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ABSTRACT 

Conceptual designs of ship-type and spar-type platforms for Ocean Thermal 

Energy Conversion (OTEC) commercial plants are presented. Comparative 

evaluation of six candidate platform types is made. Design guidelines for 

sea water, cold water pipe and position control systmes are developed. Costs 

are presented for plants with outputs of 400 We (Net) for operational sites 

of New Orleans, Hawaii, and Brazil. 
' . ,  

. . . . 

FOREWORD 

The OTEC Platform Configuration and Integration Study was.performed by 

Lockheed Missiles & Space Co., Inc. under DOE Contract EG-77-C-01-4063. 

Supporting Lockheed in this work were six subcontractors: Bechtel Corporation; 

Earl & Wright consulting Engineers ; Hydronautics , Inc. ; Morris Guralnick 
Associates, Inc.; Tuned Sphere International, Inc.; and T.Y. Lin International. 

This volume summarizes the work performed in this study. 
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Sect ion  1 

INTRODUCTION AND SUMMARY 

The 'OTEC commercial p l an t  r e l i e s  on t h e  platform t o  provide . a l l  support  func- 

t i o n s  f o r  t h e  OTEC power system. These func t ions  inc lude  t h e  s t r u c t u r a l  sup- 

po r t  f o r  t h e  power system components, t h e  supply of both warm and co ld  sea  . 

water ,  and t h e  c o n t r o l  of t h e  pos i t i on  of t h e  p l an t  r e l a t i v e  t o  t h e  energy 

t r a n s f e r  system. The very  l a r g e  s i z e  of t h e  components of t h e  power system 

and s e a  water  system dominates t h e  arrangement and design of OTEC pla t form. ,  

The s e l e c t i o n  and conceptual  design of  t h e  b e s t  types of platform f o r  OTEC com- 

merc ia l  p l an t s  i s  t h e  ob jec t ive  of t h i s  study. This  volume summarizes t h e  s ig -  

' i n f i c a n t  requirements,  design cons idera t ions  and r e s u l t s . o f  t h e  s tudy.  

Energy derived by Ocean Thermal Energy Conversion (OTEC) depends on t h e  pass- 

age of l a r g e  q u a n t i t i e s  of s ea  water  through h e a t  exchangers which a r e  optimiz- 

ed f o r  t h e  temperature d i f f e r e n t i a l s  which occur  between warm su r face  water  i n  

t h e  t r o p i c s  and t h e  underlying co ld  water.  Large capac i ty  OTEC p l a n t s  which 

would be economically a t t r a c t i v e  t o  commercial ventures ,  inc luding  power u t i l i -  

t i e s ,  a r e  t h e  ob jec t  of  t h i s  s tudy.  These commercial OTEC plants.would be  com- 

p r i s ed  of power system components, t h e  platform system, and a system f o r  t rans-  

f e r  of energy from t h e  p l an t  t o  t h e  user .  The power system e x t r a c t s  t h e  energy 

from t h e  sea  water  using hea t  exchangers t o  vapor ize  and condense a  working 

f l u i d  (usua l ly  ammonia), a low pressure  turbine and genera tor ,  condensate pumps, 

and support  systems. The t r a n s f e r  of t h e  derived energy may be accomplished by 

a  submerged c a b l e  f o r  d i r e c t  e l e c t r i c a l  t ransmission o r  by shipment of an energy 

in t ense  product t h a t  would be processed a t  t h e  p l an t .  The OTEC pla t form which 

provides a l l  support  t o  t h e  power system inc ludes  t h e  h u l l  and s t r u c t u r e ,  t h e  

s e a  water  system, t h e  co ld  water pipe,  t h e  p o s i t i o n  c o n t r o l  system, and support  

systems, F igure  1. Mul t ip le  OTEC p l a n t s  may be c l o s e l y  arranged as an  energy 

park. 

This ~ t u d y  is  d i r e c t e d  a t  developing the most s a t i s f a c t o r y  conceptual  design of 

an OTEC commercial.plant by . i n t eg ra t ing  platform.system and power system opt ions.  

The power system opt ions  were defined f o r  t h i s  s tudy  by t h e  Department of Energy 

and were modified during t h e  s tudy a s  t h e  r e s u l t  of information der ived  by con- 
-1- 
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STRUCTURE CONTROL SUBSYSTEMS 

STRUCTURE D 
FOUNDATIONS 

. D 
BALLAST 

COLD WATER 1-1 STATIC I-= 

SUPPORT 
SERVICES 

F i g u r e  1. Work breakdown s t r u c t u r e  f o r  OTEC commercial p l a n t .  

I 
I 
I 

r 

REQUIREMENTS ARRANGEMENTS 

ADAPTED FOR 
CONCRETE HULL 

200 MWe CONSTRUCTION 
VARIATION -- 
VARIATION -& . 

- 6 PLATFORM TYPES - + 
ARRANGEMENTS 
PRINCIPLE CHARACTERISTICS 
WEIGHTS COSTS 
CONSTRUCTION METHODS 

eosT MooeL 1 
EVALUATIOH i 
FOR 100 MWe (NET) 
AT NEW ORLEANS 

. . RECOMMENDATIONS 

t I' 
VARIATION OF 
SITE. SIZE CHANGE 

F i g u r e  2 .  Approach t o  s t u d y  o f  OTEC commercial p l a n t .  
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current studies of power systems using shell and tube heat exchangers. 

Platform systems were integrated into configurations representing the six con-.' 

ceptual types of platform for OTEC commercial plants. These configurations 

cover three depth ranges-and include directional and omnidirectional types of 

plafifpnns.. as s h m  below. 
~irect ional Omnidirectional 

Surface SHIP CI~CULAR BARGE 

Interface SEMI SUBMERSIBLE TUNED SPHERE 

Submerged , ' SUBMERSIBLE SPAR 

The comparative assessment of these conceptual configurations was performed on 

the bases of baseline designs for each type of platform. These baseline designs 

were perturbed for application to other sites, power.capacities, and 

materials for hull construction, as illustrated in Figure 2. An objective 

evaluation of .these configurations, heavily weighted for economic considerat ions, 

resulted in the recommendation of two types of platforms f.or further refinement 

of conceptual designs. Under direction of the Department of Energy the con- 

ceptual designs of a ship and a detached spar platform were performed for 400 

MWe .(Net) commercial plants. Costs.and construction schedules were' developed 

for these two designs. Technology requirements to achieve these designs were 

determined. A plan for demonstration of comercial plants was prepared. 

The significant results of this'study are the following. 

1. The co.st to construct hulls f6r OTEC platforms to contain internally-install- 

ed paJer system components are estimated to be significantly less (about 

32%) in concrete than in steel.. 

2. Sea water ducts inside a platform hull are very expensive. Minimum lengths 

and optimized diameters of sea water ducts are recommended for economic and 

weight considerations. Immersed ducts are also recommended to reduce cost , 

and weight. 

3. The sea water pumps are a major cost of the OTEC platform. Trade studies . 

for arrangements, reliability, multiple units, and cost. are. inconclusive at - 3= 
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this conceptual design stage of the platform and power systems. 

4.  Flexibility is required in cold water pipes to minimize the impact of plat- 

form motions on the wall thickness, weight and cost of the pipe. .Replacement 

and deployment costs may be significant considerstions .in pipe optimization. 

5.. Conceptual designs for OTEC platforms for externally mounted power system 

components for 400 MWe (Net).hav.e resulted' in cost estimates of 690 $/KW for 

the ship-type platform and 801 $/KW for the detachable spar for the New 

Orleans site,. 

This volume (Volr 0)  presents the executive summary of this study. Volume 1 

presents the results of the systems integration and assessment of the 

six conceptual platform configurations. Volume 2 presents the detailed results 

of the conceptual design of the ship-type platform and the detachable-spar ' 

plat£ o m ,  Volwe 3 presents recom!endat&ons fo r  dern~nstrati~n ~f the conrmer- 
cia1 OTEC plant. 
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s e c t i o n  2 

REQUIREMENTS FOR OTEC PLATFORM 

The requirements f o r  t h e  OTEC platform a r e  h igh l igh ted  below. 

1. Major components w i l l  be  cons t ruc ted  i n  U. S.  f a c i l i t i e s .  

2.  Operat ional  l i f e  of 40 years  a t  sea  s h a l l  be pro jec ted .  

3.  The platform must be capable of connection t o  t h e  e l e c t r i c a l  t r ans -  

mission system a t  a l l  t imes. 

'4. The maximum watch c i r c l e  of t h e  platform s h a l l  be 5 percent  of t h e  

water  depth. (La ter  ' relaxed t o  25 percent . )  

5.  The platform must surv ive  a  100-year storm ( a s  descr ibed i n  Table 1 ) .  

6 .  The platform must be cons t ruc t ab le  and operable  under p reva i l i ng  

codes and ru l e s .  

7. The platform must accommodate a power system and seawater systems. 

8. The platform must allow t h e  power system t o  ope ra t e  e f f i c i e n t l y  a t  

a l l  t imes t h a t  t h e  thermal resources e x i s t .  

Power system components f o r  t h e  comparison of platform types were defined f o r  

modules of complete power systems each having an  output  capac i ty  of  5 ,  8 ,  12- 

112, and 25 We.  The power system uses  ammonia f o r  a working f l u i d .  Arrange- 

ments of t hese  components i nd ica t ed  t h a t  t h e  25 MWe capac i ty  components w e r e  

more e f f i c i e n t  i n ' t h e  u se  of volume and f l o o r  space than were t h e  smal le r  cap- 

a c i t y  modules. I n  add i t i on ,  t h e  25 MWe components a s  def ined  were t h e  l e a s t  

c o s t l y  of t h e  power system modules. The p o t e n t i a l  f o r - g r e a t e r  e f f i c i e n c y  of 

packing t h e  smal le r  u n i t s  i n t o  t h e  s ix  h u l l  cbnf igura t ions  did no t  seem t o  o f f -  

s e t  o t h e r  design cons idera t ions  (p r imar i ly  mainfolding t h e  seawater system t o  

se rve  t h e  a d d i t i o n a l  number of hea t  exchangers).  The 25 MWe module w a s  used a s  

t h e  b a s e l i n e  power system i n  t h e  assessment of t h e  platform types.  

The power system defined f o r  t he  conceptual  design was based on. power modules 

of 25 and 50 MWe (Net) wi th  e i t h e r  h o r i z o n t a l  o r  v e r t i c a l  hea t  exchangers. 

LOCKHEED MISSILES & SPACE COMPANY. .INC. 



PARAMETER 

Table 1 

OTEC Site Environmental Characteristics (100 year storm) 

BRAZIL HAWAII 

PIAX WIND (Kts) 61 66 

CURRENT (Kts) 3.2 2.2 

PUERTO RICO ' KEY WEST NEW ORLEANS 

DEPTH (ft) 18,000 3150 4000 4850 3950 

LOCKHEED MISSILES & SPACE COMPANY.  I N C .  



Section 3 

ASSESSMENT OF PLATFORM TYPES 

Arrangement of t h e  components of t h e  power systems i n  conjunction with t h e  com- 

ponents of t h e  seawater system wi th in  the  s i x  h u l l  configurat ions was t h e  pr i -  

mary design task .  The complexity of these  arrangements i s  t y p i f i e d  by t h e  

small (12-18%) packing r a t i o s  (volume of power system componentsldisplacement 

of platform) which were a b l e  t o  be obtained with t h e  power systems i n s i d e  

these  h u l l s .  The l a rge  flow of water required f o r  operat ion of t h e  OTEC power 

I . system resu l t ed  i n  t h e  seawater system occupyingthe major volume i n  t h e  p la t -  

forms. The r e s u l t s  of preliminary t r ade  s t u d i e s  f o r  t h e  seawater systems a r e  

a s  follows. 

/ 

The seawater pumps f o r  OTEC app l i ca t ion  a r e  pressing t h e  s t a t e -o f - the -a r t  f o r  

£ 1 4  r a t e  and t h e  r e s u l t a n t  l a rge  physical  s i z e  of t h e  pumps. Limited ava i l -  

a b l e  information, Ref. 1, indica ted  t h a t  l a r g e r  pumps a r e  more c o s t  e f f ec t ive .  

Hence, a s i n g l e  pump per duct would appear t o  be t h e  bes t  c o s t  choice. Con- 

s ide ra t ions  of reduced output of t h e  power system i n  t h e  event of pump f a i l -  

u r e  ind ica te  t h a t  t h r e e  o r  four  pumps per duct would be prefer red  even though 

they a r e  more cos t ly .  These arguments do not  consider  t h e  c o s t  impact on t h e  

platform f o r  t h e  l a r g e r  volume and f l o o r  space required f o r  t h e  s i n g l e  l a r g e  

pump a s  compared with t h e  shor t e r  length and smaller  packaged volume f o r  

mul t ip l e  pumps. The cos t  t o  provide volume on t h e  platform i s  estimated i n  

t h i s  t r a d e  study a t  $650 per cubic metre(S18.501ft3). The t o t a l  c o s t  of multi-  

p l e  seawater pumps including t h e  va lue  of t h e  volume occupied on t h e  platform 

leads  t o  e s s e n t i a l l y  i d e n t i c a l  c o s t s  f o r  e i t h e r  t h e  s i n g l e  o r  mul t ip l e  pumps 

senring t h e  same 25 MWe output ,  Fig. 3.  Costs of se'awater pumps i n  t h i s  case  

a r e  not  t h e  deciding f a c t o r  when platform c o s t s  a r e  included i n  t h e  comparison. 

Freedom i n  component arrangements and power system a v a i l a b i l i t y  then become 

t h e  f a c t o r s  which a f f e c t  t h e  design choice of one o r  mul t ip l e  pumps per duct. 

The l a r g e  flow r a t e  requirements (156 f t 3 / s e c  per magawattlheat exchanger) ' 

f o r  t h e  OTEC power system requi re  l a r g e  seawater ducts .  The s i z e  of these  

ducts  a f f e c t  t h e  arrangement of components, t h e  minimum radius  of tu rns  of 

LOCKHEED MISSILES & SPACE COMPANY. INC. 



I COST WITH 1.375 
PACKING FACTOR 

I 40- ,-. COST OF PUMPS PLUS 
n 

I .  J. COST OF PYMP VOLUME 
C - ($18.75/FT) 

b ($650/m3) 

TOTAL COST OF 

X 3 
PUMPS FOR ONE 
CIRCUIT OF 
ZMW(e) MODULE 

I 2 9 4 
NUMBER OF PUMPS PER CIRCUIT PER 25MW(e) MODULE 

Figure 3 Total cost of multiple seawater pumps for one circuit of a 
25 I%?, (Net) power module. 

TOTAL COST OF DUCT 

INCLUDING PLATFORM 
VOLUME COST AT 

DUCT t FOUIJ~ATION 

oucr (ERECTED) 

VOLUME COST AT 

INSIDE DIAMETER OF DUCT (m) 

Figure 4 Total cost of seawater ducts per 100 ft of duct.' 
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t h e  duc t ,  t h e  weight of water  c a r r i e d  i n  t h e  duc t ,  t h e  volume occupied i n  t h e  

h u l l ,  and t h e  weight of t h e  pipe and t h e  foundat ion t o  support  t h e  p ipe  i n  

t h e  h u l l .  A smal le r  p ipe  would reduce a l l  o f  t h e s e  f a c t o r s  a t  t h e  expense of 

increased requirements f o r  pumping power. The optimum duct  diameter  i s  about 

4.5 metres (15 f t )  f o r  a 25 MWe module, Fig. 4 ,  when t h e s e  f a c t o r s  a r e  consi- 

dered. This  r e s u l t s  i n  a  water  v e l o c i t y  of about 5  m / s  (15 f p s ) .  This  h igh  

flow can cause s i g n i f i c a n t  l o s s e s  i n  t u r n s ,  nozz les ,  and d i f f u s e r s  and must 

be c a r e f u l l y  considered i n  d e t a i l  design s o  as t o  avoid excess ive  flow l o s s e s .  

More generous design condi t ions  were used i n  t h e  comparison of t h e  s i x  hu1l.s 

conf igura t ions  t o  a s s u r e  adequately conserva t ive  arrangements. 

The cold water  pipe i s  considered t o  be t h e  key t e c h n i c a l  system on t h e  p l a t -  

form. This i s  t h e  r e s u l t  of t h e  l a r g e  diameter 17M (54 f t )  and l eng th  lOOOm 

(3281 f t )  of t h e  p ipe  f o r  a  100 W e  platform when a l l  of t h e  co ld  water  is  

taken i n  one pipe. The platform motions i n  a  seaway cause l a i g e  loadings t o  

b e  imposed on t h e  pipe. S tud ie s ,  Ref. 2 ,  3 ,  have ind ica t ed  t h a t  a  moderately 

f l e x i b l e  (not  r i g i d ,  no t  pinned) attachment should occur between t h e  p ipe  and 

t h e  OTEC platform t o  b e s t  balance t h e  bending moment d i s t r i b u t i o n  over  t h e  

l eng th  of t h e  pipe. These r e s u l t s  i n d i c a t e  t h a t  t h e r e  i s  only a small in- 

f luence  of t h e  pipe loads on t h e  motions of t h e  platform f o r  reasonable 

va lues  of attachment s t i f f n e s s .  Motions computed f o r  t h e  six b a s e l i n e  conf ig  

u r a t i o n s  developed i n  t h i s  s tudy a r e  shown i n  Fig. 5  f o r  t h e  100 m e  p l an t  i n  

s eas  wi th  a  s i g n i f i c a n t  wave he ight  of 58 f t .  The su r f ace  platforms have 

l a r g e  motions and t h e  submerged platforms have small motions. The t abu la t ed  

surge motion seems t o  c o r r e l a t e  b e s t  wi th  tk maximum bending moments i n  t h e  

co ld  water  pipe. Ear ly  a n a l y s i s  showed t h a t  f l e x i b i l i t y  i n  t h e  p ipe  is re-  

quired t o  keep t h e  loads  t o  reasonable design va lues .  To t h i s  end, pipe 

designs were considered f o r  aluminum, g l a s s  r e in fo rced  p l a s t i c  (GRP) and con- 

c r e t e  wi th  f l e x i b l e  j o i n t s  (E = 0.3 x 106 p s i ) .  The est imated w a l l  th ickness  

v a r i e s  widely depending upon t h e  design environment, such as s i g n i f i c a n t  wave 

h e i g h t ,  F ig .  6. The budding l i m i t ,  Ml, c o n t r o l s  t h e  design th ickness  f o r  low 

sea  condi t ions .  A t  high seas  and varying wi th  platform motions t h e  est imated 

v a l l  th ickness  becomes l a r g e ,  up t o  5 f t .  f o r  a  spa r  platform i n  a s i g n i f i c a n t  

- 9- 
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I S H I P  I BARGE I SEMI I :%E 1 SUB I SPAR I 
SIGNIFICANT AMP1 

HEAVE MOT ION (M) 

HEAVE ACCEL (MISEC~) 

SURGE MOTION (MI  

ROLUPITCH MOTION (O) 

MAX, BEND. MOMENT (LB-FT x 

Figure  5 Motions o f  platforms f o r  100 MWe(Net) p l an t  i n  a  seaway(H = 58.1 f t )  

1CO MW, PLATFORMS 
CWP- ID=16.7m (54 51) 
DEPTH = lCWn (3281 It) 

. . LOW 
ATTACHMENT 

CWP 
- CONCRETE 

I ' (E = 0.3 x lo6 PSI) 

. . 
SIGNIFICANT WAVE HEICiHT - H, - feet 

Figure  6 Thickness of  w a l l  of co ld  water  p ipe  f o r  100 MWe (Net) platforms.  
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wave he igh t  of 58 f t ,  which i s  t h e  100 year  storm condi t ion  f o r  t h e  New 

Orleans s i t e .  

The depth a t  which t h e  pipe is  a t tached  t o  t h e  platform has a  s i g n i f i c a n t  

e f f e c t  on t h e  maximum dynamic bending moment i n  t h e  pipe.  A l a r g e  (2.5 t o  1)- 

reduct ion  i n  requi red  pipe th ickness  occurred wi th  high attachment (near  t h e  

CG) f o r  t h e  spa r  a s  compared t o  a  deep attachment (below t h e  base  of t h e  spar ) .  

Computations f o r  a  spa r  platform show t h a t  i n  a  seaway t h e  maximum dynamic 

bending moment along t h e  pipe i s  a  monotonically decreasing func t ion  of t h e  

e l eva t ion  of t h e  pipe attachment t o  t h e  platform, Fig. 7 .  Other platforms 

appear t o  have optimum attachment e l eva t ions  which vary wi th  design sea  condi- 

t i o n s .  More d e t a i l e d  assessment of t h e  i d e a l  attachment l o c a t i o n  and type of 

attachment s t i f f n e s s  i s  requi red  f o r  more advanced designs of t h e  co ld  water  

pipe. Fu r the r  conceptual  design cons idera t ions  f o r  t he  pipe a r e  presented i n  

Sec t ion  4. 

A concre te  pipe wi th  f l e x i b l e  j o i n t s  was s e l e c t e d  f o r  t h e  comparison of p l a t -  

form conf igura t ions  wi th  wa l l  th ickness  dependent upon t h e  extreme s i g n i f i c a n t  

wave h e i g h t . f o r  each s i t e  and t h e  bending moments induced by t h e  platform 

motions. The c o s t  of t h e  pipe v a r i e d  by a  f a c t o r  of 2  among t h e  s i t e s  and a  

f a c t o r  of 2.4 among t h e  platforms.  The pipe c o s t  f o r  t h e  s h i p  a t  New Orleans 

was est imated t o  c o s t  79% a s  much as' t h e  cons t ruc t ion  c o s t  of t h e  s h i p  h u l l  

and s t r u c t u r e .  S i g n i f i c a n t  development e f f o r t  i s  needed t o  reduce t h e  proba- 

b l e  c o s t  of t h e  co ld  water  pipe system.. 

The pos i t i on  c o n t r o l  system provides c l o s e  (25 percent  watch c i r c l e )  c o n t r o l  :s 0 

of platforms i n  a l l  environmental condi t ions .  Because of t h e  need t o  l o c a t e  

OTEC p lan t s  i n  water  which h a s . a n  adequate supply o f ; c q l d  water ,  t h e  pos i t i on  

con t ro l  system i s  a l s o  a  c o s t l y  system. The r e a l  c o s t s  f o r  a  moored system 

(anchors and mul t ip l e  l i n e s )  and a  dynamic pos i t ion ing  system a r e  presented 

i a  Fig .  8. These c o s t s  inc lude  replacement c o s t s  f o r  t h e  mooring l i n e s  and 

power c o s t s  f o r  t h e  t h r u s t e r s .  They do not  inc lude  t h e  c o s t s  f o r  a d d i t i o n a l  
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Figure  7 Maximum bending stress i n  cold water  pipe i n  a seaway ( H  
as a func t ion  of  depth of attachment t o  t h e  spa r ,  
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Figure  8 Real c o s t  of  p o s i t i o n  keeping system,New Orleans 
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personnel t h a t  may be requi red  t o  ope ra t e  t h e  dynamic pos i t i on ing  system f o r  

t h e  planned 40 year  l i f e  of t h e  p lan t .  I nc lus ion  of personnel c o s t s  

(est imated a t  $20 m i l l i o n )  would favor  t h e  moored system f o r  smal le r  p l a t -  

forms (up  t o  400 m e ) .  Since t h e s e  c o s t s  a r e  q u i t e  c lose ,cons ider ing  t h e  

environmental approximations used i n  t h e  a n a l y s i s ,  a  mooring systemwas used 

f o r  t h i s  comparative eva lua t ion  of platforms.  However, both types of systems 

should be r e t a ined  f o r  cons idera t ion  when more r e f ined  ana lyses  w i th  adequate 

s i t e  d a t a  a r e  ava i l ab l e .  

These platform systems were incorpora ted  i n t o  t h e  platform arrangements wi th  
. . 

t h e  p&er system components t o  develop t h e  b a s e l i n e  designs f o r  t h e  100 MWe 

(ne t )  commercial p l an t  a t  t h e  New Orleans s i t e .  The comparative s i z e ,  shape 

and f e a t u r e s  of t hese  designs a r e  i l l u s t r a t e d  i n  Fig.  9 f o r  i n t e r n a l l y -  

mounted power components and i n  Table 2 which a l s o  inc ludes  t h e  p r i n c i p a l  

c h a r a c t e r i s t i c s  of a  spa r  wi th  de tachable  power modules. This  l a t e r  configu- 

r a t i o n  i s  very  s i m i l a r  t o  t h a t  repor ted  i n  a  previous s tudy,  Ref. 4. 

It is  ev ident  f r o m  t h e  opera t ing  d r a f t s  f o r  t h e s e  platforms t h a t  they  cannot 

be . cons t ruc t ed  i n  e x i s t i n g  U.S. sh ip  yards o r  i n  c lo se - in  c o a s t a l  water .  The 

cons t ruc t ion  of  thesepla t forms i n  s t e e l  h u l l s  was predicated upon a  t h r e e  

s t a g e  cons t ruc t ion  method which moved i n t o  deeper ,  water  a t  higher  c o s t s  a s  t h e  

h u l l  d r a f t  i s  increased.  A s i m i l a r  approach f o r  concre te  cons t ruc t ion  has 

beenoffer red .  Costs have been developed f o r  both s t e e l  and concre te  h u l l s .  

The system c o s t  percentages a r e  presented i n  Table 3 f o r  a spa r  platform wi th  

detachable modules. The s t e e l  h u l l  and s t r t i c tu re  is  est imated t o  be 2.2 t imes 

a s  c o s t l y  a s  t h e  concre te  h u l l  ,and s t r u c t u r e .  The o v e r a l l  platform c o s t s  

are 1.46 times a s  c o s t l y  f o r  t h e  s t e e l  a s  f o r  concrete .  

T h e , t o t a l  c o s t s  f o r  t h e  s i x  platform types a r e  i l l u s t r a t e d  i n  Fig. 10  f o r  

concre te  h u l l  s t r u c t u r e s .  The detached module spa r  i s  a l s o  included i n  t h i s  

comparison. Four platforms cons t ruc ted  i n  concre te  were est imated t o  c o s t  

w i th in  9 percent  o f . e a c h  o t h e r . .  These a r e  t h e . . c i r c u l a r  barge,.  t h e  submarine, 

t h e  detached s p a r ,  t h e  sh ip .  The o t h e r  t h r e e  conf igura t ions  range from 18 t o  

21% more c o s t l y  than t h e  c i r c u l a r  barge and a t  l e a s t  9 percent  more c o s t l y  

-13- 
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Figure 9.  Platform conf igura t ions  f o r  100 MWe (Net) OTEC commercial plant  

with Internally mounted power system. 

Table 2 

Summary of P r inc ipa l  Charac te r i s t i c s  - 100 MWe (Net) OTEC Commercial P lant  

CIRCULAR TUNED SPAR SPAR 
SHIP BARGE SEMI ' SPHSRE SUB ( O W  

LENGTH (metres) 

B W ,  (metres) 72 98 124 91 56 100 98 

HEIGHT (metres) 37 43 64 102 90 115 140 

DRAFT (metres) 27 24 44 7 3 72 80 115 

DISPLACEMENT (thousand metric tons) 274 2 84 350 129 254 234 118 
\ 
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Table 3 

Percentage of Capital Cost by Subsystem - 100 MWe (Net), 

Spar With Detachable Power Modules. 

- NEW ORLEANS 

- 100-MW(e) NET 

- BASELINE POWER SYSTEM 
. . 

SUBSYSTEH 

HULL 6 STRUCTURE 

COLD WATER PIPE > 
SEAWATER PIMPS h DUCTING 

POSITION CONTROL SYSTEMS 

AUXILIARY SYSTEXS 

OUTFIT 6 FURNISHINGS 

DEPLOYMENT 6 CWP ASSEMBLY/INSTALLATION 

TmAL 

TOTAL COST 
-TE 

C O N C R E T E  7 

Figure 10. Comparative costs  of seven OTEC platform configurations. 
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t han  t h e  ship.  These were t h e  i n t e r n a l  s p a r ,  t h e  tuned sphere,  and t h e  semi- 

submersible  which w a s  most c o s t l y  i n  concrete . .  The closeness  of t hese  r e s u l t s  

( l e s s  than  + 5%) f o r  t h e  f i r s t  four  conf igura t ions  ind ica t e s  t h a t  they  should 

cont inue  t o  be considered equal  on a  c o s t  comparison b a s i s .  An eva lua t ion  of 

t h e s e  seven platform conf igura t ions  was performed based upon nine q u a l i t a t i v e  

c r i t e r i a  and one (low c o s t )  q u a n t i t a t i v e  c r i t e r i a .  This process a l s o  included 

a n  assessment of  r i s k s  of completing succes s fu l ly  t h e  development of t h e  planned 

commercial p l an t  f o r  each platform type. Fig. 11 presents  t h e  t a b u l a t i o n  

of t h e s e  eva lua t ion  and r i s k  assessment scores  f o r  t h e  100 MWe (Net) commer- 

c i a l  p l an t  a t  New Orleans when cons t ruc ted  of concrete .  The development r i s k  

f a c t o r s  have been presented as negat ive  scores  from 0 t o  -100 ind ica t ing  in- 

c r eas ing  (toward -1UU) r i s k  which should be  weighted aga ins t  t h e  p o s i t i v e  

scores .  I n  a l l  c a ses  (50 t o  500 MWe ( n e t ) )  t h e  a n a l y s i s  i nd ica t e s  t h a t  t h e  

l a r g e r  t h e  power module capac i ty  and t h e  l a r g e r  t h e  platform capac i ty  t h e  

lower i s  t h e  c o s t  of t h e  platform per  u n i t  output  of energy. 

The two spa r  types rank h igh  on t o t a l  score  followed c l o s e l y  by t h e  c i r c u l a r  

barge and t h e  sh ip .  

On t h e  b a s i s  of t h e s e  r e s u l t s  it i s  recommended t h a t  f u r t h e r  development 

e f f o r t s  should cons ider  t h e  spa r  type  platform both wi th  detachable and in- 

t e r n a l  power systems e s p e c i a l l y  i n  a r eas  of h igh  seas  and where e l e c t r i c a l  

power t ransmission i s  planned. The s p a r - h a s  outs tanding motion c h a r a c t e r i s t i c s  

i n  a  seaway, i s  low c o s t ,  has' an optimum mooring system which i s  independent of 

storm d i r e c t i o n ,  and imposes the  l e a s t  s t r i n g e n t  design requirements on t h e  

co ld  water  pipe. A sh ip- type  platform i s  recommended f o r  cons idera t ion  along 

wi th  t h e  spars  a t  s i t e s  where grazing i s  planned, o r  a t  which e l e c t r i c a l  t rans-  

mission i s  not  planned. The sh ip  has low powering requirements f o r  grazing,  mode, 

mode, h a s  moderate motions i n  a  head sea  cond i t i on ,  and i s  low c o s t .  
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Figure '11. Evaluation .of .best .  OTEC platform. for 100 We output at ..New . . .  

Orleans s i t e .  

. . .  
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Section 4 

CONCEPTUAL DESIGN OF COLD WATER PIPE 

The previous analysis for cold water pipes of 54 feet inside diameter for 

100 MW e showed that of the materials investigated prestressed concrete 

with flexibly joined sections was the lowest cost concept. However, the 

resultant payload requirement on the platform, particularly on the non- 

floating concepts, was reflected in a high cost p(3iialey. This conceptual 

design considers alternatives to the materials previously investigated as 

well as approaches to reducing the weight of concrete pipe. 

Pipe characteristics investigated conceptually were diamet'er, length, 

thickness, material, joints, deployment, and platform attachment. . The 

significant results of these analyses are the following. 

1. The optimum inside diameter of pipe for a 400 MW(e) commercial plant is in 

the range of 21 to 24 meters (70 to 80 ft) for concrete, Fig. 12. . 

2. Optimum pipe length is 808 meters (2650 ft) for a concrete pipe on the 

spar in New Orleans for an inlet depth of 900 meters (2950 ft), Fig. 13. 

3 ,  Pipe wa'll thickndss, strongly dependent on material, lies in the range of 

0.5.cm (114 inch) for rubber-nylon to 0.3 meters (1 foot) or more for 

jocnted concrete. 

4. Among the rigid materials investigated (concrete, GRP, aluminum), the 

reinforced concrete pipe with flexible joints is the lowest cost pipe 

material, Fig. 14. 

5 .  The rubber-nylon concept is an attractive alternative to concrete from 

the standpoint of low weight and cost .Lf the material life in seawater 
is equal to that of concrete. The high cost for deployment of the 

- 18- 
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. F i g u r e  12 Cost  o p t i m i z a t i o n  of c o l d  w a t e r  p i p e  d iamete r  f o r  400 MWe (Net)  
conrmerical p l a n t  a t  New Or leans .  

NEW ORLEANS , 

SPAR 

' C O N C R E T E  CWP 

COLD WATER PIPE L E N G T H  (1000 FT) 

F i g u r e  13 Opt imiza t ion  of cold water p i p e  l e n g t h .  
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SHIP --- 
SPAR - 
JOINTED CWP 

= 60 FT 

Figure 14. Construction costs of cold water pipe. 

Table 4 

Construction and Deployment Costs for Cold Water Pipe. !$ M) 

( 4 0 0  MW'E  PLAN^ A T  N E W  O R L E A N S )  , 

* D O E S  N O T  I N C L U D E  A D D I T I O N A L  C O S T  O F  O F F S H O R E  

C O N S T R U C T I O N  O F  T O P  O F  S P A R  P . L A T F O R M  

_.-_ . . 
P L A T F O R M  T Y P E  

CWP M A T E R I A L  

C O N S T R U C T I O N  

D E P L O Y M E N T  

' r u  I A L  
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heavy concrete pipe overshadows the lower construction cost, Table 4. 

If not, then the costs to deploy a replacement rubber-nylon pipe(s) 

in the forty years of plant operation would make this concept non-cost 

competitive with concrete. 

6. Flexible joints have been devised for rigid pipe sections which provide 

for ease of deployment as well as fail-safe continuous operation in 

storms. The latter by limiting pipe bending stresses through pre- 

determined levels of rotational fixity. Connections for pipe sections 

of other materials not requiring this latter characteris tic. would be 

less costly. 

7. Deployment of the pipe for any of the rigid concepts consists of sequen- 

tially lowering, by a jacking system,-each pipe section through a 

temporary opening and cofferdam. This approach applied to the spar 

would be carried. out in deep water on the base structure ptior to slip 

forming of the core, the latter fitted with temporary buoyancy tanks ' 

to support the CWP. 

8. Deployment of the soft, rubber-nylon pipe would consist of lowering the 

pipe and attaching to the. platform from below either the ship or spar. 

9. Attachment to the platform in the case of the rigid pipe concept requires 

a bearing to minimize platform-induced pipe bendhg stress in a hurricane. 

This approach may not be required for the rubber-nylon pipe where the 

pipe wall is assumed to stretch under beriding applied at the pipe-platform 

interface, thereby relieving tensile stress. 

-21- 
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. S e c t i o n 5  . 

DESCRIPTION OF CONCEPTUAL DESIGN OF SHIP' PLATFORM 

The conceptual design f o r  a ship-type platform fo r  a 400 MW e (Net) OTEC 

commercial p lant  i s  a major departure from conventional ship design. The 

unusual payload requirements of the  OTEC power system and seawater flow 

systems have been e f f i c i e n t l y  ilategrated with the ship  ~t ructuz-a1 requirements 

t o  c r e a t e  a unique platform concept f o r  the  commercial plant.  

. - - .  

I n i t i a l  concepts for  the  ship  platform centered on mounting the  50 MW e 

(Net) power system components i n t e r i o r  t o  the  concrete h u l l  s t ruc tu re  i n  

arrangements t h a t  sought t o  optimize the  seawater ducting, The cos t  estimates 

f o r  these  new concepts supported the  platform cos t s  previously developed 

f o r  comparison of types of platforms. 
I 
\ 

Sign i f i can t  reductions i n  platform cos t s  obviously require  non-tradit ional  

approaches. A major portton of the  ship  h u l l  s t ruc tu re  had been devoted 

t o  providing displacement (as i s  t r a d i t i o n a l )  t o  contain the  power system 

components. Noting t h a t  many power system components theuselves were 

pressure vesse l s  and some displaced l a rge  volumes of water, it was decided 

t o  apply these components t o  provide buoyancy for  the platform. The heat  

exchangers were f u l l y  immersed i n  seawaLef by removing thc  outcr  h u l l  o f  

the  ship.  h e r s i o n  o r  the  heat  exchangers tllsu 11as been shown t o  rcduce 

Lhe c u s t  61 the hul l .  The ocawotor ducto within the hu l l  were redes6gned 

t o  thinner sect ions a s  a r e s u l t  of t h e  reduced pressure d i f f e r e n t i a l  across 

the wall .  This new strong-back-type s t r u c t u r a l  arrangement of the  ship  then 

required specia l  considerat ion fo r  construction and f loat-out  l imi ta t ions .  

Lightweight concrete was used t o  fur ther  reduce the  s i z e  and weight of 

h u l l  s t ruc tu re .  Another f ea tu re  of t h i s  arrangement is  t h a t  i t  allows the  

l a rge  heat  exchangers t o  be f loa ted  i n t o  pos i t ion  from the  open s ides  of 

t h e  s t ruc tu re ,  el iminating the need for '  cranes t o  l i f t  the  e n t i r e  heat  

exchanger. - 22- 
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LOCKHEED OCEAN THERMAL ENERGY CONVERSION (OTEC) PLANT SHlP 
WHAT IS  OTEC? 
OTEC means ecean Thermal Energy Conversion. OTEC i s  a means for extracting 

solar energy from the oceans by using the difference in temperature between the 

warm tropical surface waters and the cold deep waters. The temperature difference 

is used in a power cycle very similar in principle to the conventional power plants 

that use the heat of burning coal or gas. 

HOW DOES OTEC WORK? 
The working fluid in OTEC such a s  ammonia is vaporized in an evaporator heated 

by the warm surface water. The vapor is expanded through a turbine which drives 

a generator to make electricity. The vapor is then restored to liquid form in the 

condenser, cooled by the cold deep-sea water. The condensed liquid i s  returned to 

the evaporator to repeat the closed cycle process. 

WHAT IS  THE OTEC PLANT SHIP? 
The OTEC Plant Ship is a cost effective arrangement of the subsystems of an OTEC 

plant that can cruise the high seas, following the most favorable ocean temperatures. 

The heat exchangers which are  immersed in t'ne sea water to provide buoyancy are 

arranged around the ship adjacent to the warm and cold water ducts. These heat 

exchangers can be detached from the hull and floated to a base for servicing. The 

ship-like shape of the platform simplifies the cold water pipe and ths position keep- 

ing system. 

WHAT CAN THE OTEC PLANT SHlP DO FOR U S ?  
The electricity generated by an OTEC Plant Ship can be used to produce energy 

intensive products such as  hydrogen and ammonia, which can then be transhipped to 

the marketplace by other vessels. And it caE do so safely and without harming the 

ocean environment. Furthermore, the solar energy it uses is  replenished constantly. 

A single 400 megawatt plant ship producing ammonia can save 38 million cubic feet 

per day of natural gas. 

The U. S. Government supports OTEC design and development through the Department 

of Energy (DOE). 

Lockheed u i c t i l e s  & Space  Company, Inc .  . Sunnyvale,  Ca l i forn ia  94Oflfi 



The OTEC Ship Platform cons is t s  of a c e n t r a l  concrete h u l l ,  ex te rna l  heat  

exchangers attached t o  both s ides  of the h u l l ,  cold water intake and warm 

water discharge pipes attached to  the  bottom, warm and cold 'seawater  pumps 

i n  the discharge piping, and support system equipment on the Main and Second 

Decks, Fig. 15. The ship has the pr inc ipa l  c h a r a c t e r i s t i c s  shown i n  Table 5: 

The . c e n t r a l  h u l l  i s  "T"-shaped i n  cross- sec t i o n  and wall-sided throughout. 

The arrangement was developed t o  minimize weight and cos t ,  and ye t  provide 

s u f f i c i e n t  buoyancy, s t rength,  i n t e rna l  volume, and deck area f o r  a l l  

required OTEC equipment under the an t ic ipa ted  environmental conditions.  

Permanent accommodations have not  been'provided f o r  the  moored configuration.  

It i s  an t ic ipa ted  t h a t  a l l  operating and maintenance personnel w i l l  be 

housed ashore o r  i n  an accommodations vessel  c e n t r a l l y  moored i n  the  energy 

park. The h u l l  i s  designed f o r  construct ion i n  a graving dock with a 46 foo t  

d r a f t  a t  f loat-out .  

The buoyant heat  exchangers w i l l  be r ead i ly  detachable fo r  r epa i r  0.r major 

maintenance ashore. .Attachment t o . t h e  h u l l  w i l l  be 'made on the underside 

of the  wing wal ls  and by means of mating flanges i n  way of the openings i n  

the  s ide  wal ls  of the  h u l l .  

Four evaporators w i l l  be located a t  eech end of the  vessel, (2  port ,  

2 s tarboard) .  The evaporators w i l l  draw d i r e c t l y  from the surrounding warm 

water through screens and discharge i n t o  warm water plenums and down through 

discharge pipes. The e igh t  condensers w i l l  take water from a cormnon cold 

water plenum which i s  f i l l e d  by the cold water in take  pipe and then discharge 

outboard and down through the discharge pipes t o  150 m depth. 

The pumps fo r  warm and cold water a r e  located on the  discharge s ide  of the  

heat  exchangers with two pumps serving each. The pump/pipe u n i t  for  each 

heat exchanger module i s  designed t o  be s l i g h t l y  buoyant and detachable 

fo r  t ranspor t  t o  shore f a c i l i t i e s  fo r  nrajor repai r  and maintenance. The . 
-23-  
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Warm Water C o l d l ~ a t e r  ~ l b n u m  Warm Water I 

Plenum I I 

Pipe ,' plenum 
I 
! 

\ 
L 

\ / A J 

Sea '5;ater Pxmps 

Fig.  15 conf igura t ion  of ship- type OTEC c m e r i c a l  p lan t .  

Table 5 

P r inc ipa l  C h a r a c t e r i s t i c s  of Ship-Type OTEC Comrnerical P lan t ,  

. 400 MW, Net, New Orleans 

Length Overall  

Maximum Beam on Water l ine  

Maximum Beam Overal l  

Depeh eo min Ueck 

Operating Draf t  

L igh t  Ship (Dry) Weight 

Displacement @ Operating 
Draf t  

Displacement G Operating 
Draf t  Excluding Seawater 

210 m 

58 m 

73 m 

34 m 

28 m 

140,382 tonne 

257,953 tonne 

174,448 tonne 

138,166 L.T. 

334,867 L.T. 

171,644 L.T. 
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f l e x i b l e  rubber-nylon cold water intake pipe i s  supported from the  bottom 

of the h u l l  a t  midships on center l ine .  

The space between the  Second and Main Decks i s  u t i l i z e d  fo r  f l u i d  storage,  

e l e c t r i c a l  transmission and switchgear, e l e c t r i c a l  d i s t r i b u t i o n  equipment, 

aux i l i a ry  machinery, c h l o r i ~ t o r s  and ni t rogen and C02 storage. Wing wall 

spaces outboard of the  main h u l l  w i l l  be used f o r  piping and cable runs. 

Ba l l as t  tanks a r e  located a t  t h e  ends of the  vesse l  and between the  warm 

and cold water plenums, forward and a f t .  The midship outboard tank spaces 

w i l l  be u t i l i z e d  for  d i e s e l  fue l  o r  b a l l a s t ,  a s  required. 

The e ight  turbine  generator s e t s  a r e  housed i n  individual  enc1osures.on. 

the  main deck d i r e c t l y  over the condensers. A gantry crane and two pedestal 

cranes w i l l  be used to  handle equipment and s t o r e s  between the  below deck 

spaces and service  vesse ls  alongside. The hel icopter  platform and control  

tower a r e  located a t  the  end of the  s h i p ' t o  avoid in ter ferences .  

The use of a concrete cold water pipe i n  l i e u  of t h e  f l e x i b l e  rubber-nylon 

pipe would requ i re  an addi t ional  16,000 tonnes of buoyancy t o  support 

the  addi t ional  weight. It i s  ant ic ipated  t h a t  t h i s  16,000 t of buoyancy 

could come from the  35,720 t margin which i s  presently included i n  t h e  

basel ine  design. Therefore, the  present h u l l  configurat ion i s  s u i t a b l e  for  

use with a concrete cold water pipe. 

A single-point,  spread mooring system is se lec ted  t o  pos i t ion  t h e  sh ip  

p lant  a t  the New Orleans s i t e .  The extensive l a t e r a l  area  of the  seawater 

discharge appendages r e s u l t s  f n  high loads on a multi-point moored ship  i n  . , - $?a .  

the worst combination of extreme beam sea, current  .and wixid. A preferred 

a l t e r n a t i v e  i s  t o  provide fo r  ship  weathervaning i n  storm conditions. I n  

head oen and wind conditions the  mooring loads a r e  subs tan t i a l ly  reduced. 
\ . . With t h e .  ciirrent bow-on, ' t h e  warm water in take  would be no&l t o  current ,  

serving evaporators on both s ides  of the  ship  with equal inflow conditions. 
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To provide weathervaning c a p a b i l i t y  t h e  s h i p  w i l l  be  moored by l i n e s  from 

t h e  bow t o  a  buoy, Fig.  6. The buoy w i l l  be posi t ioned by a three-poin t  

spread mooring c o n s i s t i n g  of deadweight anchors,  cha in  and nylon l i n e s .  The 

buoy, i n  a d d i t i o n  t o  providing s u f f i c i e n t  buoyancy t o  support t h e  mooring 

l i n e  loads i n  t h e  100-year storm, w i l l  a l s o  support t h e  e l e c t r i c a l  t r ans -  

mission l i n e s  t o  t h e  s h i p  and t o  t h e  ocean f l o o r .  A swivel  a t  t h e  buoy is  

requi red  t o  allow f o r  r o t a t i o n  of t h e  sh ip  and t ransmission l i n e s  about 

t h e  buoy, I n  t h e  event  of calm weather and zero cu r r en t  t h e  t ens ion  i n  t h e  

mooring l i n e  w i l l  be  maintained by an a u x i l i a r y  th rusee r  poslLioned on t h c  

ship s t e m .  The l l ~ i r  k c t w t t n  sh ip  and buoy v5 l l  h e  of s u f f i c i e n t  length 

t o  a s s u r e  t h a t  seawater  p ip ing ,  buoy mooring l i n e s ,  and e l e c t r i c a l  t r ans -  

miss ion  r i s e r  a r e  w e l l  separaLeil. Cost eat-bmnta~ i o r  a mflnred sysLerrr 

f o r  p o s i t i o n , c o n t r o l  a r e  s u b s t a n t i a l l y  l e s s  than f o r  dynamic pos i t ion ing  

system, except i n  deep oceanic  s i t e s  such as B r a z i l ,  Figure 17. 

The c a p i t a l  c o s t  e s t ima te s  f o r  t h e  OTEC commercial p l an t  using a  s h i p  
.- 

platform, based on e a r l y  1978 d o l l a r s  and inc luding  10% allowance f o r  

contingency and 4% f o r  con t r ac to r  p r o f i t ,  a r e  shown i n  Table 6 .  Power and 

energy t r a n s f e r  system c o s t s  a r e  not  included. The most c o s t l y  systems 

i n  decreasing magnitude a r e  t h e  seawater system ( c h i e f l y  t h e  pumps), t h e  

cold water  p i p e ,  t h e  h u l l  and s t r u c t u r e ,  and t h e  pos i t i on  c o n t r o l  system. 

The t o t a l  c a p i t a l  c o s t  per  k i lowa t t  i s  est imated t o  be $690 f o r  t h e  reported - 
systems. This inc ludes  $167/kw f o r  t h e  seawater pumps which a r e  sometimes 

. included i n  power system c o s t s .  

Construct ion span f o r  t h e  h u l l  i s  es t imated t o  be 14 months fo l loved  by 

o u t f i t t i n g s ,  i n s t a l l a t i o n  of t h e  h e a t  exchangers, d e p l o w l i t  co rhe upertrtiiig: 

s i t e ,  deployment of t h e  mooring system and i n s t a l l a t i o n  of t h e  cold water  

pipe.  
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Figure  16.. Conceptual design of a  th ree-poin t  mooring system. 

OMOOB(HEAD OR aEAM SEAS) BEAM, 

 DYNAMIC POSITIONING RBm, 
(HEAD ONLY) 

NEW 
HAWAII Q R ~ N S  . BMZlL 

SITE 

.F igure  17. - Costs f o r  p o s i t i o n  . con t ro l  systems . f o r  ship-  type . '. 

OTEC commercial p l an t .  

. . 
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Table  6 

SHIP-TYPE 400 MW(e) COMMERCIAL PLANT COST SUMMARY 
(NEW ORLEANS SITE) 

I 1.1 ' P l a t f o r m  I n t e g r a t i o n  I l o - O  and E n g i n e e r i n g  1 5*0 

. . COST $M 

I 1.2 H u l l  and s t r u c k r e  1 46.1 1 -36.7 

WBS SYSTEM 
-- 

1. U PLATFORM SYSTEM 

1.3 ' p o s i t i o n  C o n t r o l  System 

1.4 ' ' P l a t f o r m  S e r v i c e  Systems 

1 .5  O u t f i t  and F u r n i s h i n g s  

. 1.6 Ass'embly s u p p o r t  S e r v i c e s  

, . 1 . 7  Seawater  System 

1.8  B i o l o g i c a l  and C o r r o s i o n  
C o n t r o l  Eyatem 

2.0 COLD WATER PIPE SYSTEM 

5.0 SYSTEMS ENGINEERING AND INTEGRATION 

6.0 . SYSTEM TEST AND EVALUATION 

-- 
1ST UNIT 

207.6 

I 7.0-A OPERRTIONAL SUPPORT 

2ND THROUGI 
8TH UNITS 

179.8 

1 8.0 DEPLOYMENT 

9.0 INDUSTRIAL FACILITIES 

10.0 ENVIRONMENTAL, LEGAL, LICENSING, 
REGULATION AND IN3UnhNCE 

11.0 F!ROJECT MANAGEMENT 
.. . --,..,. 

' TOTAL CA'LrLTAL CUeT L) 

7.0-B ANNUAL OPERATIONAL COST OF EIGHT- I 24.2 ( 24.2 1 
PLANT PARK 

* BASED ON NOMINAL PLANT RATING OF 400 MGJ(e) NET 
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Section 6 

DESCRIPTION OF CONCE PTUAL DESIGN . OF. SPAR PLATFORM 

This conceptual design of the spar platform for a 400 PINe (Net) OTEC 

commerical plant utilizing detached power modules has successfully 

integrated several new considerations into the design and has realized 

significant reductions in platform cost compared with previous spar designs. 

The detachable power module utilizes immersed heat exchangers. The detachable 

feature of the power module allows for convenient handling of the heat 

exchangers and power generation equipment- for installation and for removal 

for major repairs. The immersion of the ammonia storage tanks, which are 

attached to the core of the spar, provides net buoyancy which contributes 

to the support of power conversion and transmission equipment, the cold water 

pipe, and to tensioning the mooring system. The use of lightweight concrete 

in the interior of the core, combined with elimination of permanent personnel 

facilities and equipment, futher contribute to the reduction in size and cost' 

of the spar-type platform. Principal characteristics are shown in Table 7. 

The spar-type platform consists of a central core supporting the cold water 

pipe and eight detachable power modules, Fig. 18. A 10-metre diameter column 

extends through the water surface, providing access to the core. Each module 

consists of a main cylinder which houses the power plant components with 

attached cylinders at each end which support the sea water pumps and ducts. 

The module and core are connected at the cold water inlet and at the turbo- 

generator space access. The core and modules are constructed from lightweight 

concrete. The large height of the core requires a two-stage construction 

process which starts in a graving dock with a 33 ft(l0m) flontout draft, and 

is completed in a deep (98 ft (30m)) wet dock. 

Tine warm water enters each module near the water surface, flows vertically 

downward through the pumps and evaporators, and discharges horizontally at 45 

metres below the surface. The cold water enters each module.from the distri- 

bution plenum at the base of the central core. It then flows into the 
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\\nJ Pumps 
- Core 

Zvapora tor  

~ u r b i n e l ~ e n e r a  t o  r 

Condenser 

CW Pumps - 

. f o l d  

.e CWP 

F i g .  1 8  C o n f i g u r a t i o n  o f  s p a r - t y p e  OTEC c m e r i c a l  p l a n t .  (One module shown.) 

Tab le  7 

P r i n c i p a l  C h a r a c t e r i s t i c s  of  Spar-Type OTEC Commerical P l a n t  

400 Me N e t ,  New O r l e a n s  

Width O v e r a l l  158 m 

Heiglrt O v e r e l l  (Exc luding  r=WP 139 m 
and Cold Water O u t l e t  P i p e  
e x t e n s i o n )  

Ope ra t ing  D r a f t  (Exc luding  CWP , 114 m 
and Cold Water  O u t l e t  P i p e  
e x t e n s i o n )  

L i g h t  Sh ip  (Dry) Weight 244,000 tonne  
( I n c l u d i n g  CWP) 

Displacement  a t  Ope ra t i ng  D r a f t  438,000 tonne  

Disp lacement  a t  Ope ra t i ng  D r a f t  256,000 tonne  
Excluding  Seawater  
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condensers, and through the sea water pumps to exit downward at a depth of 

150 metres. Valves which close off the plenum to provide buoyancy during 

deployment are closed during removal 05 a 'power module so.:that the other 

modules can continue'to operate. 

A comparison of three point spread mooring and dynamic postioning system costs 

indicates that for Hawaii and New Orleans the mooring system is approkimately 

one third of the cost of a dynamic positioning system. The estimated.cost for 
. . 

the three point mooring for New Orleans is $36.8M. 

Another approach to mooring the spar is to provide excess buoyancy at the 

operating draft-and to provide the reaction through a tension mooring leg, Fig. 19. 

The spar is suited to this concept because of the low waterplane area in 

comparison with shPps. The cold water pipe can be used to provide the tension 

leg so that there is a reduction in the length of the mooring lines by attach- 

ment to the inlet end of the pipe. A further advantage of this approach is 

that the mooring lines will be separated from the platform so that there is 

lower risk of entangling the electrical transmission lines and the pipe with 

the mooring lines. The tension leg mooring imposes an additional load on the 

cold water pipe which must now carry the drag force on the platform. The cost 

of the tension leg mooring system is $14M initially, and including replace- 

ment costs it becomes $30.7M, Fig. 20. 

Estimated costs for the 400MWe (Net) commerical plant using the spar platform 

with detachable power,modules are presented'in Table 8. The sea water system 

is the most costly system followed by the hull & structure, the cold water 

pipe, and the position control system in decreasing 

I 

The construction schedule for the core requires 9 months in the graving dock, 
I 

and an additional 14 months in the deep, wet dock. 

-31- 
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Figure 19. conceptual approach to tension- leg mooring' installation. 

' 1  C] MOOR (HEAD 011 BEAM SEAS) 

DYNANtIC POSITIONING ' 

(HEAD ONLY) 

160 

SITE 

Figure 20. Costs for position control systems for spar-type OTEC 

commercial plant. 
- 32- . ... - 
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Table 8 

SPAR-TYPE 400 MW(e) COMMERCIAL PLANT COST SUMMARY 
(NEW ORLEANS SITE) 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

2ND THROUGH 
8TH UNITS 

228.6 

5.0 

69.5 

30.7 

33.6 

0.5 

0 

89.3 

0 

51.6 

2.5 

5.0 

8 

12.7 

0 

5 .O 

15.0 

320.4 

801 .O 

24.2 

r 

WBS SYSTEM 

1.0 PLATFORM SYSTEM 

1.1 Platform In t eg ra t i on  
and Engineering 

1.2 Hull and S t ruc ture  

1.3 Pos i t ion  Control System 

1,4 Platform Service Systems 

1.5 O u t f i t  and Furnishings 

1.6 Assembly Support Services  

1.7 Seawater System 

1.8 Biological  and Corrosion 
Control System 

2.0 COLD WATER PIPE SYSTEM 

5.0 SYSTEMS ENGINEERING AND INTEGRATIOX 

6.0 SYSTEM 'EST AND EVALUATION 

7.0-A OPERATIONAL SUPPORT 

8 .0 DEPLOYMENT 

9.0 INDUSTRIAL FACILITIES 

10.0 ENVIRONMENTAL, LEGAL, LICENSING, 
REGULATION AND INSURANCE 

11.0 PROJECT MANAGEMENT 

TOTAL CAPITAL COST 
L 

$/KW(e)* 

7.0-B ANNUAL OPERATIONAL COST OF EIGHT- 
PLANT PARK 

* BASED ON NOrn& FUHT RATING OF 400 m(e) NET 
-33- 

COST $M 

1ST UNIT 

262.4 

10.0 

79.5 

32.7 

35.6 

0.5 

12.8 

91.3 

0 

62.4 

5.0 

10 .O 

25.0 

15.7 

200.0 

7.5 

22.5 

610.5 

1,526.0 

24.2 

4 



Sec t ion  7 

SENSITIVITY TO SITE 

Three major p la t fo rm-re la ted  f a c t o r s  a r e  a f f e c t e d  by t h e  s e l e c t i o n  of t h e  

o p e r a t i o n a l  s i t e  f o r  t h e  commercial p lan t .  These a r e  t h e  motions of t h e  p l a t -  

form, t h e  c o s t s  of  t h e  p la t form,  and t h e  average annual  output  of t h e  power 

system. A summary of t h e s e  f a c t o r s  f o r  t h e  two. platform conf igura t ions  f o r  

t h e  sites of New Orleans ,  Hawaii, and B r a z i l  a r e  presented i n  Table 9 ,  The 

depth  of t h e  cold  wa te r  i n t a k e  is  LUUUm (3281 f t j .  

The motions of two platforms es t imated f o r  extreme ( s u r v i v a l )  cond i t ions  f o r  

t h e  t h r e e  s i tes  i n d i c a t e  t h a t  t h e  s h i p  headed i n t o  t h e  s e a  undergoes 2.5 t i m e s  

t h e  p i t c h  motion of  t h e  s p a r .  The p i t c h  motion i s  g r e a t e s t  (6.2 degrees f o r  

t h e  s h i p  and 2.5 degrees f o r  t h e  spa r )  a t  New Orleans and l e a s t  f o r  t h e  B r a z i l  

s i te .  

C a p i t a l  c o s t s  f o r  commercial Ul'EC p l a n r s  w i t h  nominal 400 EMe n e t  ou tpu t ,  

excluding power and energy t r a n s f e r  systems,  p r imar i ly  r e f l e c t  t h e  change i n  

c o s t  f o r  t h e  p o s i t i o n  c o n t r o l  system t o r  eaeh sire.  The s h i p  cusL v a L i e s  2G 

percent  among t h e  s i tes ,  whi le  t h e  s p a r  c o s t s  va ry  by 7 percent .  

The annual  average output  of t h e  p l a n t s  based upon assumed gross  des ign output  

of t h e  power s y s e m  of 520 MWe (=65x8) rarlged from a low of 364 INe f o r  t h e  

s h i p  a t  New Orleans t o  448 NWe f o r  t h e  s p a r  a t  B r a z i l .  The power system f o r  

t h i s  c a s e  i s  based on a des ign  temperature d i f f e r e n t i a l  of 40 degrees F. The 

s p a r  i s  about 1 percent  more e f f i c i e n t  than t h e  s h i p  concept because of lower 

p a r a s i t i c  power requirements i n  t h e  s e a  water  system. 

The r a t i o  of  c a p i t a l  c o s t  p e r  annual  average output  f o r  t h e  c m e r i c a l  p l a n t s  

v a r i e s  16 percent  among t h e  t h r e e  s i tes  f o r  t h e  s h i p  and 18 percent  f o r  t h e  

s p a r ,  o 
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Table  9 
SENSITIVITY TO OPERATIONAL SITE. 

( I n t a k e  d s p t h  of  c o l d  water p ipe  i s  l O O O M  (3281 f t ) )  

P l a t fo rm 

S i t e  Sh ip  Spar  

P la t fo rm Motions i n  Extreme Seas S i g n i f i c a n t  Amptitude o f  
P i t c h  a n g l e  - degrees  

New Orlean (H5=58.1 f t )  6.2 (Head) 2.5 

Hawaii (H5=35 .9 f t )  2.6 (Head) 1 .O 

B r a z i l  (H5=29 f t )  P .8 (Head) 0.7 

C a p i t a l  Cos ts  ;? ( for  each 2nd t o  8 t h  U n i t s )  M i l l i o n s  of  D o l l a r s  (1978) 

New Orleans  (Moored) 275.9 (Head) 320.4 

Hawaii (Moored) 

~ r a z i ' l  (Dyn. Pos.) 

261.2 (Head) 306.7 

327.2 (Head) 330..7 

Annual Average Output o f  P l a n t .  (dt 3 e s i g n = 4 0 0 ~ )  MWe (Net) average  

(Assuming 65x8=520 MWe ( g r o s s ) )  

New Orleans  

Hawaii 

B r a z i l  

C a p i t a l  Cost  p e r  Annual Average Output *, $/kWe average  

New Orleans  759 87 3 

H a w a i i  690 802 

B r a z i l  7 36 
b 

,7 38 

Excluding c o s t s  of  power and energy t r a n s f e r  systems.  
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Sec t ion  8 
CONCLUSIONS AND RECOMMENDATIONS 

The fo l lowing conclus ions  and recommendations were de r ived  i n  t h i s  study.. 

1. The c o s t  t o  c o n s t r u c t  h u l l s  f o r  OTEC pla t forms t o  c o n t a i n  i n t e r n a . 1 1 ~ -  

i n s t a l l e d  power system components a r e  es t imated  t o  be  s i g n i f i c a n t l y  l e s s  

(about  32%) i n  c o n c r e t e  than  i n  s t e e l .  . 

2 .  Sea water duc t s  i n s i d e  a  p la t form h u l l  a r e  ve ry  expensive.  Minimum leng ths  

and optimized d iameters  of s e a  wa te r  duc t s  a r e  r e c m e n d e d  f o r  economic 

and weight  c o n s i d e r a t i o n s .  Immersed duc t s  a r e  a l s o  recommended t o  reduce 

c o s t  and weighr , 

3 .  The sea water  pumps a r e  a  major c o s t  i t e m  of t h e  platform. Trade s t u d i e s  

f o r  arrangements ,, r e l i a b i l i t y ,  m u l t i p l e '  u n i t s ,  and c o s t  are i r l c o ~ ~ c l u s i v e  

a t  t h i s  conceptual  des ign  s t a g e  of t h e  p la t form and power systems. 

4. S t r u c t u r a l  f l e x i b i l i t y  i s  requ i red  i n  co ld  water  p ipes  t o  minimize t h e  im-  

p a c t  of  p la t form motions on t h e  wa l l  t h i c k n e s s ,  weight and c o s t  of t h e  

pipe.  Replacement c o s t s  may be  a  s i g n i f i c a n t  c o n s i d e r a t i o n  i n  p ipe  optimi-  

z a t i o n .  

5.  A c o n c r e t e  co ld  wa te r  p ipe  equipped wi th  f l e x i b l e  j o i n t s  is  t h e  lowest  

c o s t  t o  c o n s t r u c t  and i s  ve ry  i n s e n s i t i v e  t o  des ign sea  c o n d i t i o n s .  De- 

ployment c o s t s  t o r  chis  p ipe  ass 75 pcrcent  of  construction c o s t s .  I t s  

l a r g e  weight has  an impact on buoyancy requirements on t h e  platform. 

6 .  An i n f l a t e d  r u b b e r l f a b r i c  co ld  wa te r  p ipe  i s  apparen t ly  s l i g h t l y  more c o s t  

e f f e c t i v e  than t h e  c o n c r e t e  p ipe  i f  long l i f e  can be a t t a i n e d .  P la t form 

impact and deployment c o s t s  a r e  minimal w i t h  t h i s  type  of  pipe. 

7 ,  Four p la t fo rm c o n f i g u r a t i o n s  seem t o  be  most d e s i r e a b l e  f o r  OTEC c o u u ~ e r c i a l  

p l a n t s .  These a r e  t h e  detached and i n t e r n a l  s p a r ,  t h e  c i r c u l a r  barge, and 

t h e  s h i p .  

8. Three p la t form c o n f i g u r a t i o n s  a r e  Less d e s i r e a b l e  for OTEC cumuercial 

p l a n t s .  These a r e  t h e  submarine, t h e  tuned sphere ,  and t h e  semisubmersible. 

9 .  Hu l l s  f o r  OTEC pla t forms can be  optimized by u t i l i z i n g  t h e  inheren t  buoy- 

ancy obta ined by immersion of components uf t h e  power system, c h i e f l y  t h e  

h e a t  exchangers and t h e  ammonia s t o r a g e  tanks  
r. 
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1 0 .  A concep tua l  d e s i g n  of a  s h i p - t y p e  p l a t f o r m  f o r  a  400 MWe ( n e t )  OTEC 

commercial p l a n t  has  an  e s t i m a t e d  c a p i t a l  c o s t  p e r  nominal n e t  ou tpu t  

of 690 $ / K W  f o r  a  New Or leans  s i t e .  

11. A s p a r - t y p e  p la t fo rm w i t h  d e t a c h a b l e  power modules h a s  an  e s t i m a t e d '  

c o s t  o f  801 $/KW nominal f o r  t h e  New Or leans  s i t e .  

12. The s e n s i t i v i t y  o f  t h e s e  concep tua l  d e s i g n s  t o  t h r e e  s i t e s  (New Or leans ,  

Hawaii, B r a z i l )  shows a  l a r g e  ( 3 . 5 : l )  v a r i a t i o n  among t h e  s i t e s  f o r  

b o t h  p la t fo rms  f o r  motions i n  extreme s e a s ,  and 26 p e r c e n t  v a r i a t i o n  

i n  c a p i t a l ' c o s t  f o r  t h e  s h i p  and 7 p e r c e n t  v a r i a t i o n  ' fo r  t h e  s p a r  among 

t h e  s i t e s .  

13.  It i s  recommended t h a t  a  demons t ra t ion  u n i t  f o r  an OTEC p l a n t  have an 

o u t p u t  o f  about  25 MWe t o  meet t h e  needs o f  bo th  smal l  and l a r g e  sys tem 

u s e r s .  Demonstration of f u l l  s c a l e  components (pumps, t h r u s t e r s ,  

anchors ,  e t c . )  i s  recommended. Demonstration o f  t h e  energy t r a n s f e r  

system ( e l e c t r i c a l  t r a n s m i s s i o n  o r  chemical  convers ion  and shipment) 

must be  included.  Opera t ions  pe rsonne l  should  r e p r e s e n t  p o t e n t i a l  OTEC 

u s e r s .  

-37- 
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