under taken,  s p e c i f i c a l l y  i n  r ega rd  t o  renewable ocean energy sou rce s .  - 
Though it i s  n o t  expected t h a t  renewable ocean energy w i l l  r e p l a c e  



fossil energy, the options it offers in the long-term, include the 

potential of extending the life of nonrenewable fossil and nuclear 

fuel resources as the power generated from renewable ocean sources 

may locally substitute for conventionally generated power. 

This paper undertakes a general review of ocean energy sources 

of the region, the state-of-the-art in the development of technology 

to harness these resources and the potential benefits of ocean 

energy utilization. The second chapter summarizes the current status 

of commercial energy production and consumption in the region. Chap- 

ters I11 and IV provide an overview of the region's ocean energy 

sources and the state-of-the-art in the technology to develop these 

sources. The final two chapters present proposals for regional 

action in ocean energy resource appraisal and development. 



CHAPTER 11. THE STATUS OF COMMERCIAL 
ENERGY IN WEST AFRICA 

O f  the  19 coastal  countries i n  West Africa, f ive  are energy 

surplus countries ( ~ n g o l a ,  Congo, Gabon, Nigeria and Zaire) while 

the remainder belong t o  the c lass  of energy deficient countries. 
. -- 

The potent ial  fo r  domestic energy resource development i n  these 

countries i s  considerably diversified. Cameroon, Ghana and the 

Ivory Coast though not net exporters of o i l  are  all current o i l  and 

gas producers. The potent ial  fo r  o i l  and gas i s  considered f a i r l y  

good i n  Benin and fair i n  Sao Tome and Rincipe ,  Equatorial Guinea 

and Sier ra  Leone. Goethennal energy resource potent ial  ex i s t s  i n  

Cameroon while moderate resources of coal a re  known t o  occur i n  

Angola, Benin, Cameroon, S ier ra  Leone, Nigeria and Zaire. Ehergy 

development planning within the region i s  very recent and i n  most 

countries exploration and appraisal of sources other than o i l  and 

gas is almost non-existent . In most cases, therefore,  knowledge of 

the  ac tua l  energy resource endowment i s  i n  want. 

PRODUCTION OF COMMERCIAL ENERGY 

In order of decreasing importance, commercial energy production 

i s  dominated f i r s t l y  by crude petroleum and natural gas l iquids (99 

per cent of commercial energy production i n  the  period 1971-75), followed 

by hydropower, natural gas and coal i n  t h a t  order. Table 2-1 compares 

regional energy production t o  tha t  of Africa and the world. 



Table 2-1. Regional Energy Production i n  Comparison t o  
Afr ica  and t h e  Rest of t h e  World 

e of Production i n  Years 1971-75) 
(1971-75 i n  Thousand Metr ic  Tonsof Coal ~ q u i v a l e n t )  

Crude 
Petroleum 

Tota l  and ? 

Primary Coal Natural  ~ y d r o /  
Energy and Gas Natural  Nuclear 

Region Production Lignite . - -  Liquids Gas E l e c t r i c i t y  

I 

en 
West I 

Africa 165.341.0 388.0 163,060.0 491.0 1,403.0 

Afr ica  482,350.0 11,195.0 3,917.0 

world 8,277,923.0 

A s  percent  
of Af r i ca  34.3 

A s  pe rcen t  
of  World 2.0 

Source: World Energy Suppl ies  



A summary of  commercial energy product ion i n  t h e  region by 

type  during t h e  per iod  1971-75 i s  presen ted  i n  Table 2-11. During 

t h i s  pe r iod ,  e i g h t  c o u n t r i e s  recorded no commercial energy product ion 

while t h r e e  more recorded less than 50,000 m e t r i c  t o n s  o f  c o a l  equi-  

v a l e n t  i n  energy product ion on average each year .  The following i s  

a summary of  t h e  energy resources  t h a t  have been developed. 
. - 

O i l  and Natura l  Gas 

The dominant producers o f  commercial energy i n  the reg ion  a r e  

Niger ia  and Gabon (bo th  OPEC m e m b e r s ) ,  Angola, Congo and Zaire. 

The major energy source  i n  a l l  ca ses  c o n s i s t s  o f  o i l  and n a t u r a l  

gas  mostly from t h e i r  c o n t i n e n t a l  she lves .  Though Ghana, Benin and 

t h e  Ivory Coast r e c e n t l y  joined t h e  ranks  of o i l  producers ,  t h e y  

s t i l l  remain n e t  importers  of  commercial energy. Prospec ts  for o i l  

and gas  product ion i n  t h e  reg ion  are encouraging. Table 2-111 sum- 

marizes t h e  p o t e n t i a l  f o r  f u r t h e r  o i l  and gas  d i s c o v e r i e s  i n  t h e  re- 

gion.  

O i l  and n a t u r a l  gas  imports  account f o r  the bulk  o f  commercial 

energy imports  i n  t h e  region.  I n  t h e  ca ses  of Benin, Cape Verde, 

Equa tor ia l  Guinea, Gambia, Guinea-Bissau, Senegal and S i e r r a  Leone, 

o i l  imports  accounted f o r  a l l  domestic commercial energy requirements 

while f o r  Ghana, Ivory Coast ,  Cameroon, Guinea, Liberia, Togo and 

Za i r e ,  it cons t i t ued  t h e  major share .  Table 2-IV summarizes d a t a  

on product ion,  t r a d e  and aggrega te  supply o f  commercial energy i n  

a l l  c o u n t r i e s  f o r  t h e  per iod  1971-75. 
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Table 2-111. P o t e n t i a l  for Further O i l  
and Gas Discover ies  

Good t o  F a i r l y  Poor to 
Very Good Good Good Fair  Moderate 

. -- 

Angola Cameroon Ivory (1 
Sao Tome 

Coast and 
Congo 

Gabon \ 

N i g e r i a .  

Zaire 

(1) 
Pr i n c i p e  

Ghana 

(1) 1 Equatorial  
Benin Guinea 

Chad I Togo 

Sengal 

Gambia 

Guinea 

s i e r r a  
Leone 

- Guinea- 
Bissau 

I 

\ 

Source: Energy options and Policy issues in Developing Countries. World Bank 
Staff working paper No. 350 August 1979. 

(1) Joined the ranks of producers recently. 



Table  2-IV. Production,  Trade and Aggregate Supply o f  Commercial 
Energy (Average of  yea r s  1971-75 i n  thousand metric 

t o n s  o f  c o a l  equ iva l en t )  

Primary Aggregate 
Country Product ion Imports Exports  Bunkers Supply 

Angola 

Benin 

Cameroon 

Cape Verde 

Congo 

Equa to r i a l  
Guinea 

Gabon 

Gambia 

Ghana 

Guinea 

Guinea- 
Bissau 

Ivory Coast 

L i b e r i a  

Namibia 

Niger ia  

Senegal 

S i e r r a  
Leone 

Togo 

Za i r e  562 .O 1,843.0 324.0 110.0 

Regional 
T o t a l s  165,341.0 11,847.0 158,053.0 2,903.0 14,807.0 

N/A: Not a v a i l a b l e  
Source: World Energy Suppl ies  



Hydropower 

Hydropower sou rce s  accounted f o r  o n l y  a s m a l l  p r o p o r t i o n  o f  

the energy mix i n  the reg ion .  Hydropower i s  gene ra t ed  i n  over  h a l f  
.-. 

o f  the c o u n t r i e s  (Angola, Cameroon, Congo, Gabon, Ghana, Guinea, 

Ivory  Coast ,  Liberia, Niger ia  and Zaire) though Cameroon, Ghana, 

N ige r i a  and Zaire produce a lmost  n i n e t y  p e r c e n t  o f  r e g i o n a l  ou tpu t .  

Though d a t a  on hydropower capacities are n o t  r e a d i l y  a v a i l a b l e  f o r  

a l l  c o u n t r i e s ,  it i s  g e n e r a l l y  accep ted  that  the r e g i o n  is  f a i r l y  

w e l l  endowed w i t h  respect to  such sources .  P l ans  are under way to  

i n c r e a s e  hydropower capacities i n  a t  least fou r  c o u n t r i e s  (Angola, 

Ghana, Ivory  Coast  and Zaire). Hydropower p roduc t ion  from the 

r e g i o n  amounts t o  over  t h i r t y - f i v e  p e r c e n t  o f  t o t a l  Af r ican  

product ion.  

Coal 

Coal p roduc t ion  i n  t h e  r e g i o n  i s  l i m i t e d  t o  Zaire and Niger ia .  

Though the r eg ion  i s  n o t  cons idered  a s i g n i f i c a n t  r e p o s i t o r y  o f  

coal a t  the p r e s e n t  t i m e ,  t h e  degree  o f  e x p l o r a t i o n  f o r  coal i n  

most c o u n t r i e s  i s  i n  no i n s t a n c e  s a t i s f a c t o r y .  The r e s u l t s  o f  the 

few e x p l o r a t i o n  programs under taken i n  the reg ion .  sugges t  t ha t  mod- 

erate amounts o f  t h e  r e s o u r c e  may be found i n  Niger ia ,  Angola, 

Benin, Cameroon, S i e r r a  Leone and Zaire. C o a l  p roduc t ion  from t h e  

r eg ion  amounts t o  less t h a n  one p e r c e n t  o f  Af r i can  coal produc t ion  

and r e p r e s e n t s  a m in i s cu l e  p r o p o r t i o n  o f  world p roduc t ion  (see 

Table 2-1). 



ENERGY CONSUMPTION 

Per capita energy consumption in the region is quite low. It 

ranges from a little over sixty kilograms per capita in energy de- 

ficient Gambia to over nine hundred and fifty kilograms in Gabon. 

Energy consumption is dominated b y  liquid fuels, followed by hydro- 

power, solid fuels and natural' gas. If the efforts to industrial- 

ize in many of these countries is not to be thwarted, the need to 

radically improve per capita consumption is obvious. Table 2-V 

summarizes data on commercial energy consumption by energy type for 

the years 1971-1975. 

CAPITAL REQUIREMENTS FOR POWER GENERATION 

I n  a recent study commissioned by the International Bank for 

Reconstruction and Development (IBRD), required capital expenditures 

for power facilities commissioned during the period 1977-1990 were 

forecasted using estimates of system unit costs (including an amount 

for transmission and distribution facilities) in 1977 U.S. dollars. 

These estimates which represent the capital-costs to electrical 

utilities indicate that the average unit cost for small installa- 

tions in scattered systems in West Africa is about $1,572 per kilo- 

watt. Estimates for predominantly hydro systems were determined 

to be in the range of $2,500 per kilowatt for small installations.(l) 

(l)"Energy Options and Policy Issues in Developing countries", 
World Bank Staff Working Paper, August 1979. 



Table  2-V: Average Annual Consumption o f  Commercial Energy 
( I n  Thousand Metric Tons o f  Coal Equiva len t  and f o r  Years 1971-1975) 

P e r  Cap i ta  
Energy Con- ~ y d r o /  
sumption ( i n  S o l i d  Liquid Natura l  Nuclear  

Country Kilograms) Fue l s  ;' Fuels  G a s  E l e c t i c i t y  

Angola 
Benin 
Cameroon 
cape Verde 
Congo 
E q u a t o r i a l  

Guinea 
Gabon 
Gambia 
Ghana 
Guinea 
Guinea- 

B ~ S S ~ U  
Ivory  Coast 
L i b e r i a  
Namibia 
N ige r i a  
Senegal  
sierra 

Leone 
Togo 
z a i r e  

Regional  
T o t a l s  113.0 720.0 12,183.0 492.0 1,410.0 

N/A: Not Ava i l ab l e  
ource:  World Energy Supp l i e s  

71 Average o f  Years 1971, 1972 and 1973 



SUMMARY 

P 

The indigenous and conventional energy resources of the region 

tend t o  be concentrated i n  a minority of countries with the  c lea r  

majority of countries remain! 
/ 

dependence upon f o s s i l  had a great impact On the ecmlomies 

of these net importing countries rendering al ternat ive sources of 

energy vital components of  the future development of these countries. 

Chapter 111 ident i f ies  the ocean renewable energy resources and 

technologies available t o  the  West African Region. 



CHAPTER I1 I : SURVEY OF ALTERNATIVE OCEAN .ENERGY 
SOURCES FOR THE WEST AFRICAN BEBION I 

I 

INTRODUCTION 

This chapter presents the leading technologies that  have been 

developed to  exploit the renewable sources of energy i n  the oceans, 

as specifically applied t o  offshore areas i n  the West African Region. i 

On a daily basis, a tremendous amount of dispersed energy goes un- 

tapped, j u s t  as it has i n  the past, but the advent of rising foss i l  

fuel prices and associated environmental concernshave prompted in-  

novative research and development t o  capture t h i s  unharnessed energy 

resource. History i s  quite replete of experiments and small scale 

projects using ocean energy sources, even as far back as the Tenth 

Century. This survey presents a broad overview of the more 

pr i a t e  technologies for a West African regional action on ocean 

energy. 

appro- 

A tremendous volume of technical and economic l i te ra ture  ex- 

i s t s  on the technologies covered by th i s  paper, but unfortunately 

very l i t t l e  of the information i s  s i t e  specific, and does not ad- 

dress the prevailing characteristics of the test African Region. However, 

most of the available research and experience t o  date can be applied 

to  oceanographic and environmental work that has been performed, 

and w i l l  be performed i n  the future, concerning the West African Region. 



Ocean energy sou rce s  encompass q u i t e  a f e w  phenomena of the  

ocean,  s o m e  t h a t  a r e  ve ry  obvious t o  the  l a y  p e r s o n a n d  some n o t  

s o  obvious. The obvious ocean energy sou rce s  would i nc lude  the 

t i d e s ,  waves and wind, w h i l e t h e  less obvious  would be the ocean 

thermal  g r a d i e n t s  exchange, s a l i n i t y  g r a d i e n t  energy convers ion 
i 

proces s ,  and ocean ic  b ioconvers ion.  Each o f  these ocean energy 

sou rce s  and the l ead ing  t e chno log i e s  t o  e x p l o i t  t h e m  w i l l  be d i s -  

cussed w i th in  this chapter, but it is Important to note some characteristics 

common to a l l  such sources : 

0 A l l  ocean energy sou rce s  a r e  d i s p e r s e d  and are f u e l  free. 

0 A l l  r e q u i r e  either e x t e n s i v e  c a p i t a l  o r  e x t e n s i v e  l a b o r .  

.a A l l  have e i ther  no n e g a t i v e  environmental  impact o r  a 

v e r y  minimal one. 

A l l  r e q u i r e  l i m i t e d  l o c a l  i n f r a s t r u c t u r e  t o  ei ther 

b u i l d ,  o p e r a t e  o r  mainta in .  

0 A l l  o f  the sou rce s  are renewable and incapab le  of  be ing  

r e s t r i c t e d ,  a l t e r e d  o r  depr ived  from t h e  u s e r .  

0 A l l  r e q u i r e  either a l o c a l  management o f  r e sou rce  ( a t  

a minimum) and i d e a l l y ,  a  r e g i o n a l  management f o r  the 

conse rva t i on  and w i s e  use o f  the resource .  

F i n a l l y ,  it i s  important  t o  no t e  t h a t  the end produc t  o f  the 

ocean energy sou rce s  may be i n  the form of  e i t h e r  mechanical ,  



electrical, chemical or protein energy, thus serving a wide range 

of energy needs. 

There presently is an estimated $60 million (U.S.$) of research 

and development being conducted worldwide, predominately by the 

t United States, Japan, the Soviet Union and some European countries. 
r 

The Developing Countries may anticipate being the initial benefici- 

aries of this research and development for three reasons. First, 

as presented in Chapter I, the comparable cost of power ($1500 - 
2500/k~) in the West African Region is commensurate with the cost of 

delivered power that these initial technologies will deliver. 

Thus, the technology promoters will seek initial locations where 

their units can be economically competive with existing alterna- 

tives,. Second, the initial units will be on a much smaller 

scale than eventually desired for applications in industrialized 

nations, but this initial small scale represents a commercial 

scale or operation in many developing countries. Third, some 

Developing Countries are adjacent to much greater ocean energy 

resources than the States developing the technology; thus these 

States will seek to operate the initial units where the oceanic 

resource conditions are optimal. 

OCEAN THERMAL ENERGY CONVERSION 

The ocean energy technology that has received the most re- 

search and development has been Ocean Thermal Energy conversion 

(OTEC). OTEC technology seeks to exploit the thermal differences 

between the warm surface waters (26'C) and the colder (4.SÂ°C 



subsurface waters ( a t  1000 m )  of the ocean. In essence, the renew- 

able energy resource i s  created by the ocean surface acting as a 

solar  collector t o  s tore  the dai ly  insolation, while the-colder 

subsurface waters r e su l t  from the cold and dense polar waters qrad- 

ually moving towards the equator. Naturally the thermal differences 

are greatest  near the Equator but are s t i l l  adequate as f a r  south as  

10"s and l S O N .  Figure 3-1 i l l u s t r a t e s  the ocean thermal resources 

zone in  the Jest Af'rican Region for the thermal gradients between the 

surface and a 1000-m depth. 

The general c r i t e r i a  for a t t rac t ive  s i t e s  would include the 

following: 

Â Primarily a high thermal gradient with a mean coldest 

month of 16.7'C and a mean annual temperature of 20Â°C 

a Bottom depths of less  than 1500 meters for mooring. 

8 Minimal distance t o  shore from a depth of 1000 meters. 

0 Currents suff ic ient  t o  provide adequate cold and warm 

water sources and to  provide for dispersion of modified 

water. 

Â Light w i n d s ,  m i n i m u m  sea and swell and the lack of 

severe storms. 

The thermal energy resource for the West African Region is one of 

the largest  i n  terms of size and thermal gradients and i s  especially 

a t t rac t ive  since the necessary thermal gradients can be achieved 

a t  a re la t ively close distance from shore. This i s  at tr ibuted t o  



Figure 3-1. 



the steep continental shelf of the region and the small current 

speeds through the Gulf. The only s i t e  specific OTEC resource 

assessment found i n  the l i t e ra ture  for the West African Region was 

prepared for the Ivory Coast; it bears stat ing here in  that  it i s  

encouraging for future consideration for the Gulf as  a whole. 

. , 
The mean temperature difference (AT*) a t  1000 meters i s  2 2 ' ~  

and a / \ ~ '  of 2 0 Â °  can be reached a t  a depth of only 600 meters. 

( T h i s  means tha t  the cold water pipe, an expensive and challenging 

subsystem of an OTEC would be 40% shorter and much less  expensive.) 

Waters of 1000 meters are available within 35 kilometers. Sea, 

swell and currents do not pose any particular problems and strong 

w i n d s  and tropical storms are a rare occurence. There is  a 

problem of less  than desirable mixing of the ocean's layer depths, 

i .e . ,  the depth a t  which the temperature f irst  becomes colder than 

the surface temperature by 1 Â ° C  T h i s  i s  attributed t o  the vert ical  

thermal gradient off the Ivory Coast being very strong i n  t h e .  

f i rst  50 meters below the surface but, because of l ight  winds and 

lack of wave mixing from January through March, there i s  often no 

mixed layer depth during t h i s  period. When an upper mixed layer 

exists ,  i t s  depth i s  generally very shallow. Thus ah OTEC would 

need t o  reinject i t s  cold water discharge sufficiently below the 

surface to  avoid having it recirculate back to  the OTEC intake. 

On t h e  whole, ' t h e  West African Region i s  ranked as an excellent resource s i t e  

for OTEC. 



OTEC has technically received more research and development 

attention dur ing  the 1970's than any other ocean energy resource. 

The ocean thermal gradients can be exploited by two different types 

of engine cycles, using basically the same type of faci l i ty .  The 

f i r s t  engine cycle i s  the Rankine thermodynamic cycle that  has 

received the predominant amountof research. The Rankine cycle 

u t i l i zes  a working f l u i d ,  such as  ammonia, which i s  capable of 

evaporating and condensing over small temperature ranges. I t  i s  

often called the closed cycle since the working fluid is  constantly 

retained within the heat exchange cycle. This approach has been 

chosen because it presents the best balance between economics and 

technical r i s k s  to  achieve commercial OTEC performance goals i n  an 

early timeframe. The closed-cycle system i s  shown schematically 

I n  the configuration i l lus t ra ted,  warm ocean surface waters 

are pumped into the OTEC plant, where ammonia i s  vaporized i n  a 

large evaporator. The expanding ammonia vapor drives a low-pressure 

gas turbine, which powers e lect r ical  generators. The exhaust 

vapor then passes into a condenser which is  cooled by sea water 

pumped from depths of about 3,000 feet. The condensed ammonia, 

again a liquid, i s  pumped back t o  the evaporator, and the cycle is  

repeated. The baseload power produced can be transmitted ashore 

by submarine cable. An alternative t o  transmission ashore is to 

manufacture energy-intensive products on or near the OTEC plant. 

One such energy-intensive production i s  the production of ammonia 



I l l  
Figure 3-2. OTEC Closed Cycle System Schematic 

( 'For Electric Power Generation) 

by e lec t ro lys is  of seawater t o  produce hydrogen and then adding 

nitrogen from the ambient a i r  t o  ammonia. This product 

could be used i n  the production of nitrogenous f e r t i l i z e r  for 

agricul tural  purposes. 

The other major technology, the open cycle, lacks a simil.ar 

technological advancement, but i s  of part icular  potential  in te res t  

t o  the west African Region. A natural byproduct -of the open cycle sys- , 

tern i s  fresh water i n  s ignif icant  quanti t ies ,  i n  addition to  elec- 

t r i c i t y .  

This cycle uses the principle of flash evaporation to  gener- 

a t e  the working f luid,  water vapor, a t  0.43 psia. The cycle begins 

with the warm seawater being drawn in to  a deaerator and passed suc- 

cessively through a f lash evaporator (where over 95% of the warm 

water i s  rejected to  the sea) ; the evaporated water then passes 



through a steam turbine and is condensed by direct contact in a 

Ã barometric condenser. The condensing medium is again cold water 

from 1000 meters. The cold water and condensate mixture is returned 

to the sea, thus the working fluid is freely exchanged; thus the 

term open cycle is used. 

, 

Both the closed and open cycles would employ the same basic 

components of a 1000m cold water pipe, mooring and transmission 

cables, and a superstructure, as depicted in Figure 3-3. Most com- 

mercial plants would be sized from 80 to 350 megawatts of power and 

would cost from $2,300 to $3,20O/kw ( U . S . $ ) ,  but the free fuel as- 

pect of OTEC makes it competitive on a life cycle basis. The life 

cycle cost in this case refers to the total capital costs and 

operations and maintenance that the plant would incur over the 

life of the powerplant. 

On August 2, 1979, a privately funded 50-kW OTEC project off 

the Hawaiian Islands became the first working closed-cycle, con- 

tinuously running OTEC project in the world. The purpose of the 

project, called "Mini-OTEC" (shown in ~ i ~ u r e  3-4) was to demon- 

strate the feasibility of the technology. The U.S. government 

will have a 1-megawatt at-sea facility in November of 1980. The 

European consortium of EUROCEAN has initiated design studies to 

pursue a proposal for a 10-megawatt facility in 1979. This is in 

addition to the Centre National pour LaExploitation des Oceans 

(CNEXO), which has a program underway for completing a pilot plant 

(1 to 10mW) before 1985. The Japanese have reviewed designs for 
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Figure 3-4 

OTEC's and they are pursuing research directed at both electrical 

power transmission to shore and at-sea industrial plants producing 

energy-intensive products. In summary, the industrialized nations 

of the world are pursuing OTEC on the basis-that future R&D will 

result in reduction of the proposed $2,70O/kw ( U . S . $ )  capital costs 

and that rising fossil fuel prices will soon make OTEC competitive. 

The greatest hope for OTEC on a widespread commercial basis appears 

to be in the early 1 9 9 0 ' ~ ~  but technological innovation or changing 

world events could accelerate this projected date. 

In conclusion, the West African Region has an exceptional resource 

for OTEC, but the extreme capital intensiveness limits the immediate 



application. The West African R d o n  does exist as a potential site for I 

initial demonstration units and thus would receive the delivered 

products of OTEC, whether it be electricity or ammonia for fertilizer. 

The open cycle holds particular future promise, being far less capi- 

tal intensive because of the elimination of ex nsive heat exchangers 
/ it. 

and the production of fresh water as a natural by-product. OTEC is 
- -. 

an ocean energy technology that should definitely be studied further 
Â 

and closely followed. in the near and mid-term. 

OCEANIC BIOCONVERSION 

One of the most promising and least capital intensive ocean 

energy sources is oceanic bioconversion. Oceanic bioconversion is 

the process whereby marine plants are grown and harvested either 

for human consumption, or as substitute natural gas and industrial 

products. There are a number of marine plants that are candidates 

for ocean cultivation, e. g., Macrocystis and Thalassia. These 

species are preferred for their high growth rate and survivability 

with moderate temperature or nutrient changes in the marine environ- 
.- - 

rnent. Macrocystis and Thalassia are capable of producing 1,100 

to 2,000 and 500 to 1,500 grams of carbon per square meter of 

plant surface (g~/m2), respectively. This would equate to the 

following for a 1-acre plantation's annual production: 

Food energy of 16 x lo6 Btu (food energy requirement 

for 4 or 5 people). 

0 Substitute natural gas of 160 million Btu. 



The considerations for an oceanic bioconversion plantation's size 

and efficiency would include the nutrient supply, environmental con- 

ditions, seeding, mooring, harvesting and processing. 

The technology for oceanic bioconversion is not unduly com- 

plex; if anything it is low technology, labor-intensive energy 

production. One of the most important aspects in ocean farming is 

securing the species in question to a stationary area or platform, 

since a non-stationary plant may drift into potentially harmful 

environmental conditions and will eventually be washed ashore. 

Macrocystis and Thalassia attach themselves naturally to rocky 

bottoms with their holdfasts. Some success has been achieved by 

American researchers in inducing the reproductive spores of the 

plants to settle on polyurethane lines in a laboratory culture to 

a juvenile stage; the young plants are then transported to and 

transplanted in kelp farm platforms. The success factorof this 

process has been high, and once the kelp reaches maturity, its 

life becomes quite long, even with harvesting. The kelp farm is 

susceptible to storms, diseases and grazing-by marine mammals and 

some types of sea urchins. 

The supply of nutrients in the water and the temperature of the 

area are critical factors in the rate of growth of kelp farms. The 

ability to alter the ambient temperatures of the ocean water is 

limited; thus it is necessary to select sites having the appropriate 

temperatures. It is possible though to influence the amount of 

nutrients in the seawater. Natural ocean upwelling is a phenomena 



where c o l d e r  and n u t r i e n t - r i c h  bottom w a t e r  rises t o  the s u r f a c e  

and i n  e s s e n c e  f e r t i l i z e s  the area w i t h  a d d i t i o n a l  n u t r i e n t s .  Such 

areas are o f t e n  p r e m i u m  f i s h i n g  areas as w e l l .  Thus one  would 

s eek  t o  locate an  ocean farm n e a r  upwe l l i ng  sites. The West African 

Region h a s  t h r e e  such s i tes  and a major one  off the Senega l e se  Coas t  
, 

and less i m p o r t a n t  o n e s  i n  between t h e  I v o r y  Coast and Daliomey. 

I n  the absence  o f  n a t u r a l  upwe l l i ng ,  a second means of s u p p l y i n g  

a d d i t i o n a l  n u t r i e n t s  t o  t h e  w a t e r  i s  b y  pumping the n u t r i e n t - r i c h  

c o l d e r  s u b s u r f a c e  waters ( f rom about '  300 m) t o  the s u r f a c e .  Natur-  

a l l y ,  t h e  cost o f  pumping t h i s  volume of water would have  t o  be 

o f f s e t  by  the a d d i t i o n a l  p r o d u c t i v i t y  of t h e  kelp farm. It has 

been sugges t ed  tha t  p a r t  o f  t h e  c o l d  water drawn f r o m  1000 meters 

for OTEC cou ld  a l s o  be used f o r  ocean  fa rming ,  t h e r e b y  e l i m i n a t i n g  

much of t h e  cost o f  o b t a i n i n g  t h e  a d d i t i o n a l  n u t r i e n t s .  A t h i r d  

method for s u p p l y i n g  n u t r i e n t s ,  which i s  s t i l l  e x p e r i m e n t a l ,  i n -  

v o l v e s  hav ing  the k e l p  farm a d j a c e n t  t o  t h e  o u t f a l l  of sewage treat-  

ment o r  w a s t e  c anne ry  p l a n t s .  The e f f l u e n t s  t h e n  become a s o u r c e  

of n u t r i e n t s  f o r  the area. The a b i l i t y  t o  f u l l y  u t i l i z e  t h i s  

t e c h n i q u e , s h o u l d  f i r s t  be observed  i n  e x p e r i m e n t a t i o n  and o n l y  

l a t e r  advoca ted  f o r  commercial use .  

The k e l p  i s  h a r v e s t e d  by spec.ially des igned  ships t h a t  c u t  the 

s u r f a c e  l a y e r s  o f  the k e l p  f ronds .  The ' cu t  f r o n d s  are p l a c e d  on- 

board,  dewatered and t h e n  t r a n s p o r t e d  t o  shore for p r o c e s s i n g .  H a r -  

v e s t i n g  assists t h e  growth o f  the k e l p  b y  removing the s u r f a c e  

a r e a  and a l l o w i n g  more s u n l i g h t  t o  p e n e t r a t e  g r e a t e r  t h a n  normal 



areas of the kelp bed. The reproductive ab i l i ty  of kelp requires 

a harvesting every three months. 

The dewatered kelp i s  processed into substitute natural gas, 

i .e . ,  methane, by ei ther  digestion, pyrolysis or hydrogasification. 

Anaerobic digestion costs the leas t  of the three, since pyrolysis 
* 

and hydrogasification require removal of water before the thermal 

treatment. Processes presently exis t  as well for ut i l izing the kelp 

i n  additional byproducts: ethanol, fiber and fe r t i l i ze r s ,  as well 

as feed i n  the food-chain of a mariculture project. 

The entire West African Region contains sufficient and ideal ocean 

space for oceanic bioconversion, but there i s  a need for cooper- 

at ive research and resource management i n  order t o  have a success- 

ful  venture. There exists  a number of ecological, botanical, in- 

dust r ia l  and managerial research areas tha t  need only be conducted 
their results 

once i n  order to  generally apply/to the entire West African Region. 

One successful and coordinated research effor t  i s  a l l  that  is ' 

needed before each individual s ta te  could embark on separate kelp 

projects . 
ENERGY FROM OCEAN TIDES 

Tides are the ebbing and flowing of the ocean due primarily t o  

the gravitational forces of the moon and s u n  and secondarily by the 

rotation of the earth and ocean basin geometry. The local character- 

i s t i c s  that  amplify t h i s  t i da l  action are the proper combination of 

hydrological and topographical conditions i n  relat ively shallow 



estuaries  and gulfs.  Less than 100 estuaries  and gulfs i n  the 

world possess the conditions necessary t o  create anamplified 

t i d a l  motion resulting i n  a  mean t i d a l  range of 5.5 meters or  

greater,  This t i d a l  range i s  consid'ered t o  be the  minimum standard 

t o  support a  technically feasible t i d a l  energy plant.  

r 

Areas with such s i t e s  have both experimented with and ins ta l led  

commercial t i d a l  energy plants. The most notable is the single 

large t i d a l  plant on the Rance Estuary i n  France, where 240,000 kilo- 

watts of power are produced. The Soviets and Chinese are known t o  

have had some smaller u n i t s  instal led for experimental and produc- 

t ion  purposes. 

Technology has progressed over the years t o  a  point where a  

number of d i f ferent  techniques exis ts ,  depending upon.the charac- 

t e r i s t i c s  of the s i t e .  These techniques are  c lass i f ied  on the 

basis  of whether single,  double or  t r i p l e  basins are involved i n  

the estuary o r  gulf and further subdivided as t o  whether power i s  

generated on just the  ebb t i de  or on both the ebb an flood t ides .  

A t  the present time, both the single basin-two direction and the 

single basin-one direction are being planned. The overhead lay- 

out would be as  depicted i n  Figure 3-5 having a dam or  barrage 

across the mouth of the estuary or gulf with a  powerhouse located 

a t  i t s  midpoint. A number of powerplant techniques are  available,  

employing turbogenerators with e i ther  ver t ica l  shafts ,  horizontal 

shaf t  bulbs, sloping shaf ts  or  r i m  type uni ts ,  or  s luice gates. 

Figure 3-6 shows a horizontal shaft  bulb. 



Sea, 

Figure  3-5 F igure  3-6 

The two main drawbacks t o  a t i d a l  energy p r o j e c t  are its 

c a p i t a l  i n t e n s i v e n e s s  and t h e  f a c t  t h a t  tidal is a ~eaking  

c y c l e  and w i l l  n o t  always produce electrical  power i n  con junc t ion  

w i t h  normal human working hours .  T h i s  i s  due t o  the f a c t  that the 

t i d e s  are caused by the s o l a r  - and l u n a r  c y c l e  w h i c h  occur s  a t  a 

frequency o f  24-hour-and-50-minute i n s t e a d  of  t h e  24-hour solar 

o n l y  cyc le .  The t i d e s  are j u s t  a s  p r e d i c t a b l e  as the sun,  b u t  

u n f o r t u n a t e l y  the i r  c y c l e s  d o  n o t  co inc ide .  I f  an  a p p l i c a t i o n  for 

e l e c t r i c i t y  can be found which i s  independent  o f  normal working 

schedules ,  t h e n  t i d a l  energy r e p r e s e n t s  an  a l t e r n a t i v e .  

I n  a r e c e n t  worldwide survey  o f  p o t e n t i a l  t i d a l  energy sites 

(F igure  3-7), f o u r  sites w e r e  l o c a t e d  i n  the West African Region at 

Por to  Gole, Guinea Bissau;  the Niger D e l t a ,  Niger ia ;  nea r  Mocamedes, 

Angola; and n e a r  Walvis Bay, Namibia. (1) Other sites 

may e x i s t  s i n c e  t i d a l  a c t i o n  d a t a  i s  n o t  n e c e s s a r i l y  k e p t  on all 

- - 

( l^  s t o n e  and Webster, 1978. 



F i g u r e  3-7 

e s t u a r i e s  and g u l f s  i n  the Vest African Region. Thus, it would be 

v a l u a b l e ,  a t  a minimum, t o  assess the e x t e n t  of t h i s  r e s o u r c e  so 

t h a t  e v a l u a t i o n  c o u l d  be made as  t o  whether p o t e n t i a l  t e c h n o l o g i c a l  

development o f  t i d a l  ene rgy  has a p p l i c a t i o n  t o  t h i s  r e g i o n .  

WAVE ENERGY .-. 

Wave e n e r g y  i s  a concep t  t h a t  has c a p t u r e d  the i m a g i n a t i o n  of 

numerous i n v e n t o r s  f o r  c e n t u r i e s  and a number o f  p a t e n t s  have  been 

i s s u e d .  There  e x i s t s  a n  e q u a l  v a r i e t y  o f  c o n c e p t s  t h a t :  

U t i l i z e  on rush ing  water from breaking waves. 

U s e  pneumat ic  d e v i c e s  which employ the v e r t i c a l  mot ions  

o f  the sea s u r f a c e  t o  compress a i r  f o r  d r i v i n g  t u r b i n e s .  



Use u n i d i r e c t i o n a l  v a l v e s  t o  pump w a t e r  from success- 

i v e  r i s i n g  wave crests f o r  o p e r a t i o n  o f  a t u r b o g e n e r a t o r .  

U s e  submerged dev ices  t o  o p e r a t e  f r o m  the changing 

h y d r o s t a t i c  p r e s s u r e  o f  an overhead water column 

induced by pass ing  waves. 
/ 

Convert t h e  r i s e  and f a l l  o f  t h e  sea s u r f a c e  s l o p e  

t o  mechanical  energy. 

Convert oncoming h o r i z o n t a l  wave motion i n t o  a vor t ex  for 

product ion  o f  mechanical  energy. 

i s  necessa ry  t o  unders tand the sources  o f  waves i n  o r d e r  

t o  unders tand why c e r t a i n  r e g i o n s  o f  the world have g r e a t e r  r e s o u r c e s  

than  o t h e r s .  D i s t a n t  s torms a t  sea r e s u l t  i n  wave t r a i n s  d i r e c t e d  

towards c o a s t l i n e s  and i s l a n d s  and these wave t r a i n s  are o f t e n  in -  

t e n s i f i e d  by wind ove r  the sea s u r f a c e .  Thus, those c o a s t l i n e s  

and i s l a n d s  i n  t h e  p a t h  of f r e q u e n t  s torms  a t  sea are e x p o s e d t o  

g r e a t e r  wave h e i g h t s  and frequency. The geograph ica l  r e g i o n s  o f  

t h e  world wi th  t h e  g r e a t e s t  wave exposure  l i e  i n  the extreme nor th-  

e r n  or sou the rn  l a t i t u d e s  and between the l o n g i t u d e s  o f  30Â° - 
70Â° and 120Â° - 170ew. Th i s  aga in  i s  a f u n c t i o n  o f  l a n d  mass i n  

r e l a t i o n  to  t h e  a t - sea  storms and winds, rather t h a n  any local 

characteristics o r  e f f e c t s .  

The wave c l i m a t e  i n  the West African Re~ion is inadequate for 

s e r i o u s  c o n s i d e r a t i o n  o f  waves a s  an a l t e r n a t i v e  source  o f  energy. 



The studies t h a t  have been done show tha t  the West Aft-ican Region has ' 

an annual wave energy of 300 megawatt hours per meter of wave 

c res t  length, which ranks s l igh t ly  above the poorest reading of 

275  for the ~ed i te r ranean  Sea and f a r  below the highest reading of 

535 fo r  the North Atlantic Ocean. To the south, wave data analysis 
Â 

a t  several locations on the South African coastl ine 

t ha t  a favorable 10 k ~ / m  of wavefront was available up t o  1 km off- 

shore and up t o  50 k ~ / m  of wavefront 3 0  km offshore. 

Therefore, the future of wave energy i n  the West African Region is 

not encouraging, unless a process i s  developed tha t  can favorably 

u t i l i z e  re la t ive ly  small and irregular  wave formations. The United 

Kingdom i s  c lear ly  the leading developer of t h i s  technology, with 

the U.S., Finland, Sweden, German Federal Republic and Japan a lso  

participating i n  ocean wave energy research and development. 

OCEAN CURRENTS 

Exploitation of the ocean's currents i s  the process by which 

one seeks t o  harness the passing flow of water i n  a manner very 

similar t o  a turbine i n  a r iver  dam or an underwater "windmill". 

The ocean currents represent a steady and predictable stream of 

water but the flow i s  dispersed, thus making-it more d i f f i c u l t  t o  

exploit than tha t  of a r iver .  Very few regions of the world pos- 

sess suff ic ient  ocean currents i n  close proximity t o  shore for  

technically and economically viable energy production. 



Tha West African Region c o n t a i n s  n e i t h e r  a s t r o n g  ocean c u r r e n t  

a d j a c e n t  t o  t h e  c o a s t  nor  narrow s t r a i t s  t h a t  would c o n c e n t r a t e  

t h e  c u r r e n t  f low ( s e e  F igure  3-8). Thus ocean c u r r e n t  energy cannot  

ho ld  any g r e a t  promise f o r  the West African Region as an alternative re- 
R 

source ,  even i f  p r e s e n t  t h e o r e t i c a l  s t u d i e s  m a t e r i a l i z e  i n t o  com-  

merc ia l  p r o j e c t s  f o r  t h e  o t h e r  sites i n  t h e  world. 

F igure  3-8. Average Sur face  Cur ren t s  
of the World's  Oceans 



SALINITY GRADIENT ENERGY CONVERSION 

One o f  the more t h e o r e t i c a l  sou rces  o f  energy  energy  i s  s a l i n -  

i t y  g r a d i e n t  energy convers ion.  S a l i n i t y  g r a d i e n t  energy conver- 

s i o n  works on t h e  w e l l  founded p r i n c i p l e  t h a t  two l i q u i d s  o f  d i f -  

f e r e n t  s a l t  c o n t e n t  w i l l ,  through a semi-permeable membrane, selec- t. 

t i v e l y  a l l o w  f r e s h  water  o n l y  t o  f low from t h e  less s a l i n e  l i q u i d  

t o  t h e  more s a l i n e  l i q u i d .  This  p rocess  i s  c a l l e d  osmosis. E q u i l i -  

brium i s  achieved when t h e  s a l i n i t y  c o n t e n t  i s  equa l  f o r  b o t h  

l i q u i d s ,  a l though the volume o f  one l i q u i d  i n c r e a s e s  a t  the expense 

o f  the o t h e r ,  t h u s  c r e a t i n g  a vo lumetr ic  o r  p r e s s u r e  d i f f e r e n c e  be- 

tween t h e  two l i q u i d s .  This  p r e s s u r e  d i f f e r e n c e  r e p r e s e n t s  mech- 

a n i c a l  energy t h a t  can be  converted t o  electrical energy. F igure  

3-9 i l l u s t r a t e s  the s a l i n i t y  g r a d i e n t  exchange b o t h  b e f o r e  and a f t e r  

osmosis. 
Solution II I 

I 
i 

1 
- Figure I i i  

' emlpermeable membranes 
I 

d 1 ~ o l u t i o n  I IL 1 solution 11 I 

osmotic pressure represented 
as a height difference 

Figure 1: 
I. 

Figure  3-9 



Theoretical application of the osmosis process to the oceans 

requires selecting points at which fresh water rivers meet the 

oceans as sites of the greatest salinity gradients. Researchers 

have suggested that if the salinity gradient could be exploited, 

significant sources .of electrical power could be produced on a 

24-hour-a-day basis, using the, renewable sources of fresh and salt 

water. 

At the present time, only laboratory tests supporting this 

theory are available. The West African Region would stand to benefit 

from further development of this process, since a number of fresh 

water rivers flow into the gulf merging with sea water that has a 

higher-than-normal coastal salinity content, generally 35 parts 

per 100. The Congo River has been cited in the literature on this 

subject as having a very high flow rate of 5.7 x 104 m/sec, with 

a potential osmotic pressure head of 24 atmospheres, which is 

theoretically capable of producing 1,300 megawatts of power. 

Thus it is valuable to track the development of this tech- 

nology, but no immediate or midterm benefit should be expected. 

SUMMARY 

A number of ocean energy technologies that are being researched 

by the developed countries of the world have a direct and attrac- 

tive application to the West African Region. The leading candidates 

would include oceanic bioconversion, ocean thermal energy conver- 

sion and tides. Those technologies lacking the available ocean 



energy r e s o u r c e s  would i n c l u d e  waves, c u r r e n t s ,  winds and o f f s h o r e  

geothermal.  F i n a l l y ,  one technology,  s a l i n i t y  g r a d i e n t s ,  has a 

p o t e n t i a l  t o  the West African Region, but it's future potential is 

s u f f i c i e n t l y  d i s t a n t  t h a t  it should n o t  be depended upon. 

Ocean thermal  energy convers ion  h o l d s  p a r t i c u l a r  promise s i n c e  

it h a s  t h e  predominent amount of world research and development 

e f f o r t  and the West African Reeion i s  adjacent to some of the greatest 

ocean thermal  g r a d i e n t  r e s o u r c e s  i n  the world. A s u c c e s s f u l  ven- 

t u r e  i n  t h e  Hawaiian I s l a n d s ,  p l u s  other planned p r o j e c t s ,  makes 

the technology a l l  t e more r e a l  and a v a i l a b l e  t o  the West African 

Kegion. , 

Oceanic b ioconvers ion  i s  e x p e c i a l l y  a t t r a c t i v e  t o  t h e  West African 

Region s i n c e  it r e q u i r e s  the l e a s t  amount o f  c a p i t a l  costs of a l l  

t h e  ocean energy t echno log ies  and' it r e q u i r e s  the g r e a t e s t  amount 

o f  manpower f o r  h a r v e s t i n g  and process ing .  Furthermore,  the pro- 

d u c t  can be d e l i v e r e d  i n  the form of methane, e t h a n o l ,  f i b e r  f e r -  

t i l i z e r  o r  o t h e r  i n d u s t r i a l  products .  The r e s o u r c e  i n  the West 
- 

Region i s  adequate  f o r  the growth o f  species l i k e  t h a t  of Macro- 

c y s t i s  and T h a l a s s i a  p a r t i c u l a r l y  nea r  a r e a s  o f  n a t u r a l  upwelling.  

Ocean t i d e s  r e p r e s e n t  ano the r  p o t e n t i a l  o p p o r t u n i t y  f o r  ener-  

gy development i n  s e l e c t e d  a r e a s  o f  sha l low e s t u a r i e s  and g u l f s  Ã 

t h a t  have an average  t i d a l  range o f  5.5 meters o r  g r e a t e r .  Four 
- 

si tes  have been i d e n t i f i e d  i n  the West African Region and more may exist 

b u t  due t o  l a c k  o f  d a t a  they  cannot  be p inpo in ted  a t  th is  t i m e .  

A number o f  p l a n t s  have been i n s t a l l e d  on an exper imenta l  and 



commercial basis and development i s  continuing in th is  technology. 

The next chapter discusses in a preliminary manner the  actions and issues 

that are paramount to the West African Region utilizing these three particular ocean 

energy technologies. 



CHAPTER IV: MAJOR ISSUES INFLUENCING THE 
UTILIZATION OF OCEAN ENERGY 

The previous chapter briefly described the ocean energy 

resources common to the West African Region and the state-of-the-art of 

8 the technologies available t o  exploit these resources. There 

exists  the need, on the basis of th i s  preliminary assessment, t o  

investigate further the size and ~ h a ~ r a c t e r i s t i c s  of the prevalent 

resources i n  the West African Region.The true energy supply potential 

would then be known for the individual s ta tes ,  and the West African 

rtegion as  a whole. The technological development i s  being conducted 

primarily by the developed countries but there exists  ample oppor- 

tunity t o  participate i n  the research, particularly i n  those tech- 

nologies where the energy resource is  abundant, such as  OTEC and 

bioconversion. Concurrent with the resource assessment and tech- 

nological development there exists  the need t o  resolve economic, 

inst i tut ional  and legal issues, as well as  t o  plan fo r  the necessary 

manpower training and the construction of the supporting infrastruc- 

ture. The balance of th i s  chapter discusses some of these major 

issues that  need to  be addressed prior to  widespread practical ap- 
* 

plication of these ocean energy technologies. 

RESOURCE ASSESSMENT 

. The West African Region can be regarded as a singular body of 

water w i t h  f a i r ly  common ocean energy resource characteristics,  



except for t idal  energy. As previously noted, a t t ract ive resources 

exist  for ocean thermal energy conversion, oceanic bioconversion, 

t ides and sal ini ty gradient exchange, but rather poor characteristics 

exist  for wave and current energy. The favorable resources are be- 

lieved to exist  but their  size and characteristics are not confirmed 
/ 

because of limited s i t e  specific data. Since the characteristics 

are of the gulf, rather than exclusively contained within one 

boundary or another, a regional approach t o  resource assessment 

would be the most productive and economical. The methodology for 

resource assessment for each of the favorable resources i s  different,  

but has been performed i n  some parts of the world. Therefore, any 

interested party would merely need to  acquire the established meth- 

odology and employ it i n  the region w i t h  ei ther local scient if ic  

resources or those from other parts of the world. The methodology 

for th i s  resource assessment i s  far too detailed for t h i s  chapter, 

but it has been refined and i s  available to  any region wishing t o  

pursue the subject further. 

TECHNOLOGY 

The technology development i s  occurring presently by the 

developed countries primarily for the eventual benefit of those 

countries. This can be construed as an advantage since the West African 

Region w i l l  get the benefits of research without having to  

necessarily pay for it. There does exist  the need and opportun- 

i t y  to  participate i n  the research and development to  insure the 

use of the results of the research and development efforts  are 



a p p l i e d  t o  t h e  West African Region. A classic example o f  i n t e r e s t  con- 

f l i c t  c u r r e n t l y  e x i s t s  i n  OTEC. The r e s e a r c h e r s  are t o r n  between 

. maximizing the s i z e  o f  OTEC's  up t o  350 M W s  f o r  heavy i n d u s t r i a l  

use ,  t o  g e t  the c a p i t a l  costs l o w e r  due t o  economies o f  scale, and 
* 

converse ly ,  op t imiz ing  the u n i t  s i z e  t o  less t h a n  100 M W s  f o r  De- 

ve loping  Coun t r i e s  due t o  r e l a t i v e l y  l i m i t e d  electrical p o w e r  g r i d s .  
- 

The presence  o f  a West African Region research interest and potential 

market would obv ious ly  r e q u i r e  these researchers to  assess the 

d e c i s i o n  much more c l o s e l y .  

The ocean energy t echno log ies  are p r e s e n t l y  on  the verge  o f  

an impressive schedule  and expendi ture  program f o r  demonstrat ion 

p r o j e c t s  around the world. There remains a number of known tech- 
yet 

n i c a l c h a l l e n g e s  that  have not /been  r e so lved  and these demonstra- 

t i o n  projects w i l l  undoubtedly expose a few new ones;  f o r  the ma- 

r i n e  environment i s  n o t o r i o u s  for i t s  harsh t r e a t m e n t  of o p e r a t i n g  

machinery, p a r t i c u l a r l y  moving parts i n  t h e  t i d a l  area of the 

c o a s t a l  zone. If the  West African Region h a s  an i n t e r e s t  i n  u t i l i z i n g  

ocean energy r e s o u r c e s  i n  t h e  f u t u r e ,  t h e n  the a v a i l a b l e  s c i e n t i f i c  

and management manpower needs t o  be p a r t i c i p a t i n g  i n  the on-going 

r e s e a r c h  and development. 

RESOURCE MANAGEMENT 

The performance and e f f i c i e n c y  o f  each o f  these v i a b l e  energy  

t echno log ies  w i l l  be a f u n c t i o n  o f  t h e  adequacy and s t a b i l i t y  o f  

t h e  resource .  Some o f  t h e  t echno log ies  are q u i t e  s e n s i t i v e  t o  



changes such as  nutr ient  o r  temperature in  oceanic bioconversion 

or  the fac t  t ha t  a 1 Â °  change i n  the ocean thermal gradient ef fec ts  

the plant efficiency by 5%. Thus the resource needs t o  be managed 

even though it is renewable. Use conf l ic ts  may a r i se  as  well 

with ocean energy technologies and therefore a means t o  resolve 

these conf l ic ts  within the ocean space would be needed. 
- ,- 

ECONOMICS 

One of the major issues associated with ocean energy systems 

i s  the high i n i t i a l  capi ta l  costs  required for operation. The free 

fuel  aspects cer tainly aid the economics of the project during the 

l i f e  of the project,  but the a b i l i t y  t o  borrow or  ra i se  the i n i t i a l  

investment i s  res t r i c t ive .  Therefore, the economics of an ocean 

energy technology need t o  be seperated i n  terms of i n t i a l  capi ta l  

costs  and operating costs. 

The i n i t i a l  capi ta l  costs can be from two t o  four times more 

expensive a s  e i ther  a coal o r  o i l  f i red  e l ec t r i ca l  generating sys- 

tem. This represents a severe l imitation t o  those developing coun- 

t r i e s  and regions t ha t  have e i ther  reached or  exceeded the i r  

a b i l i t y  t o  borrow long-term debt i n  the world capi ta l  market. 

Additionally, well defined e lec t r i ca l  markets for the purchase 

and use of the power i s  necessary t o  jus t i fy  such large volumes 

of capi tal .  

The following w i l l  present an idea of the sums of capi ta l  

involved. Assuming tha t  an 80 megawatt plant,  or energy equivalent, 



would be an appropriate sized u n i t  t o  i n i t i a l l y  place within the 

e lect r ical  grid system, then Table 4-1 represents the approximate 

amount of capital  necessary for an 80 MWe system. 

OCEAN THERMAL . - 
OCEANIC BIOCONVERSION 

TIDES 

WAVES 

CURRENTS 

S A L I N I T Y  GRADIENTS 

1979 U.S. DOLLARS 

Unable t o  Estimate 

Table 4-1. Range of Ocean Energy Capital Costs 
for a 80-MWe Facility 

A t  the present time these high capital costs make ocean energy 

technologies non-competitive with foss i l  fuel plants, even on a 

life-cycle cost basis. What i s  important t o  remember is  that  these 

capital costs w i l l  be decreasing substantially during the 1980's 

when the effect  of innovation, standardization and mass production 

are taken into  account. Concurrently, one may be led t o  believe 

that  the price of foss i l  fuel w i l l  continue t o  climb a t  leas t  equal 

to  the rate of world inflation. . 

The f inal  offset  t o  the high capital  costs i s  not only the free 

fuel aspects, but more importantly, the energy resource is  renew- 

able and cannot be deprived or excluded from the user; thus giving 



ocean energy systems a hedge against future increases i n  foss i l  

fuel prices and availabili ty.  

MANPOWER TRAINING 

I t  w i l l  be necessary to  have skilled manpower i n  both the 

construction and operation of these ocean energy plants. Depend- 

ing upon the technology chosen, most of the ocean energy systems 

require a minimal amount of roads, ports and f a c i l i t i e s  i n  order 

t o  ins t a l l  and operate. Most of the technologies w i l l  be manu- 

factured i n  shipyards or  graving docks elsewhere and towed or 

shipped t o  the operating s i t e ,  thus leaving only f inal  assembly 

and instal lat ion to  the local labor force. 

.The operation of these systems are primarily concerned with 

maintenance due t o  the corrosive and hosti le  marine environment 

i n  which t h i s  equipment i s  operated. Therefore, a skilled main- 

tenance staff  and operations management would be needed for each 

labor sh i f t  of operations i n  which the technologiesare produc- 

ing energy. One ocean energy technology, oceanic bioconversion, 

has the leas t  capital costs and highest labor involvement due t o  

the harvesting and processing of the kelp. This low technology 

system i s  ideal for labor surplus areas. 

There does exist  need i n  the future for the training of man- 

power i n  a l l  aspects of any system under consideration; from re- 

search and development t o  construction, maintenance and operation. 



SUMMARY 

T h i s  chapter has presented a sampling of the issues that  

need t o  be addressed prior t o  application of these ocean energy 
-- 

technologies t o  the West Aft-lean Reeion.It i s  not enough t o  merely 

depend upon the developed countries t o  perfect th i s  technology, 

Ã for the resource assessment and manpower training a l l  need t o  be 

performed concurrently with the technical development. Much of 

t h i s  work w i l l  be common t o  the data gathering and resource manage- 

ment necessary to  acquiring a competency t o  manage and exploit a 

200-mile Exclusive Economic Zone, i f  such an FEZ i s  enacted. 

Therefore, the preparatory work on the parkof the util izing 

country or  region is  significant. A s  mentioned i n  t h i s  chapter, 

most of the work t o  be performed can best be done i n . a  coordinated 

fashion for the ent i re  region, rather than just segmented parts. 

Chapter V w i l l  deal with possible regional actions for the 

future ut i l izat ion of ocean energy. 



CHAPTER V. PROPOSALS FOR.INCLUSION I N  
THE DRAFT ACTION PLAN 

The development o f  ocean energy resources  i n  W e s t  Afr ica  r equ i r e s  

a b a s i c  knowledge o f  ocean energy resource  endowments a s  w e l l  as the 

means of  f inancing such developments i f  t h i s  dec i s i on  i s  made wi th in  
tf 

the na t i ona l  o r  r eg iona l  energy development s t ra tegy .  An oppor tuni ty  

i s  presen t  f o r  coopera t ive  e f f o r t s  t o  i n v e s t i g a t e  the f e a s i b i l i t y  

o f  var ious  systems and the means of  employing t h e m  i n  the region.  

Regional cooperat ion can first be e n l i s t e d  i n  preparing maps 

of ocean thermal energy, wave energy, t i d a l  energy and ocean bio- 

mass which would provide a f i r s t  approximation g iv ing  the best loca- 

t i o n  f o r  t h e  resources.  The c r i t e r i a  f o r  evaluat ing  sites should 

be c a r e f u l l y  defined and s t a t e d .  Guidel ines t o  a s s i s t  governments 

i n  the assessment of t h e i r  resources  should be an e s s e n t i a l  compo- 

nen t  o f  th is  p repara to ry  and genera l  review o f  ocean energy resource  

po t en t i a l .  

.-. 
Although the a t l a s  can be begun using a r c h i v a l  d a t a ,  it is  de- 

s i r a b l e  t h a t  a s tudy team v i s i t t h e  coun t r i e s  o f  the region t o  d i s -  

cuss  their p a r t i c u l a r  needs and i n v e s t i g a t e  s p e c i f i c  sites which 

may be more a t t r a c t i v e .  Study missions undertaken by o t h e r  e n t i t i e s  
Â 

including t h e  U.S. Department o f  Energy and t h e  French Centre 

National pour Explo i t a t ion  des  Oceans (CNEXO) should be contacted 
Â 

i n  o rder  t o  t ake  advantage of their  i nves t i ga t i ons .  



An important feature of ocean energy systems is  the possibi l i ty 

of having multiple uses developed which include mariculture and 

coastal protection. Because OTEC brings the nutrient-rich deeper 

ocean waters to  the surface, it i s  possible t o  use these waters 

a f te r  energy generation for mariculture. The economics of OTEC sys- 

tem application i s  aided by a bariculture program which could pro- 

duce protein-rich shellf ish for local consumption or export. 

Shrimp, i n  p a r t i c u l a r , i s  an a t t ract ive  species for mariculture and 

revenue production. 

Ocean wave systems absorb the incoming wave energy and conse- 

quently reduce the intensity f e l t  on the shore. By careful spacing 

and deployment, wave energy devices can provide a measure of shore- 

l ine  protection, create safe swiming areas or interrupt the sediment 

transport pattern to ass i s t  i n  erosion control or shoreline accretion 

projects. 

It i s  proposed that  a number of case'studies be prepared which 

would carefully examine the application of ocean energy systems and 

their  multiple use capabilit ies.  For OTEC, both open and closed 

systems should be considered together w i t h  large and small s ize 

shelf,  floating or shore-based instal lat ions and mariculture, elec- . 
t r i c i t y  and fresh water options. For wave energy, coastal protection, 

erosion control and harbor construction should be considered. For 

t ida l  energy, small-scale possibi l i t ies  should be investigated for 

particular cases applicable to  West Africa. 



A Workshop could be organized on the  p o t e n t i a l  of ocean energy 

systems i n  W e s t  Afr ica  and t h e  means of evaluating the l o c a l  poten- 
Â 

t i a l  of d i f f e r e n t  systems and opt ions*  The Workshop would a l s o  ad- 

. dress  t h e  important quest ion  of f inancing and would i n v i t e  various 

funding sources to  p a r t i c i p a t e .  



CHAPTER V I .  PROPOSALS FOR PROJECT ACTIVITIES 
WITHIN THE WEST AFRICA ACTION PLAN (WAAP) 

ENVIRONMENTAL ASSESSMENT 
.' 

/ 

1. Prepa ra t ion  o f  Resource ~ a p s  o f  Ocean Energy 

Object ive:  To provide  an overview and first approximation g iv-  

i n g  t h e  l o c a t i o n  o f  ocean energy r e s o u r c e s  i n  o r d e r  t o  i d e n t i f y  

p o t e n t i a l  sites and q u a n t i t i e s  of r e c o v e r a b l e  energy* 

Work Plan: Using a r c h i v a l  d a t a ,  supplemented by s t u d i e s  under- 

t aken  by  t h e  U.S. Department o f  Energy, CNEXO, EUROCEAN, etc., 

the maps would be prepared by c o n s u l t a n t s  who would c i r c u l a t e  

drafts of the maps f o r  comments, a d d i t i o n s  and c o r r e c t i o n s .  

2. Survey o f  Obstacles t o  Ocean Energy Development 

Object ive:  To i d e n t i f y  the key factors w h i c h  l i m i t  or restrict 

the i n i t i a t i o n  of ocean energy r e s o u r c e s  and t o  make recommenda- 
- - 

l i o n s  f o r  overviewing these i n c l u d i n g  a d m i n i s t r a t i v e ,  f i n a n c i a l  

and p u b l i c  awareness i s s u e s .  

Work Plan: A survey  w i l l  be conducted o f  t h e  ways i n  which 

each  coun t ry  meets i t s  energy needs and t h i s  w i l l  be improved 

w i t h  the p o t e n t i a l  c o n t r i b u t i o n  of ocean energy r e sources .  

Through d i s c u s s i o n s  and meet ings,  a c o n s u l t a n t  or c o n s u l t i n g  

team w i l l  i d e n t i f y  t h e  i s s u e s  and make recommendations* 



Financial issues will be discussed with major funding insti- 

tutions including the Import Export Bank and the World Bank. 

Regional Cooperative 1 Efforts 

Objectives: To encourage multi-country programs to investigate 
i 

and develop ocean resources. 

Work Plan: A survey of prime sites for multi-country ocean 

energy projects will be con ucted including the usage of elec- 

tric power output and compatible technologies such as mari-. 

culture, fuel cell production, industrial application and coastal 

protection. 

ENVIRONMENTAL MANAGEMENT 

1. Multiple Use Applications 

Objective: To assess the multiple use applications of OTEC, 

wave and tidal energy for West African situations. 

Work Plan: To develop specific OTEC case studies, varying 

closed and open systems, large and small size plants, shelf, 

floating or shore-based installations, mariculture, industrial, 

water electrolysis and electrical production. To develop case 

studies for ocean wave energy including coastal protection and 

erosion control. To develop case studies for small-scale tidal 

projects including local applications of energy protection. 
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