
Pipeline Bottoming Cycle Study 

Final Report 

June 1980 

Prepared for: 
U.S. Department of Energy 
Assistant Secretary for Conservation 
and Solar Energy 
Office of Transportation Programs 

Under Contract No. AC03-77CS51381 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



NOTICE 

This report was prepared m an account of wark rponswed by the 
United Stater Government. Neither the Unirsd States nm the United 
States Department of E m ,  nor my of their smpbyeeo, makes any 
warranty, awprolss or implied, of rssumes m y  kgftl l iab i i  or 
rssponslbili for the accuracy, compbtm~s~, or w s f u l ~  of any 
mtonnetion, apparatus, product, of process d i s d d ,  or rspresents 
that its uae would not infringe privately owned rCghts. Reference 
herein to any commercial product, process, or lervica by 
trade name, mark, mcmuSEturer, or othe-, does no? nsosssarily 
constitute or imply its endorsement, recommancbtim, or farwine by 
the United States Govemmsnt ar any agency therttof, The views and 
opinions of wthm sxpremed b e i n  do no? mmssafiiy state or 
refkt  those of the United States Government or any leency thereof. 

w... -t d Ol.xu 
!wsI*LIiq.l- 
t-**- ma 



- - - - . - L_ - __ 
IOU OP Y!O~U -,dxa l,oulnn ,O suo!u!ao PYD wel1 041 .~o~uu> Nuaas X) IUJ~YSLO[J ralsls 
paqun Out ~q 6u!,~s, lo .uo!lspnuumar 'luauanow n! ~~du! ro alnt!lrum AI!I-U tou 
SDOP 'ar!~~eulo lo .ia~n~%bnusu 'xrsuapul 'ameu apm AQ awar ro 'ward 'lmpra je!>>amum 
.!pads Aue 01 u!ejau a;lualalou 3146!1 PWO Alam!la ~BU!IJY! mu plnw arn st! leu) rtuara>dj, 
II 'P~TOIS!P nao,a lo '13npo~d 'mlumae 'uo!tsu~o~u! Aua 10 swuln~arn lo 'rraualalamm 
'NBJW~ out 101 ~~!l!q!sucdsl 10 ~~!l!qql 1-1 hue aunrrs ro 'pa!lau! lo Mlxa 'Aluarlom 
husraxw 'raanolaua >!aut lo  us rou 'joalaut maw Aua lou ~uwuranw ralrls pauun auz laul!aN 
.,uauu~~nog rax~l~ pal!un aut 10 -a@ uo pa~avodr xm lo tunme usre pa>~dwamm xooqr!~ 



ACKNOWLEDGEMENTS 

The s tudy  presented  i n  t h i s  r e p o r t  r e p r e s e n t s  t h e  combined work 

and thought of many*persons, some of whom a r e  l i s t e d  below. The h e l p f u l  

sugges t ions  and c o n t r i b u t i o n s  of M r .  Richard Alpaugh, t h e  DOE program 

manager, a r e  acknowledged. The coopera t ion  and e f f o r t s  of M r .  Richard 
>-. , : 

Bayley and M r .  J. M."Simpson, Columbia Gulf Transmission Co., M r .  Paul  
. , , . , , , :? , . z . $-!$+ 

Fedde, Texas Gas ~ i a n s m i s s i o n  Corp., Mr. D .-.k.,"~&!tt and M r .  Norman 
- . . , , . , f  . . 

Maldosky , Co1,umbia Gas systems Serv ice  Corp. ,* M r .  Charles  Tateas ion ,  

P a c i f i c  Gas and E l e c t r i c '  Co. and t h e i r  s t a f f s - a r k '  g r a c e f u l l y  ackaowledged. 

  he Systems, Science and Sof tware personnel  a r e  a l s o  acknowledged f o r  

t h e i r ' c o o p e r a t i o n  and he lp  i n  t he  e a r l y  p a r t  of t he  economic assessment 

t a s k .  The va luab le  a s s i s t a n c e  given by M r .  Thomas Heard, GE I n d u s t r i a l  

S a l e s  Uiv is ion ,  MY. Mark Friday,  GE Mechanical Driv.e Tirrbinc Dept., t h e i r  

a s s o c i a t e s  and s t a f f s  a r e  a l s o  g r a t e f u l l y  acknowledged. The fo l lowing  

members of t h e  Advanced Energy Programs Department, Evendale Opera t ions ,  

of t h e  General E l e c t r i c  Company were t h e  major c o n t r i b u t o r s  t o  t h i s  work: 

R. J. ~ o ' s s b a c h  

G. C.  Wesling 

C. S. Robertson, Jr. 

C. L.  Ehde 

S. M. Divakaruni 

L. E. Stacy 

Paul  E l l i s  

G. Kubitz ,  J. Wolf 

Mary Helen Jones.  

A.  Rorke, J. Hacker 

Program Manager . 

Performance Analys is ,  I n d u s t r i a l  
P o t e n t i a l  Assessment and Turbine 
Design 

Economic Assessment 

Maintenance, R e l i a b i l i t y  and 
Envirdnmental Assessu~ea t 

Performance Analys is ,  Economic 
Assessment and Heat Exchangers 
Design 

Performance Analysis  and C o s t  
Estimati nn 

 rafti in^ - . 

Typing 

Proofreading 

Figures  and Reproduction 



TABLE OF CONTENTS. ' 

Page. No. 
. . . . 

SECTION 1 - SUMMARY. . . . . . . . . . . . . ' . . . .. . .. . . . . 1-1 

SECTION 2  - INTRODUCTION . . . . . :. . . . . . . . . . . . . . 2-1 .  
. . 

3.3 survey  of  ~ o m e s t i c  Gas P i p e l i n e  Compressor Prime c overs . . . 3-6 

3.4 Avai lab le  S i t e s  . . . . . . .. . .' . . . . . . . . . '. .. . . 3-14 

3.5 S i t e  Compat ib i l i ty '  ~ a ' l c u l a t i o n s  . .. . . . . . . . . . . : . . 3-14' 
. . 
3.6 .'The. S e l e c t i o n  .of S i tes . .  . . . . ' . . ' . . . . .. ' . . . .. . . . . 3-23 

3..6.1 G a s  Turbine S i t e s .  . . . . . . .,..,. . . . . . . . . 

3'. 6.2 ~ e c i p r o c a t i n g  Engine . S i t e s  . ' . . . .. . . . '. . 
3 , J '  . ~e&qinended . S i t e  s e l e c t i o n s  . . . . . . . . . . . . . . . 
3 i 8  F i n a l  S i t e  S.ele.ctions . , . . . . . . . . . . . . '. . . . 

. .. 
3.8.1 C o l G b i a  Gulf Transmission Co. , Rayne , L A  S i t e  

. . 
3 .8 .2  ~ a c i ' f  i c  Gas "61 E l e c t r i c  Co., Burney,, 'CA '. .' . . 

. , .3.8.3 .. . Texas . .,Gas Transmission Corp. , ~ o v i n ~ t o n ,  3 3 . .  '.. 
. . .  

SECTION 4  - . PRELIMINARY SYSTEM DESIGN. . . . .. . . . . . . 
. . 

4.1 ' In t roduc t ion .  . :. . . . . . ; . . . . . . . . . .. . '. . '. . 4-1 .. 

4.2 F l u i d  S e l e c t i o n  '. . .. . . . . . . . .. . . . . . . . . . . . . 4-1 

4.3 Cycle.. opt imiza t ion .  . . . . . :. , . . . . . . . . . . . . . . 4-9 . . 

4.4 . S i t e  ~ e r f o r m a n c e  Resul t s .  . . . . . . . . . . ,. . . . . ... . 4-32 

4.5 Systems. Design. . . , , . . . . . . . . . . . .. . . . . . . . . 4-38 
. . 

.4.5.2 Vapor Generators  . . . '. . . .. . . . . . . . . . . . 4-44 

4 .5 .3 'Condenser .  . . . . . . . . . . . . .:. '. . . . . . 4-56 

4.'5.4 C o n t r o l s .  . . . . . . . . . . . . . . . . . . . .  . . 4-63 
. . 

4 . 5 . 5  .Other  Components . .. . . . . . . . . . . . . . . . . 4-66 

'4.5.6 I n s t a l l a t i o n  of t h e  Bottoming Cycle on t h e  Compressor 
S i t e s .  . . . . . .. . . . . . ,  . . . . . . . . . . . . 4-66 

4.5.7 dolumbia Gulf Transmission Company I n s  t a l l a t i o n .  . . 4-69 

4.'5.8 P a c i f i c  Gas and E l e c t r i c  Company I n s t a l l a t i o n .  . . . 4-69 

.4..5.9 Texas Gas Transmission Corporat ion I n ~ t a l l a t i o n .  . . 4-75 

iii 



Page No . 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  4.6 ~onclus'fons 4-80 

. . . . . . . . . . . . . . . . .  SECTION 5 . ECONOMIC .ASSESSMENT. 5-1 

. . . . . . . . . . . . . . . . . . . . . . . . .  5.1 Introduction 5-1 

. . . . . . . . . . . . . . . . .  5.2 '~conomic Figure of Merit -' . 5-2 

. . . . . . . . . . . . . . . .  5.3 Economic Analysis Techniques 

5.3.1 .Financial Projection ~odel for Regulated Pipelines . 
. . . . . . . . . . .  5.3.2 Incremental Cost of Service Method 

. . . . . . . . . . . . . . . .  5.4 Bottoming Cycle ~ ~ ~ a r a ' t u s  Cost: 

. . . . . . . . . . . . . . . . . . .  5.5 Installation Costs .'.. . 
. . .  5.5.1: Columbia Gulf . Transmission Company Installation 

. . . .  5.5.2 Pacific Gas. and Electric company Installation 

. . . . . . . . . .  5.5.3 Texas Gas Transmiss. ion Installation 

. . . . . . . . . . .  . . . . . . . .  5.6 Total Capital Costs ". 
. . .  5.7 Energy Consumption During Manufacture and Installation 

. . . . . . . . . . . . . . .  '5.8 Economic Worth and Attractiveness 
. . . . . . . . . . . . . . . . . . . . . . .  5.8.1 Assumptions . : 

. . . . . . . . . . . . . . . .  5.8.2 Projected Fuel Costs 

5.8.3 Columbia ~ u l £  Transmission Company . Rayne. LA 
Site . . . . . . . . . . . . . . . . . . . . . . . .  

5.8.4 Texas Gas ~ransmission Corporation - Covington. 'I'N . . . . . . . . . . . . . . . . . . . . . . . .  Site ' . 
5.8.5 -Pacific Gas & Electric Company - Burney. CA Site . . 
5 . 0 . 6  S~itilfnnry sf Reerules . . . . .  . . .  . a . . . . . . . . .  

5.9 Effect of Potential Institutional Ch.anges . . . . . . . . .  
. . . . . . . . . . . . . . . . . .  5 . 9 . 1  ''Sax Credit Policy 

. . 5 .9.2 1;11cl. V.il.uc: IJo.lI.cy.  . . . . . . . . . . .  ; . . . . .  
5.9. 3 Otlrer' ikitl~ator~ JJ(.~licie.q. . ; . . . . . . . . . . . . . . . .  
5 . 9 . 4  Cornbetink Investments . . . . . . . . . . . . . . . .  
5.9.5 ~ecoknended Changes . . . . . . . . . . . . . . . . . . .  5-./+0 

5.10 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . .  ' j - 4  I 

5.10.1 CoPurnbia Gulf Transmission Co. .  f!aynr.. 1.1. i t c :  . . .  ', - '; 
5.10.2 Pacific Gas and Electric Co.. Burney. CA Site . . . .  '... 4 .. 
5.10.3 Texas Gas Transmission 'carp. . ~ovin~ton. Ti4 Site . . 5-4:; . 

SECTION 6 - ENVIROX!CNTAL AND SAFETY ASSESSMENT . . . . . . . . . . .  6-1 
. . 6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . .  6-1 



Page -No. 

6.2 Environmental and Safety Impacts. . . . . . . . . . . . . .  6-2 
6.3 System Compatibility With Regulations and Codes . . . . . .  6-4 

6.3.1 Texas Gas Transmission Corp. - Covington, TN Site. . 6-4 

. .  . 6.3.2. ~oiumbia '~ulf  ranim mission Co. - Rayne, LA Site. 6-4 

. . . .  6.3.3 :pacific Gas & Electric Co. - Burney, CA Site ' 6-6 
. . .  . . . .  . .  . . . . . . . . . . . .  6.4 ~eeign. and :operational Problems ' 6-6 

6.5 ' Conclusions . . . ' . . . . . . . .  ,. . . . . . .  : ...: .  : . . . .  . . 6-7 

SE~TION 7 - TECHNOLOGICAL FEASIBILITY., . . . . . . . . . . . . . . . .  . . 7-1 
. . 

. . 

7.1 Introduction. . . . . . . . . ' . . . . . . . . . . . . . . . . . . .  7-1 
. . .  . . 

. . 
. . 

- 7.2 . . .  ~orkin~'.'~luid . . . . . .  . . . . . * . . . . .  . . . . . . : . . . . . . . . . . . . .  7-3 
. . . .  . . . . . . .  . . . . . . .  :. 7.2..1- ~nvironmental Impact ., -. 7-3 

. : . . 

. . 
. .7.2..'2 safety Aspects .; . . : . . . . . . . . . . . . . . .  7-7 

. . 
. . . . . . . . . . . . . . . . . . . . . . . .  7.2.3   he gal Stability. 7.-8 

... 7.2.4 Materials. . . .  Compatibility. '. . . . . . . . . . . . . . .  7-8 
. . 

7.3 Aesessment of Current . . Organic ~ankine~ycle R&D . . . . . . . .  7-8 
. . . . . . . . . . . . . . . . . . .  .7.3.1 Theho .Electron Corporation. jkg 

. . . . 7..3.2 . Mechanical Technology Inc. . . . . . . . . . . . . . . . . . .  7-12 
. . . . . . . . . . . . . . . . . . . .  7.3.3. . . . .  ~undstrarid ~or~or'ation 7-14 

. . . . . . . . . . . . . . . . . . . . . . . .  I .7.3.'4' '. l'heha Technology Inc. '7-1.6 . . .  . . . . .  . . . .  7.3.5.' 'Solar .Division 'of International Harvester. .' 7-18 

. . . . . . . . . . . . . . . . . .  7..3.,6 . . General Electric Company 7-18 
. :. 

7.4 Status of Rankine . Bottoming Cycles. . . . . . . . . . . . . . .  7-23 
7.5 Required Research and Development . . . . . . . . . . . . .  7-28 

. . .  , . 

, 7.6 ~dkptabilit~ of Conventional ~ ~ u i ~ m e n t .  to ~ o t  timing 
Cycles: . . . . . .  .' .... ., , . , , , , , , .  , . , , . . .  , 7-28 

. . . . 

7.7. ~d~~tabiiity' of ;Bottomixig. Cycles ' t o  Pipeline Gas Turbines . 7-28 . . ... . . 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.8'.  ateri rials . . .Availability. 7-29 

. . . . . . . . . . . . .  . . . . . . . . . . . . .  7.9..~0nclusions.. .. 7-32 
. . . . 

. SECTION 8 .- OPERATIONAL' RELIABILITY AND MAINTAINABILITY. . . . .  8-1 
. . .  8.1 Introduction'. . . . . . . . . . . . . . . . . . . . - . . . . .  , 8-1 

8.2 Reliability of Existing Gas ~om~re'ssor Prime' Movers . . . . .  8-2 
8.3 . Reliability of similar Rankine Systems. . . . . . . . .  1. :. 8-8 

. . . . . . . .  8.4 Proposed Bottoming Cycle System ~eliabilit~ . .  8-11 , , 

. . . . 
.'8.5 Maintenance Requirements. . . . . . . . . . . . . . . . . . .  8-14 . . 



Page No . 
. . . . . . . .  8.5.1 Variations in Maintenance Procedures 8-17 

8.6 Conclusions . ' . . . . . . . . . . . . . . . . . . : . . . . .  8-18 

. . . . . . . . . . .  . SECTION 9 INDUSTRIAL POTENTIAL ASSESSMENT 9-1 

9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . .  9-1 

. . . . . . . . . . . . . . . . . . . . . .  9.2 Gas Supply Projections 9-2 

9.3 Power Requirements . . . . . . . . . . . . . . . . . . . . . . .  9-2 
.9.4 Options for LOW-Supply Projection . . . . . . . . . . . . . . . .  9-9 
9.5 Options for'High Supply Projection . . . . . . . . . . . . . . .  9-1.1 

. . . .  . . . . . . . . .  9.6 Potential Conservation of Gas ., . . .  9-19 

. . . . . . . . . . . . . .  9.7 Potential Bottoming Cycle Market 9-23 

3.8'Conclusions . . . . . . . . . . . . . . . . . . . . . . . .  9-25 

. . . . . . . . . . . . . . .  . SECTION 10 DEMONSTRATION PROGRAM PLAN.' 10-1 
. . 

. . . . . . . . . . . . . . . . . . . . . . . . . .  1.0. .I . Tnt rnd i l c . t i nn  10-1 

10.2 Recommendations for Demonstration . . . . . . . . . . . . .  10-3 
. . . . . . . . . . . . . . . . . . . . . . .  10.3 Statement of Work 10-8 

. . . . . . . . . . . . . . . . . . . . . .  10.4 Program Schedule 10-9 

. . . . . . . . . . . . . . . . . . . . . . .  10.5 Cost Estimates 

. . . . . . . . . . . . . . . . . . . . .  10.6 Cost Participation 

. . . . . . . . .  . . . . . . . . . . . .  10.7 Concluding Remarks ; 

. . . . . . . . . . . . . . . . . . . . . .  SECTION11- REFERENCES 

. . . . . . . . . . . . . . . . . .  APPENDIX A ' COMMITMENT LETTERS 

. . . . . . .  . APPENDIX B s3 PIPELINE FINANCIAL PROJECTION MODEL 

. . . . . . . . . . . . . . . . . . . . .  APPENDIX C STATEMENT OF WORK 

APPENDIX D . PROGRAM SCHEDULE . . . . . . . . . . . . . . . . . .  



Figure  No. Page No. 

. . . . . .  Tota l  ~ n s t a l l e d  Power by S i t e  Power Class.. 

. . . . . . .  R e l a t i v e  Costs  of  Steam Bottoming Cycles 

. . . . . . .  Rela t ive  Cost o.f Toluene Bottoming Cycles: 

Assumed V a r i a t i o n  of Bottoming Cycle Cost .With Power . 
p i p e l i n e  Bottoming c y c i e  . . . . . . . . . . . . . . . . .  

. . . . . . .  . p i p e l i n e  .Bottoming Toluene Reference ' c y c l e  

. . . . . .  P i p e l i n e  Bottoming Toluene Reference Cycle 

E f f e c t  of t h e  Turbine I n l e t  P r e s s u r e  on t h e  Cost Pe r  
Unit Power' . . . . . . . . . . . . . . . . . . . . . . .  

: E f f e c t .  of t h e  Turbine I n l e t  Temperature on t h e  Cos t . .  
. . . . . . . . . . . . . . . . . . . . . .  Per  Unit  power'. 1 .  

E f f e c t  of t h e  Turbine I n l e t  P re s su re  on t h e '  Gross . . 
Horsepower . . . . . . . . . . . . . . . . . . . . . . .  
E f f e c t  of Turbine I n l e t  Temperature on the.Horsepower. 

E f f e c t  of Recuperator Ef f kc t i venes s  on the  c o s t  Pe r  
u n i t  power . . : . . . . . . . . . . . . . . . , . . . . . .  
E f f e c t  of Recuperator  E f f ec t i venes s  on t h e  Horsepower. 

E'ffect of . s a t u r a t i o n  Condit ion and ~ e c u ~ e r a t o r '  ~ f f e c -  . . . . .  . . .  t i v e n e s s  on t h e  Cost Per' Unit  Power.' ; 

E f f e c t  of Turbine I n l e t  Temperature and Recuperator  
.Ef fec t iveness .  (E) -on t h e '  Gross. Power . . . . . . . . . . . . .  
E f f e c t  of Condensing Temperature and Recuperator 
E f f ec t i venes s  (a)  on t h e  Cost Per  Unit  Power . . . . .  
E f f e c t  of  Condensing,Temperature and Recuperator 
E f f ec t i venes s  (E) an t h e  Gynss Power ..:. ' . . . . . . . .  
Cost p e r  Unit  Power 'as  a Function of t h e  Pinch Po in t  
Temperature Di f fe rence  and Recuperator , ~ f f e c t i v e n e s s  ,. 
E f f e c t  of t h e  P inch .  Poin t  Temperature  iff e r e i c e  on 
t h e  Horsepower . . . . . . . . . . . . . . . . : . . . . . .  
Optimized Bottoming Cycle Schematic,  . . . . . . . . . . .  
Toluene Vapor Turbine f o r  P i p e l i n e  ~ o t t , o k i n ~  Cycle 
(GE-UP) . . . . . . . . . , . . . . . . . . . . . . . . .  
vapor- ene era tor Temperature D i s t r i b u t i o n  . . . . . , . . .  

. . 
Vapor-Generator ~ u b e  Geometry. . . . . . . . . . . . .  
Vapor-Generator Schematic. . : . . . . . . . . . . . . .  

. . Vapor-Generator Schematic ."... -. ; . . . . . . . . .  
v i i  



F i g u r e  No. Page No. 

4-22 Vapor G e n e r a t o r  P l a n  and E l e v a t i o n  Views. . . . . . . 4-55 

4-23 Temperature  - Heat T r a n s f e r  Diagram f o r  t h e  A i r  
Cooled Condenser. . . . . . . . . . . . . . . . . . . 4-57 

4-24 Air-Cooled Hea t  Exchanger Tube Spacing.  . . . . . . . 4-59 

4-25 P l a n  o f  t h e  Condensers Layout . . . . . . . . . . . . 4-62 

4-26 D i f f e r e n t  Views of A i r  Cooled Heat Exchanger Uni t .  
S i t e :  Covington,  TN; F l u i d :  Toluene . . . . . . . . 4-64 

4-27 Bottoming Cycle  C o n t r o l  Schemat ic  . . . . . . . ' .  . . 4-65 

4-28 P i p e l i n e  Bottoming Cycle  System Concept: V e r t i c a l  
Gas T u r b i n e  Exhaust  (GE-AEP). . .' . .. . . . . . . . . 4-67 

4-29 F i p e l i n e  Bottoming Cycle Syatcm Conccpt;  H o r i z o n t a l  
Gas Turb ine 'Exhaupt  (GE-AEP). . . . . . . . . . . . . 4-70 

4-30 Bottoming Cyc le  Uni t  1010 (Columbia Gulf Transmiss ion  
Co., Rayne, L A S i t e ) .  . . . . . . . . . . . . . . . . 4-72 

4-31 E l e v a t i o n ,  Proposed P i p e l i n e  Bottoming Cycle  System, 
J3urncy Comprcooor S t a t i o n  . . . . . . . . . . ; . , . , 4-74 

4-32 Proposed P i p e l i n e  Bottoming Cycle System, Burney 
Compressor S t a t i o n .  . . . . . . . . . . . . . . . . . .  4-76 

4-33 P i p e l i n e  Bottoming Cycle System, Area P l a n  (Texas 
G a s  Transmiss ion  Corp.) . . . . . . . . . . . . . . . 4-78 

4-34 P i p e l i n e  Bottoming Cycle  System, s e c t i o n  Thru Turb ine  
anh Vapor Genera to r   e ex as Gas Transmiss ion  Corp. ) . . 4-79 

4-35 P i p e l i n e  Bottoming Cycle  System, Area E l e v a t i o n  P l a n  
(Texas Gas Transmiss ion  .Gorp.). . . . . . . . . . . . 4-81 

5-2 Vapor G e n e r a t o r  ~ n e r ~ ~  Consumption. . . . . . . . . . 5-16 

5-3 P e r c e n t  New and Old Gas i n  S e r v i c e  v s .  Year . . . . . 5-22 

5-4 P r o j e c t i o n  o f  N a t u r a l  Gas P r i c e s  i n  t h e  Years  Ahead . 5-23 

5-.5 F i r s t  Year Cos t  o f  S e r v i c e  f o r . R a y n e ,  LA S i t e  on 
Coiumbia Gas Transmiss ion  Co. . . . . . . . . . . . . 5-26 

5-6 F i v e  and Ten Year Cos t s  o f  S e r v i c e .  . . . . . . . . . 5-27 

5-7 S e n s i r l v i t y  A n a l y s i s  of t h e  F l r s c  Year. Cost  oP 
S e r v i c e  f o r t h e  R a y n e , L A S i t e .  . . . . . . . . . . . 5-28 

5-8 R e s u l t s  of F i r s t  Year  Cost  of S e r v i c e  C a l c u l a t i o n s  
f o r  Texas Gas Transmiss ion  Co. S i t e  a t  Covington,  TN. 5-30 

5-9 F i r s t  Year Cos t  o f  S e r v i c e  C a l c u l a t i o n s  for Burney, CA 
S i t e  on P a c i f i c  Gas and E l e c t r i c  Co.. (10% Tax C r e d i t  
I n c l u d e d )  . . . . . . . . . . . . . . . . . .. . . . . 5-32 



F i g u r e .  No. Page No. 

5-10 . M u l t i p l e  Years  c o s t  o f  S e r v i c e  With and Without Tax 
. .. C r e d i t  . -. . .. .' . . . . . . . . . .. . .. . . . . . . . . 5-33 

5-11 L i f e  Cycle Cos t s  f o r  Bottoming - Cycle Using Average Gas 
P r i c e s  . . . . . . . . .,-. . . . . . . .  . . ... . . .  . . 5-35 

5-12'. S e n s i t i v i t y  Ana lys i s  .of t h e  F i r s t ' y e a r  Cost  of S e r v i c e s  . 

. . f o r  Burney,.CA S i t e  on P a c i f i c  Gas and E l e c t r i c  Co'.. . 5-36 

5-13 Summary of Economic Assessment . . . . . ... . . . . . 5-42 

7-1 ~hex-ino E l e c t r o n  ~ o r p o r a t i o n  Combined Diesel -Organic  . . 

Rankine cycle Engine With ~ o o i i n g  Tower. ; . . . . . . 7-10 

7-2 . Mechariical' Technology ~ n c o r p o r a t e d  .'TWO F l u i d  Rank.ine 
Cycle  Schematic.  . . . . . .' . :. . . . . . . . . . . 7-13 . . 

. , .  

7-3 ~undstrand'Corporation'600 KW RBC Schematic.  . . . . .. 7'-15 

7-4 Therma ~ e c h n o l o g y  Inc .  Power Recovery Package. . . . . 7-17 

7-5' 'General  E l e c t r i c  STAG Power System . . . . -. . . .. . . 7-19 

7-6 ' STAG P a r t  Load Performance . . . . . . . . . . . . . . 7-19 

7-7 ' Schemat ic  Diagram' - Combined Cycle Uni t  No. 9 With 
~herma .1  ~ f f i c i e n c y  o f  3.5% a t  Ceredo S t a t i o n .  .. . . . . 7-21. 

7-8 Schemat ic  . ~ i ag ram of  a Rankine Bottoming Cycle  . . ' . . 7-22 

7-9 . ~ ' c h e m a t i c  of Demonstration   an kine Puwered A i r -  
Condi t ioner .  . . . .. . . . . . . . . . . . . . . . . . 7-24' 

8-1 R e l i a b i l i t y  Diagram. . . . . . . . . . . . . . ., . . .. 8-12 

9-1 T o t a l  U.S. N a t u r a l  G a s  Low Supply P r o j e c t i o n .  . . . .. ' .  '9-6 

9-2 ' T o t a l  U.S. ~ a t u r a l  Gas High Supply P r o j e c t i o n  . . . . . 9-7 

9-3 Assumed R e l a t l v ~ l  Between T h r ~ u g h p ~ t .  and I ' n s t a l l e d  
Power. . . . . . . . . . . . . . . . . . . . . . ... . . 9-8 

. . 

9-11 Ect imated New Cac P r i c c o  , , . .. . . *  . ; . . . 9-13 

l o l  P i p e l i n e  Bottoming Cycle  Program Schedule .  . . . . . . . lo-10 

B-1 .Schemat ic  Diagram of t h e  Genera l  System Design of t h . e .  . 

s3, ~ i n a ' n c i a l  P r o j e c t i o n  Model,. . . . . . . . . . . . . H-2 

B-2 E f f e c t  o f  .Bottoming Cycle on FERC Rate  Base. . . . . ' . B-H 

B-3 ~f f ec L ol: Bu L Lu~r~irlg Cyclk on Fue l  Cos t . '. . . . . . . . LI-9 

B-4 E f f e c t  of Bottoming Cycle on Dividends.  (Max, 
~ i k i d e n d s  = 45.5% of N e t  P r o f i t )  . . . . . . . . . . . B-10 

B-5. F i n a n c i a l  Impact of ~ ' i p e l i n e  Bottoming Cycle  . . '. . . B-12. 



LIST OF TABLES 

Table No . Page No . 
. . . . . . . . . . . . . . . . . . . .  3-1 S e l e c t i o n  C r i t e r i a  3-3 

. . . .  3-2 Addi t iona l  S i t e  S e l e c t i o n ' C r i t e r i a  . . . . . .  . .  3-5 

P o t e n t i a l  Energy Savings By Bottoming Gas P i p e l i n e s  
Pumping Prime Movers . . . . . .  ; . . . . . . . . . . . .  
Domestic 12000 To 12500 HP Simple Cycle Gas Turbines . . 
s e l e c t e d  Domestic Recuperated Gas Turbines . . . . . . .  
Domestic P i p e l i n e  Companies With . The Highest  I n s t a l l e d  
Power . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . .  Ava i l ab le  S i t e s  

Assumptions and Cycle Data Used i n  Paramet r ic  Analysis  . 
Economic Evalua t ion  C r i t e r i a  f o r t h e  S i t e s  . . . . . . .  
Gas Turbine Engine C h a r a c t e r i s t i c s  . . . . . . . . . . . .  
S i t e  C ~ m p . c t t t b i l i t y ~  Gas Turbine S i t e s  . . . . . . . . .  
T e n t a t i v e  Se l ec t ions .  Gas Turbine S i t e s  . . . . . . . . .  
Recommended Se lec t ions .  Gas Turbine S i t e s  . . . . . . .  
Engine c h a r a c t e r i s t i c s .  Reciprocat ing S i t e s  . . . . . .  
S i t e  Compat ib i l i ty .  Reciprocat ing S i t e s  . . . . . . . .  

. . . . . . . . . .  F i n a l  S e l e c t i o n .  Reciprocat ing S i t e s  

F i n a l  S e l e c t i o n s .  Recfprocat ing S i t e s  . . . . . . . . .  
Comparison With C r i t e r i a  . . . . . . . . . . . . . . . .  
Uescr ip t ion  .of Compressor Si tes  . . . . . . . . . . . .  
Maximum Use Temperature Rankings oE Candidate Working . . . . . . . . . . . . . . . . . . . . . . . . .  F l u i d s  

Performance Comparison of Cycles With Various Working . . . . . . . . . . . . . . . . . . . . . . . . .  F l u i d s  

FluSd Bva l~aePon  . . . . . . . . . . . . . . . . . . . .  
Tox ic i ty  Ranking (Descending Order) . . . . . . . . . .  
Assigned Values for the Reference Cycle . . . . . . . .  
Toluene ~ e f e r e n c e - c y c l e  Data . . . . . . . . . . . . . .  
Cost Algorithms f o r  t h e  Bottoming Cycle Components . . .  
Comparison of the  Reference Design Case With the  Two 
Near Optimum Cases fox Recuperator E f f e c t i v e n e s s ( € )  . . .  
Toluene Bottoming Cycle Chosen Af t e r  Cost Optimiza- 
t i o n  . . . . . . . . . . . . . . . . . . . . . . . . . .  



Table No . Page .No. 

. . . . . . . . . .  4-10 Data on the  P i p e l i n e  S i t e  Condi t ions 4-37 

. . . . . .  4-11 Cycle P re s su re  nrops f o r  t h e  S p e c i f i c  S i t e s  -4-39 

. . . . . .  Cycle 1)erFormance Data f o r  t h e  S p e c i f i c  S i t e s  4-40 

Safe. t y  and Environmental Codes Applicable  t o  t h e  Pipe- . . . . . . . . . . . . . . . . . . . .  l i n e  Bottoming Cycle 4-42 

Turbine Design Data . . . . . . . . . . . . . . . . . . .  4-43 

. . . . . . . . . . . . . . . .  Heat Exchanger Geometry 4-48 

Comparison of t h e  Toluene Bottoming Cycle Vapor Genera- . . . . . . . . . . . . .  t o r  Designs f o r  t h e  Three s i t e s  4-50 

Vapor Generator  Designs With Other Organic F lu ids  (For . . . . . . . . . . . . . . . . . . . .  Covington. TN S i t e )  4-53 

. . . . . . .  Air-Cooled Condenser Tube-Geometry D e t a i l s  4-58 

Comparison of ~ i r - c o d l e d  Condenser Designs f o r  t h e  Three . . . . . . . . . . . . . . . .  S i t e s  f o r  Toluene Cycle 4-60 

Comparison of t h e  Air-Cooled .condenser  ~ e s i i n s  With . . . . . . . . . .  Other  F lu ids  (For Covington, 'TN S i t e )  4-61 

~ e s c r i ~ t i o n  of Rayne. LA S i t e  . . . . . . . . . . . . .  4-71 

. . . . . . . . . . . . . .  Descr ip t ion  of Burney. CA S i t e  4-73 

'Descr ipt ion of Covington. TN S i t e  . . . . . ' . . . . . .  4-77 

. . . . . .  Major . Elements i n  Cost of  Se rv i ce  :Calculat . ions.  5-6 

Sample cos t -of -serv ice  Ca lcu l a t i on  . . . . . . . . . . . .  5-7 

Bottoming Cycle Equipment Costs  . . . . . . . . . . . .  5-11 

. . . . . . .  S i t e  S p e c i f i c  I n s t a l l a t i o n  Cost Es t imates  5-12 

. . . . .  Cost Breakdown of Bottoming Cycle I n s t a l l a t i o n  5-14 

. . . . . . .  T o t a l  Energy Required f o r  Bottoming Cycle 5-18 

Comparison of C h a r a c t e r i s t i c s  of  Toluene With Na tu ra l  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Gas 6-3 . . 

System Compat ib i l i ty  With Ex i s t i ng  Codes and Fedcra l  . . . . . . . . . . . . . . . . . . . . . . . .  Regulat ions 6-5 

Typica l  ~ini 'mum P r o t e c t i o n  Requirements fo r  Toluene 
. . . . . . . . . . . . .  Organic Rankine Cycle : . . .  6-8 

. . . . . . . . . . . . . .  Addi t iona l  F l u i d s  Considered 7-4 

Toxic i ty  Ranking (Descending Order) . . . . . . . . . .  7-4 

. . . . . . . . . . . . . . . . . . . .  Flu id  Evalua t ion  7-6 

DOE Bottoming Cycle Research and Development . . . . . .  7-25 

. . . . . : : . . . . . . . . . . .  ' Component M a t e r i a l s  7-30 

. . . . . . . . . . . . . . . . .  A v a i l a b i l i t y  of Ma te r i a l s  7-31 



M- 1 I I I  I I i I I 1 I . y I I . V . L I I I ,  I !I L . H-' I  

I {  L' ' 1 ' 1 1 1  11.1 1 1 ' '  1 1 1 1  I I I(#. l l !II, l l  l 1 y I).t.I :I . 1 i . 1 ~  II" , 1 .  A ':; 1 1  6' . . . .  . 11 

8-:I 'I'rlrbinc IJn i t  R e l i a b i l i t y  Data. Burney. CA S i t e  . . . . .  8-5 

8-4 .Compresso r . S t a t i o n  R e l i a b i l i t y  Data . . . . . . . . . .  8-7 

8-5 S t a g  Combined Power P l a n t  A v a i l a b i l i t y  . . . . . . . . . . .  8-9 

8-6 Typica l  Data-Fossi l  F i r ed  Steam P l a n t  . Edison E l e c t r i c  . . . . . . . . . . . . . . . .  I n s t i t u t e  Survey 1966.1975 8-10 

8-7 Est imated Pip. e l i n e  Bottoming Cycle A v a i l a b i l i t y  f o r  
Mature Product  . . . . . . . . . . . . . . . . . . . . . . .  8-15 

8-8 ~ u m a r y  of Maintenance RequireniellLs f o r  Bottomfng . . . . . . . . . . . . . . . . . . . . . . . . . .  Cycles 8-16 

9 -  I n d i c a t i o n s  of  Increased  A c t i v i t y  i n  t h e  Na tu ra l  Gas 
Indus t ry  . . . . . . . . . . . . . . . . . . . . . . . . . .  9-3 

. . . . . . . . . .  9-2 AGA Economic .Demand Major ~ s s u m ~  t i o n s  9-4 

AGA Na tu ra l  G a s  Supp ly .P ro j ec t i ons  Data! . . . . . . . .  9-5 

. . . . .  Major Elements i n  Cost of Se rv i ce  Ca lcu l a t i ons  9-10 

. . . . . . . . . . . . .  G a s  Saved With Bottoming Cycle 9.,, 2 

Cost of Options f o r  Growth Power . . . . . . . . . . . . .  9-15 
. . 

Cost  of Se rv i ce  . . . . . . . . . . . . . . . . . . . . . .  9-16 

D i s t r i b u t i o n  of  Growth'Power Among Options . 
Growth on Ncw S i t e 3  . . . . . . . . . . . . . .  : . .  9-11 

D i s t r i b u t i o n  of  Growth Power Among Options . . . . . . . . . . . . .  5Q% of Growth on E x i s t i n g  Sites 9-1H 

P o t e n t i a l  Gas Saved by Use of Bottoming Cycles . . . . .  9-20 

P o t e n t i a l  Saving Rate i n  t h e  Year 2000 . . . . . . . . .  9-22 

. . . . . . . . . .  P o t e n t i a l  Market f o r  Bottoming Cycles 9-24 

. . . . . . . . . . . . . .  Estimated Cost f o r  Phase 11' 10-12 

P i p e l i n e  Bottoming Cycle Demonstration Program Estimated . . . . . . . . . . . . . . . . . . . . . . . . . .  Cost* 102.13 

. . . . . . . .  ~ a s i c  Data f o r  F i c t i o n a l  P i p e l i n e  company B-4 

Groundrules Used i n  u s i n g  s3 Model . . : . . . . . . . .  B-5 . 
Bottoming Cycle Equipment . . . . . . . . . . . . . . .  B-7 

. . . . . . . . . . .  Overa l l  Impact of Bottoming Cycle B-11 



SECTION 1 

SUMMARY 
. . 

The General ~ l e c t r i c  Company has 'conducted a program t o  s tudy  t h e  

t e c h n i c a l  and economic f e a s i b i l i t y  of applying bottoming cyc le s  t o  t h e  

prime moverk t h a t  d r i v e  t h e  compressors of n a t u r a l  gas p i p e l i n e s .  These 

bottoming cyc le s  conver t  some of t he  waste  h e a t  from t h e  exhaust  g a s , o f  

t he  prime movers i n t o  s h a f t  power and conserve gas. 

Three t y p i c a l  compressor s t a t i o n  s i t e s  were s e l e c t e d ,  each on a 

d i f f e r e n t  p i p e l i n e .  Although the  prime movers were d i f f e r e n t ,  they were 

s i m i l a r  enough i n  exhaust  gas flow r a t e  and temperature t h a t  a s i n g l e  

bottoming cyc le  system could be designed, w i th  some mod i f i ca t ions ,  f o r  

a l l  t h r e e  s i t e s .  Pre l iminary  des ign  included s e l e c t i o n  of t h e  bottoming. 

cyc l e  working f l u i d ,  op t imiza t ion  of t he  cyc l e ,  and design of t h e  com- 

ponents ,  such as t u r b i n e ,  vapor genera tor  and condensers. I n s t a l l a t i o n  

drawings were made and hardware and , i n s  t a l l a t i o n  c o s t s  were es t imated .  

Assessments were made i n  t h e  a r eas  of economics, t echno log ica l  

' f e a s i b i l i t y ,  environmental and s a f e t y ,  o p e r a t i o n a l  r e l i a b i l i t y  and main- 

t a i n a b i l i t y .  ~ep 'en 'ding on the  p ro j ec t ed  gas p r i c e s  and the  investment 

c r i t e r i a  used, bottoming cyc les  can be a very a t t r a c t i v e  investment.  The 

r e s u l t s  of t h e  e=onomic assessment o f ,  r e t r o f i t t i n g  bottoming cyc le  systems 

on the  t h r e e  s e l e c t e d  s i t e s  i n d i c a t e d  t h a t  prof i t a b i l i t y  was s t r o n g l y  de- 

.pendent upon t h e  s i t e - s p e c i f i c  i n s t a l l a t i o n  c o s t s ,  how the  energy was used 

and the  yea r ly  u t i l i z a t i o n  of t he  appa ra tks .  The amount and thc  worth of 

the.  f u e l  sav ings  were found t o  be highly v a r i a b l e  depending on the  inodc: of' 

s t a t i o n  ope ra t ion .  The economics of a l l  a p p l i c a t i o n s  s tud ied  were trighly 

depeildent on t h e  p ro j ec t ed  c o s t  of t he  n a t u r a l . g a s . ,  a s  well. as  the r l l l c : ~  

used t o  a l l o c a t e  gas c o s t s  t o  pumping use.  Tlre st.udy ir~dicnt-rrtl t t ~ ; , ~ :  t l r r -  

bot  taming cyc le s  a r e  a competi ' t ive investment a1 t crri:, t: l vc. f o r  c:r.r t ;I i 11 

a p p l i c a t i o n s  f o r  the  p i p e l i n e  induu t r y ,  witti somr: appl . ica  ti on^ ~ ; t r r , w . t  ng thc 

s y s  tem t o  be. economically v i a b l e  r i g h t  now .o.r i n  the  very near  Future.  7'he 



bot toming c y c l e s  w i l l  be economic f o r  more a p p l i c a t i o n s  i n  t h e  f u t u r e  

w i t h  some changes  i n  t h e  r e g u l a t i o n s .  

Bottoming c y c l e s  a r e  t e c h n i c a l l y  f e a s i b l e ; ,  t h e y  a r e  be ing  developed 

in s m a l l e r  s i z e s  and most o f  the .component  equipment i s  a v a i l a b l e  from 

commercial  m a n u f a c t u r e r s .  The c h o i c e  of a  f lammable ' working f l u i d  w a s  

c o n s i d e r e d  c a r e f u l l y  a*d i t  was concluded t h a t  p r o p e r  d e s i g n  and o p e r a t -  

i n g  p r a c t i c e s  would r e d u c e  t h e  env i ronmenta l  and s a f e t y  h a z a r d s  t o  a c c e p t -  

a b l e  l e v e l s .  The r e l i a b i l i t y  and m a i n t a i n a b i l i t y  of . t h e  bot toming c y c l e  

a r e  comparable  t o  c o n v e n t i o n a l  power p l a n t s ,  such  as t h e  STeam and Gas - - 
Turb ine  (STAG*) . p l a n t .  

. Ar! i . n d u s t r i a 1  p r z t ~ n t j a l  a s sessment  w a s  made t o  r?$t impte  the. amrZl.lgt 

o f  g a s  t h a t  cou ld  be saved t h r o u g h  t h e  y e a r  2000 by t h e  a d o p t i o n  o f  bottom- 

, i n g  c y c l e s  f o r  two d i f f e r e n t  supp ly  p r o j e c t i o n s .  The e s t i m a t e s  v a r i e d  from 

5 1  m i l l i o n  b a r r e l s  of o i l  e q u i v a l e n t  (BOE) (0:296 t r i l l i o n  c u b i c  f t )  f o r ' a  

low supp ly  p r o j e c t i o n  t o  126 m i l l i o n  EOE ( 0 . 7 3 4 ' t r i l l i o n  c u b i c  f t )  f o r  a  

h i g h  s u p p l y  p r o j e c t i o n .  The p o t e n t i a l  market  ' fo r  bot toming c y c l e  ' equipment 

v a r i e d  from 530,000 t o  1 ,334 ,000  horsepower f o r  t h e  two s u p p l y  p r o j e c t i o n s  

o r  f rom 170  t o  500 u n i t s  of v a r y i n g  s i z e .  

. F i n a l l y ,  a program. p l a n  was deve loped  t h a t . w i l 1  pe'rmit t h e  'demon- 

s t r a t i o n  o f  bot toming c y c l e s  on g a s  p i p e l i n e s  i n  a t i m e l y  and e x p e d i t i o u s  

. manner. 

. . 
. . 

. . 
* Trademark of G e n e r a l  E l e c t r i c  Co. 



SECTION 2 

INTRODUCTION 

The.Department of .Energy (DOE) is exploring many means for saving 

energy and .preciok fuels in this country. In the catPgory of nonhighway 

transportation, there are four classes of transportation for which en'ergy 

savings are sought, namely airlines,' marine, pipelines and rail. The DOE 

. .'also has under study organic Rankine bottoming cycles for waste heat re- 

covery in the power range from about 600 to 800 HP. These organic Rankine 

cycle systems promise to pay dividends in the use of waste heat'through the 

generation of electricity.. Since this concept seemed to be viable economi- 

cally, it was the desire of the Department of Energy to determine whether 

the same kind of system would economically save energy on the nation's 

pipelines. 

The Research and Development program .goal of the ~epartrnent of Energy 

has .two facets with respect to the pipelines. First, to achieve maximum 

energy efficiency and second, to achieve optimized pipeline applications. 

With these goals in mind, the Department of Energy set out to demonstrate 

the viability of a bottoming cycle system, and to measure the energy savings 

obtainable from such a system. As the first part of this research,. develop- 

ment and.demonstration (R, D&D) program, the Department of Energy solicited 

a contract on the'pipeline Bottoming Cycle Study. The objectives of this 

program included the selection 0f.a potential demonstration site on the 

nation's pipelines;,the .development .of a preliminary design of the bottoming 

dycle .for the selected site, and the preparation of assessments of the bot- 

toming cycle system in the following areas: economics, environment and 

safety, technological' feasibility, and operational reliability and main- 
/ 

tainability. AdcliLiur~al objectives were to provide an assessmen't of the 

potential for industry utilization of pipeline bottoming cycles including 

an estimate of the. potential fuel savings to the year 2000, and finally to 



develop. and recommend a .demons t r a t ion  program plan  f o r  applying bottom- 

i n g  cyc le s  t o  p i p e l i n e  prime movers. The General E l e c t r i c  Company was 

- awarded a c o n t r a c t  on September 15,  1977 t o  s tudy  t h e  t e c h n i c a l  and 

economic f e a s i b i l i t y  of bottoming cyc le s  on gas  p i p e l i n e  prime movers. This  

r e p o r t  desc r ibes  t h e  s tudy  on the  above mentioned t a s k s  of t he  p re sen t  phase 

of t he  program. 

I n i t i a l l y ,  t h r e e  s i t e s  were s e l e c t e d  a s  app ropr i a t e  a p p l i c a t i o n s  f o r  

t h e  p o t e n t i a l  demonstrat ion of t h e  bottoming cyc le  technology. The Depart- 

ment of Energy estab. l ished.  t h r e e  gene ra l  goa l s  i n  t h e  s e l e c t i o n  of t h e s e  ' , 

s i t e s :  t he  s . i t e  should have b.road a p p l i c a b i l i t y  f o r  t he  new and r e t r o f i t  

a p p l i c a t i o n s  l e a d i n g ' p o t e n t i a l l y  t o  l a rge 'domes t i c  f u e l  sav ings ;  t he  - s i t e  
. .  . 

should have a good p o t e n t i a l  f o r  nea r  term implementation and t h e  s i t e  . 

should provide ' a  s u b s t a n t i a l  percentage r educ t ion  i n  h e a t  r a t e  of t h e  

prime mover t o  which the  bottoming cyc le  i s  appl ied .  A l l  t h r e e  s i t e s  

s e l e c t e d  met t h e  above c r i t e r i a ;  b u t  each s i te  had a d i f f e r e n c e  i n  t h e  . 

i n s t a l l a t i o n  method. H e n c e , i ' t  was decided t o  i nc lude  a l l  t h r e e  s i t e s  

and t o  explore  t h e  va r ious  types  of i n s t a l l a t i o n  a t  t h e  s i t e s  t o  u t i l i z e  

t h e  power genera ted  by t h e  Rankine bottoming cyc le .  The t h r e e  s i t e s  were 

on t h r e e  d i f f e r e n t  p i p e l i n e s  and . the p i p e l i n e  companies were w i l l i n g  t o  
, .  

p a r t i c i p a t e  i n  t he  s tudy  program because of t he  p o t e n t i a l . s i g n i f i c a n t  

amounts of t h e  gas sav ings  r e s u l t i n g  from t h e  organic Rankine.bottoming 

cyc le  apparatus .  

Yfeliminary des igns  of t h e  bottoming cyc le  systems were c a r r i e d  out  

f o r  t h e  s e l e c t e d  s i t e s .  Thls included pre l iminary  design of t h e  components 

such a s  . tu rb ines  and t h e  h e a t  exchangers and t h e  pre l iminary  des ign  of t h e  

i n s t a l l a t i o n  of t he  system a t  t h e  s p e c i f i c  sites. The i n s t a l l a t i o n  des igns  

and t h e  equipment l a y o u t s  f o r  t h e  s p e c i f i c  s i t e s  were c a r r i e d  out  i n  

cooperatf  on wi th  the  p i p e l i n e  companies. A consu l t an t  was then u t i l i z e d  

t o  compare these  i n s t a l l a t i o n  c o s t s  on a common b a s i s .  Vendor quotes  

were o b t a i n e d t o  evalucltc t hc  bottoming cyc lc  cquipmcnt cootc ,  Thc t o t a l  

c o s t  f o r  a s p e c i f i c  s i t e  was obtained by combining the  equipment and the  
: ' 

i n s  t a l l a ' t i o n  cos t s .  

Based on the  t h r e e  s i t e  i n s t a l l a t i o , n s ,  f o u r  assessments  have been 

made i n  order  t o  determine the  v i a b i l i t y  and commercial izat ion p o t e n t i a l  



of t he  Rankine bottoming cyc le  a s  app l i ed  t o  p i p e l i n e  compressor s t a t i o n s .  

These assessments  were: economic; environmental and s a f e t y ;  t echno log ica l  

f e a s i b i l i t y  ; and ope ra t iona l ,  r e l i a b i l i t y  and m a i n t a i n a b i l i t y .  

I n  t he  environmental and s a f e t y  assessment t a s k  of t h e  bottoming ' cyc les  

s t u d y , t h e  equipment and the  system des ign  were reviewed f o r  compa t ib i l i t y  
C 

with  f e d e r a l ,  s t a t e  and l o c a l  codes governing t h e  s e l e c t e d  p o t e n t i a l  dem- 

o n s t r a t i o n  s i t e s ;  r e g u l a t i o n s  and codes were examined f o r  p o s s i b l e  c o n f l i c t s  

and r e s t r i c t i 0 n s ; a n d  p o t e n t i a l  des ign  and o p e r a t i o n a l  problems were 

d iscussed .  The t h r e e  p i p e l i n e  companies cooperated i n  ob ta in ing  t h e  d a t a  

on the  compliance of the  system wi th  t h e  s t a t e  and l o c a l  codes by conduct- 
\ 

i n g  t h e  surveys  among t h e i r  ope ra t ing  engineer ing  departments.  The tech- 

n o l o g i c a l  f e a s i b i l i t y  s tudy  was conducted by reviewing t h e  e x i s t i n g  bottom- 

i n g  cyc le  systems f o r  o t h e r  a p p l i c a t i o n s  and' a design review was he ld  t o  

i d e n t i f y  t h e  p o t e n t i a l  problems. The des ign ' r ev i ew team cons i s t ed  of 

e x p e r t s  from t h e  appropr i a t e  departments i n  t h e  General E l e c t r i c  Company. 

I n  t h e  r e l i a b i l i t y  and m a i n t a i n a b i l i t y  t a s k  of t h e  program, p o t e n t i a l  

r e l i a b i l i t y  problems wi th  t h e  proposed bottoming cyc le  des igns  were eva l -  

uated and t h e  s t a t u s  of r e sea rch  on t h e s e  problems were presented .  The 

gene ra l  o v e r a l l  system a c c e p t a b i l i t y  from t h e  r e l i a b i l i t y  and m a i n t a i n a b i l i t y  

s t andpo in t s  were examined and t h e  es t imated  maintenance requirements  f o r  

the  bottoming cyc le  system were presented .  The s e v e r i t y  of new maintenance 

problems and s i t e - s e n s i t i v e  problems was d iscussed .  

The economic assessment included ana lyses  of t h e  c o s t s  of t h e  system 

compared wi th  the  economic b e n e f i t s .  System capac i ty ,  i n i t i a l  c o s t ,  and 

expected energy savings  over  t h e  l i f e  of t h e  system.were ca l cu la t ed .  

The ,economic attractiveness of r e t r o f i t t i n g  t h e  Rankine bottoming cyc le  

power p l a n t  equipment t o  t he  gas t u rb ines  l oca t ed  on t h e  p i p e l i n e  pumping 

s t a t i o n s  was shown by ana lyz ing  t h e . r e t u r n  on c a p i t a l  investment by t h e  

incrementa l  c o s t  of s e r v i c e  approach. The incremental  c o s t  of s e r v i c e  

approach was suggested by the  p a r t i c i p a t i n g  p i p e l i n e  companies i n  t h e  

bottoming cyc le  s tudy  program as t h e  most r e p r e s e n t a t i v e  c o s t  a n a l y s i s  

approach f o r  a s s e s s i n g  t h e  m e r i t s  of new investments .  The "average" 

and "new" gas p r i c e s  have been used t o  c a l c u l a t e  t h e  d o l l a r s  saved 



r e s u l t i n g  from the  f u e l  sav ings  'by using the  bottoming c y c l e  equipmefit. 

The ' f i n a n c i a l  in format ion  requi red  t o  make the  c o s t  of s e r v i c e  computations 

was provided by the  r e s p e c t i v e  p i p e l i n e  company f o r  t h e  i n s t a l l a t i o n  of 

t h e  bottoming cyc le  equipment a t  t h e  s p e c i f i c  s i t e .  Both t h e  f i r s t  y e a r  

c o s t  of s e r v i c e  and m u l t i p l e  y e a r s  ' c o s t  of s e r v i c e  computations were made. 

The i n v e s t m e n t c r i t e r i o n  used by two of t h e  p a r t i c i p a t i n g  companies 'was 
a 

t he  break-even f i r s t  y e a r  cos t  of s e r v i c e .  The t h i r d  p i p e l i n e  company 

sugges ted  a ' f i f t e e n  y e a r  p r o f i t a b i l i t y  a s  t h e  f i n a n c i a l  c r i t e r i o n  f o r  t h e  

c a p i t a l  investment.  F i n a l l y ,  s e n s i t i v i t y  ana lyses  were conducted t o  

e v a l u a t e  t he  e f f e c t s  of t h e  c o s t  of t h e  f u e l  used, t he  c o s t  of t h e  i n s t a l l e d  

system, f u e l  e s c a l a t i o n  r a t e s ,  investment t a x  c r e d i t n ,  ' r a t e  of r e t u r n  on 
. . 

i nves t ed  c a p i t a l  and o t h e r  p e r t i n e n t  system and economic f a c t o r s ,  such 

'as ~ l l e  &ffect of govcrnmcnt ragulationu i n  petforrni'ng t h e  er.nnnmic 
0 

. asses  sinent : 

Following the  f o u r  assessments ,  an i n d u s t r i a l  p o t e n t i a l  assessment 

was made t o  e s t i m a t e  t h e  amount of gas  t h a t  could be saved through t h e  
\ 

use  of t h e  bottoming cyc le s .  These e s t fma te s  were made . for  f o u r  d i f f e r -  

e n t  p r o j e c t i o n s ,  .two f o r  e a c h ' o f  two supply p r o j e c t i o n s  f o r  t h e  n a t u r a l  

gas .  The p o t e n t i a l  market f o r  t h e  bottoming c y c l e  equipment was a l s o  

es t imated  through t h e  yea r  ,2000 under t he  f o u r  p r o j e c t i o n s .  

F i n a l l y ,  a program plan  was developed t o  make t h e  bottoming cyc le  

system demonstrat ion p o s s i b l e  i n  a per iod  of 48 months. The l o g i c a l  

p r o g r e s s i o n  of e f fo r r :  l ead ing  to the demonstrat ion sf  t h c  oyGtem a t  a 

p i p e l i n e  compressor s t a t i o n  inc ludes  t h r e e  phases : d i r e c t e d  o r  r e l a t e d  

s t u d i e s ;  d e t a i l e d  des ign ,  f a b r i c a t i o n , a n d  i n s t a l l a t i o n  of t h e  bottoming 

c y c l e  system a t  a demonstrat ion s i te;  and t h e  system s t a r t - u p ,  ope ra t ion  

and d a t a  a c q u i s i t i o n  and ana lys i s .  The work s ta tement  f o r  t he  e n t i r e  

program was inc luded  w i t h  t h e  c o s t  e s t ima te s  and t h e  schedules .  



SECTION 3 

POTENTIAL DEMONSTRATION SITE SELECTION 

3.1 INTRODUCTION 

The purpose of t h i s  t a s k  i s .  t o  s e l e c t  s i t e s  t h a t  a r e  t y p i c a l  of  
. . 

t h e  gas p i p e l i n e  i n d u s t r y  f o r  which bottoming cyc le s  w i l l  be  designed and 

eva lua ted .  The f i r s t  s t e p  was t o  prepare  and submit t o  t h e  Department of 

Energy a s i t e  s e l e c t i o n  methodology plan.  Following ' t h a t  and us ing  t h e  

resources  of t he  General E l e c t r i c  Company inc lud ing  t h e  I n d u s ' t r i a l  S a l e s  

Div is ion ,  which s e l l s  gas t u r b i n e s  t o  t h e  p i p e l i n e  i n d u s t r y ,  a survey was 

made of t he  prime movers i n s t a l l e d  on domestic n a t u r a l  gas p i p e l i n e s .  The 

purpose of t he  survey was t o  determine what was t y p i c a l  r e l a t i v e  t o  prime 

movers i n s t a l l e d  on the  n a t i b n t s  gas  p ipe l ines .  Then t h e  sites a v a i l a b l e  

t o  GE from commi.tted p i p e l i n e  companies. were analyzed. The fol lowing gas  

p i p e l i n e  companies have submit ted l e t t e r s  of commitment t o  t h e  Contractor*:  

Columbia Gulf Transmission Company through Research Department 

of The Columbia Gas System Serv ice  Corporat ion,  

~ a c i f  i c  Gas and E l e c t r i c  Company, i nc lud ing  P a c i f i c  Gas Trans- 

mi.ssion Company, and 

Texas Gas Transmission Corporation. , 

The ana lyses  of t h e . ' s i t e s  of t h e  committed gas p i p e l i n e  companies l e d  t o  

t he  four  s i t e s  which were recommended t o  t h e  DOE and which met t he  follow- 

ing  goa l s :  

The s i t e  should have broad a p p l i c a b i l i t y  f o r  new and r e t r o f i t  

a p p l i c a t i o n s ,  l ead ing  p o t e n t i a l l y  t o  a l a r g e  f u e l  sav ing  with- 

i n  t h e  domestic p i p e l i n e  i n d u s t r y .  

The s i t e  should have a good p o t e n t i a l  f o r  n e a r  term implemen- 

t a t i o n '  and thus  r ep re sen t  a f avo rab le  c o s t  / b e n e f i t  r a t i o ,  and 

*Said L e t t e r s  a r e - i n  Appendix A of t h i s  Keport. 
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e The s i t e  s h o u l d  p r o v i d e  fo ' r  a s u b s t a n t i a l  p e r c e n t a g e  r e d u c t i o n  

' i n  t h e  h e a t  r a t e  o f  t h e  prime mover t o  which t h e  bot toming c y c l e  

i s  a p p l i e d ,  w i t h  a t a r g e t  v a l u e  of 20%. 

I n  t h i s  s e c t i o n  t h e  c r i t e r i a  which were used t o  make t h e  s i t e  

s e 1 e c t i o . n ~  a r e  d i s c u s s e d .  Th is  i s  fol lowed by a  rev iew of t h e  su rvey  

d a t a  on t h e  prime movers i n s t a l l e d ' o n  domes t ic  gas  p i p e l i n e s .  Then a v a i l -  

a b l e  s i t e s  from t h e  committea p i p e l i n e  companies are p r e s e n t e d  a l o n g  w i t h  

t h e  c a l c u l a t i o n s  which p r o v i d e  t h e  d a t a  from 'which t h e  recommendations 

were  made. D e s c r i p t i o n s  of t h e  recommended s i t e s  and t h e  f i n a l  s i t e  

s e l e c t i o n s  conc lude  t h i s  s e c t i o n .  

shown i n  Tab le  3-1 a r e  t h e  s e l e c t i o n  c r . i t e r i a  which a r e  d e l i n e a t e d  

ill tl.le c o n t r a c t  f o r  t h i s  phase  of the '  Department off Energy ' P i p e l i n e  Bottom- 

i n g  Cycle Program. Comments on some of t h e s e  c r i t e r i a  a r e  p e r t i n e n t  a t  

t h i s  ~ i m b .  Item 1, t y p e  of p i p e l i n e :  a s  was documented i n  Refe rence  1, 

1 i q u i d . p i p e l i n e s  which c a r r y  e i t h e r  c r u d e  o i l  o r  pe t ro leum p r o d u c t s  a r e  

i n  l a r g e  Aart d r i v e n  by e l e c t r i c .  motors.  For t h , i s  r e a s o n ,  l i q u i d  pipe-  

l i n e s  were e x c l u d e d , f r o m  t h e  s e l e c t i o n  p r o c e s s  and on ly  g a s  p i p e l i n e s  

were  cuns idered .  I t em 2 ,  t h e  t y p e  of eng ine :  i n  t h e  s e l e c t i o n  p r o c e s s  

r e c i p r o c a t ' i n g  e n g i n e s  o f  b o t h  t h e  supercharged  a n d ' n a t u r a l l y  a s p i r a t e d  

t y p e s  were c o n s i d e r e d ;  b o t h  r e c u p e r a t e d  and simp.le-cycle g a s  t u r b i n e s  were  

a l s o  c o n s i d e r e d .  I t e m  3,  sys tem o p e r a t i n g  paramete rs  and du ty  c y c l e :  

t h i s  i t e m  was g e n e r a l l y  c h a r a c t e r i z e d  by t h e  number o f  h o u r s  p e r  y e a r  . 

t h e  s i t e  was u t i l i z e d  i n  1976 as r e p o r t e d  by t h e  p i p e l i n e  company. I t em 

4 ,  s i t e  loc :a t ion :  t h e  s i t e  shou ld  be a  r e a s o n a b l e  d i s t a n c e  from a comrner- 

c i a 1  a i r p o r t  s o  t h a t  i n t e r e s t e d  p a r t i e s  cou ld  t o u r  t h e  d ~ m o n s t r a t i o n  !; i. ti: 

c u n v e n i i i i t i y .  L t e m  5 ,  owner i n t e r e s t  i n  p r o j e c t  ( p o t e n t i a l  f o r  c o s t  par- 

t i c i p a t i o n ) :  a successfiil  r l ~ r n n n s t r a t i o n  would p r o v i d e  thc: s i t e  owner w i t h  

a p p a r a t u s  which saved  f u e l  and was economic. With appropriate cuacrac tua l  

p r o t e c t i o n  a g a i n s t ' r e d u c e d  performance and reduced economic b e n e f i t s  

t h e  p i p e l i n e  company ' shou ld  b e  w i l l i n g  t o  c o n t r i b r l t &  t o  ttle purchase ant! 

i n s t a l l a t i o n  of t h e  demons t ra t ion  a p p a r a t u s .  I tem 6 ,  ee'vc r i  t y  of prob.lt:r~~:; 

( d i s r u p t i o n s )  posed by t h e  demons t ra t ion :  t h e  c o n t r o l  o v e r  t h e  p o i n t s  i n  

t i m e  when t h e  bot toming c y c l e  a p p a r a t u s  r e q u i r e s  t h e  s h u t  .down of t h e  



TABLE 3-1 . 

SELECTION CRITERIA 

1 .  Type of Pipeline 

2.  Type of Engine 

3. System . . .Operating Parameters and Duty' Cycle 

4. . S i t e  Location.' 

5 .  Owner Interest  i n  Project (Potential  for Cost Participation) 

6 .  Severity of Problems (Disruptions) Posed by Demonstr,ation 

7. T i m e   kame That Project Could be In i t ia ted  

8. 'Potential for Ut i l i za t ion  of Heat Recovered 



prime mover f o r  i n s t a l l a t i o n  o r  connect  up w i l l  o f  n e c e s s i t y  have t o  be 

r e t a i n e d  by t h e  p i p e l i n e  company and t h e  impact  t o  t h e  program would have 

t o  be a s s e s s e d .  I t em 7 ,  t ime frame t h a t  p r o j e c t  cou ld  be i n i t i a t e d :  con- 

s i d e r e d  must be whether  t h e  bot toming c y c l e  i s  t o  b e , u s e d  t o  i n c r e a s e  

si te.  power c o i n c i d e n t  w i t h  a planned i n c r e a s e  i n  th roughput  o r  whether  , 

t h e  need f o r  t h e  power depends upon t h e  a p p r o v a l  of some new p r o j e c t  by 

t h e  F e d e r a l  Energy Regula to ry  Commission (FERC). F i n a l l y ,  1tem 8,  p o t e n t i a l  

f o r  u t i l i z a t i o n  of h e a t  r e c o v e r y :  two p i p e l i n e s  committed t o  t h i s  program 

have i n d i c a t e d  t h a t  t h e  g e n e r a t i o n  of e l e c t r i c i t y  t o  be p u t  on t h e  g r i d  

would be a n  a t t r a c t i v e  way t o  u s e  t h e  bot toming c y c l e .  T h i s  would permi t  

u t i l i z i n g  t h e  e x t r a  horsepower which t h e  s i t e  would produce and i t  would 

supp lan t ,  new cquipment p u r c h a s e s  fnr e1.eCt..rical g e n e r a t i n g  equipment on 

t h e  pcrvsr gene~a2iorr uyu tc rn .  H V W ~ . V P C ,  t h i . 3  n i t . l ln t ion ic n ~ f  gypS.ca!, af 

t h e  v a s t  m a j o r i t y  o f  domes t ic  p i p e l i n e  companies and f o r  t h a t  r e a s o n  

t h i s  t y p e  o f  u t i l i z a t i o n  of t h e  bot toming c y c l e  a p p a r a t u s  was n o t  Con- 

s i d e r e d  i n  t h e  a n a l y s i s  of a v a i l a b l e  sites. I n  g e n e r a l ,  t h e  p i p e l i n e  com-' 

p a n i e s  a r e  o n l y  expanding i n  s e l e c t e d  a r e a s  where 'new s u p p l i e s  of g a s  are 

becoming a v a i l a b l e .  A l a r g e  number o f  compressor s t a t i o n s  are o p e r a t i n g  

a t  o n l y  a f r a c t i o n  o f  t h e  i n s t a l l e d  power because  rhe g a s  t l~ ruugh-pu t  has 

been s e v e r e l y  1imited:For t h i s  r e a s o n ,  i t  h a s  been assumed t h a t  no 

a d d i t i o n a l  horsepower i s  r e q u i r e d  a t  a  p a r t i c u l a r  compressor s t a t i o n  and 

t h a t  t h e  a d d i t i o n a l  horsepower o b t a i n e d  from t h e  bot toming c y c l e  must 

d i s p l a c e  some o t h e r  s o u r c e  o f  power a t  t h e  compressor s i t e  s o  a s  t o  re - .  

s u i t  i n  a r e d u c t i o n  in f u e l  consumption.  

I n  o r d e r  t o  make t h e  f o u r  i n i t i a l  s i t e  s e l e c t l o r i s ,  11: wtls 1 1 e c r 6 b . ~ ~ ~  

t o  become more d e f i n i t i v e  w i t h  r e s p e c t  t o  t h e  r e l a t i v e  c h a r a c t e r i s t i c s  of 

t h e  numerous p i p e l i n e  pumping s i t e s  t h a t  are a v a i l a b l e  through p i p e l i n e  

companies comxni~red tu L11i.s  Grcrgram.  show^^ i n  Toblc  3-2 arc  some arlditi.ana1, 

c r i t e r i a ' w h i c h  were. a p p l i e d  i n  t h e  s e l e c t i o ~ l  of sj.,te.s under  t h i s  c o n t r a c t .  

It w i l l  be  n o t e d  t h a t  t h e  - f i r s t  two s e l e c t i o n s  r e q u i r e  a c h i e v i n g  t h e  t a r -  

g e t  v a l u e  of a 20% f u e l  s a v i n g  a t  t h e  s i t e  s e l e c t e d .  However, s i n c e  t h e  

20% v a l u e  w a s  o n l y  a  t a r g e t  and n o t  a  t h r e s h o l d  i t  was d e c i d e d . t o  pe rmi t  

two of t h e  s e l e c t i o n s  t o  be made i n  which t h i s  t a r g e t  was n o t  q u i t e  met. 
0 

The o v e r a l l  o b j e c t i v e  of t h e  Department of Energy P i p e l i n e  Bottoming Cycle 

Program is  t o  s a v e  f u e l  on t h e  domes t ic  p i p e l i n e s .  For t h a t  r e a s o n  ttle 

c r i t e r i o n  of maximum US f u e l  s a v i n g  i n  b a r r e l s  p e r .  day e q u i v a l e n t  (BPDE) 

was a p p l i e d  t o  two o f - t h e  s i tes  s e l e c t e d .  However, i t  i s  n o t  p o s s i b l e  t o  g e t  

3-4 



TABLE 3-2 

ADDITIONAL SITE SELECTION CRITERIA 

S i t e  F u e l  . U . S .  ~ u e l '  
S e l e c t i o n  S a v i n g  S a v i n g  

No. % BPDE . P a y b a c k  
. . 

1 > 20 . B e s t '  - .  

B e s t  

B e s t  

B e s t  



t h e  p i p e l i n e  companies t o  accep t  t h e  p i p e l i n e  bottoming c y c l e  appa ra tu s  

u n l e s s  t h e  b e n e f i t s  a r e  worth t h e  c o s t .  For t h i s  reason ,  a  s imple  payback 

c a l c u l a t i o n  was used t o  rank t h e  s i t e s  a s  t h e  economic d e s i r a b i l i t y  of a  

p a r t i c u l a r  s i t e .  L a t e r  i n  t h e  program, a  more d e t a i l e d  c o s t ' a n a l y s i s  was 

conducted t o  de te rmine  t h e  economic v i a b i l i t y  of t he - sys t em.  

3 . 3  SURVEY OF DOMESTIC GAS PIPELINE COMPRESSOR PRIME MOVERS 

The pu rpose .o f  surveying  the  domest ic  prime movers was t o  de t e r -  

mine what i s  t y p i c a l  about  t h e  n a t i o n ' s  compressor s t a t i o n s .  Shown i n  

F igure  3-1 a r e  some d a t a  on t h e  types  and s i z e s  of gas  pumping equipment 

on t h e  domestic gas  p i p e l i n e s  ob ta ined  by ana lyz ing  t h e  d a t a  of  Reference 

2. The a b s c i s s a  shows power ranges of t he  va r ious  types  of equipment on 

t h e  n a t i o n ' s  gas p i p e l i n e s .  The o r d i n a t e  shows t h e  t o t a l  power of a l l  

equipmentnat ionw.ide o f  t h e  same power c l a s s  p e r  s i t e .  The d a t a  i n d i c a t e  

a  wide d i v e r s i t y  of types and amounrs of I n s t a l l e d  puwrr uu ~l'le i ~ a t i ~ i ~ ' ~  

gas p i p e l i n e s .  Contrary t o  t h e  l i q u i d  p i p e l i n e s ,  .very l i t t l e  e l e c t r i c a l  

equipment is  used d i r e c t l y  f o r  pumping. It can be  seen  t h a t  t h e r e . i s  . ' 

s i g n i f i c a n t l y  more r e c i p r o c a t i n g  power i n s t a l l e d  than gas  t u r b i n e  power. 

Shown i n  Table 3-3 is  an e s t i m a t e  of t h e  p o t e n t i a l  energy sav ing  

by t h e  use of bottoming cyc l e  appara tus  on gas  p i p e l i n e  pumping prime 

movers f o r  both gas  t u r b i n e s  and r e c i p r o c a t i n g  engines .  The d a t a  a r e  

presen ted  i n  va r ious  c l a s s e s  of  u n i t  power f o r  both gas t u r b i n e s  and re- 

c i p r o c a t i n g  engines .  The d a t a  f o r  t h e  gas  t u r b i n e s  were taken from Kef- 

c r cncc  3 .  Thcoc d a t a  accounted f o r  only about 3 m i l l i o n  i n s t a l l e d  horse- 

power and included two Canadian p i p e l i n e s .  The da ta ,however ,was  cons idered  

t o  be t y p i c a l  of t h e  United S t a t e s  and t h e  va lues  were i nc reased  by 31% i n  

o r d e r  to  make t h e  t o t a l  i n s t a l l e d  gas  t u rb ine  horsepower ag ree  w i th  t h e  

va lue  of approximately 4 m i l l i o n  f o r  gas  t u r b i n e s  i n d i c a t e d  i n  Reference 

4 .  I n  a  s i m i l a r  way t h e  d a t a  from Reference 5  on r e c i p r o c a t i n g  engines  

were fragmentary b u t  a l s o  cons idered  t y p i c a l  o f  t h e  US and were inc reased  

by 11% i n  o rde r  t o  make t h e  t o t a l  i n s t a l l e d  horsepower ag ree  w i t h  t h e  

va lue  of 9 m i l l i o n  found i n  Reference 4. I n  both c a t e g o r i e s  of engines  

t h e  number of u n i t s  were d iv ided  up among t h e  va r ious  c l a s s e s  of horse- 

power per  u n i t .  . Est imates  f o r  t he  f u e l  s av ing  pe r  u n i t  were made based 

upon the  engine  c h a r a c t e r i s t i c s  i n  t h e  va r ious  c l a s s e s .  For example, i n  

t h e  gas t u r b i n e  p o r t i o n  of t h e  t a b l e  the  power c l a s s e s  from 5000 t o  15,000 
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TABLE 3-3 

; POTENTIAL ENERGY SAVINGS BY BOTTOMING GAS PIPELINES. PUMPING PRIME MOVERS 

GAS TURBINES (Reference 3) 

Unit HP . 

Number 

To ta l  HP 

Average Unit HP 

Heat Rate,  BTU/H? Hr 

E 'ract ionFuel  Saved* 

BPDE 

Number 

To ta l  NP 

Average Unit HP 

Heat Rate,  BTU/HP H r  

F r a c t i o n F u e l  Saved* 

RECIPROCATING (Reference 5.) 

Tota l s  

529 

3,999,840 

*Estimated tak ing  i n t o  account  t h e  v a r i z t y  of k inds  of prime movers on t h e  n a t i o n ' s  p i p e l i n e s .  



HP were shown having a lower e s t ima ted  f u e l  s av ing  because of t h e  l a r g e  .\ 
number of recupera ted  engines  i n  t h i s  category.  The f u e l  s av ing  p e r  u n i t  

f o r  t h e . r e c i p r o c a t i n g  engines  is  shown lower than f o r  t h e  gas  t u r b i n e s  

because of the  r e l a t i v e l y  lower hea t  r a t e s .  The f i n a l  row i n  each por- 

t i o n  or the ta1)l.e i n d i c a t e s  the  fuel. s av ing  i n  BPDE obta ined  from each 

power ca tegory  f o r  each type of engine.  The t o t a l . f u e 1  sav ing  f o r  a l l  

t h e  gas t u rb ines  amount t o  approximately 24,000 b a r r e l s  p e r  day equiva- 

l e n t .  This  amount of f u e l  can be  saved i n  one ca tegory  a lone  of r ec ip ro -  

c a t i n g  engines .  I n  t h e  power c l a s s  of r e c i p r o c a t i n g  engines  from 1000 

t o  5000 HP b e t t e r  than 29,000 BPDE is es'timated t o  be  ~ a v e d .  I n  t o t a l ,  

r e c i p r o c a t i n g  engines  a r e  es t imated  t o  be  a b l e  t o  save .approximate ly  

34,000 BPDE compared t o  24,000 f o r .  t h e  gas t u rb ines .  The s i g n i f i c a n c e  

of t he se  va lues  is  t h a t  a l though t h e  r e c i p r o c a t i n g  engines  save  consider-  

ab ly  less f u e l  on a , u n i t  b a s i s , t h e  l a r g e  amount of i n s t a l l e d  power of  t h i s  

c l a s s  of engine  r e s u l t s  i n  a l a r g e  sav ing  i n  f u e l  nat ionwide.  

A s  was. po in ted  ou t  e a r l i e r ,  t h e r e  i s  a wide d i v e r s i t y  i n  bo th  t h e  

g a s . t u r b i n e  and r e c i p r o c a t i n g  engine  equipment i n s t a l l e d  i n  t h e  domest ic  

p i p e l i n e s .  Reference t o  Table 3-3 i n d i c a t e s  t h e r e  a r e  approximately 1.4 

m i l l i o n  i n s t a l l e d  horsepower i n  t h e  gas  t u r b i n e  ca tegory  between 5 and 

10 thousand horsepower p e r  u n i t .  For t he  nex t  ca tegory  from 1 0  t o  15  

thousand horsepower t h e r e  i s  approximately 1.3 m i l l i o n  horsepower. How- 

e v e r ,  because of t h e  l a r g e  number of recupera ted  engines  i n  t h e  5 t o  10 

thousand HP ca tegory  t h e  l a r g e s t  b lock  of  s imple-cycle  gas  t u r b i n e s  f a l l s  

i n  t h e  10 t o  15 thousand horsepower category.  For t h i s  reason  a l a r g e  

b lock  of s i m i l a r  engines  i n  t h e  10 t o  15  thousand horsepower ca tegory  

f o r  s imple-cycle  gas  t u r b i n e s  w a s  sought .  Shown i n  Table 3-4 a r e  f i v e  , 

groups of engines  which have an aggregated i n s t a l l e d  power of  544,500 horse- 

power. The source  of t h i s  d a t a  which i s  Reference 3, however, accounts  

f o r  only 2.7 m i l l i o n  o u t  of a known 4 m i l l i o n  horsepower.  heref fore, the  

aggrega te  amount of gas  t u r b i n e s  i n  t h i s  ca tegory  could amount t o  a s  much 

a s  804,500 horsepower. It w i l l  be noted t h a t  a l l  t h e  engines  d e l i n e a t e d  

i n  Table 3-4 have a range of power between 12,000 and 12,500 HP. Also t h e  

exhaus t  temperatures  and flow r a t e s  l i e  i n  a very narrow range.  This  means 

t h a t  bottoming cyc l e  appara tus  made f o r  one of t h e s e  engines  could be  ap- 

p l i e d  t o  a l l  o t h e r  engines  wi th  only minimal a l t e r a t i o n s .  Thus t h e r e  a r e  

a t o t a l  of a t  l e a s t  44 engines  which a r e  known t o  be  i n  t h i s  pow& c l a s s  



Manufacturer 

TABLE 3-4 

DOMESTIC 12000 TO 12500 HP SIMPLE CYCLE GAS TURBINES . . 

- Flow Total 
Power Exh . Rate. No. of ' Power ., 

Mod 2 1 HP . Temp. , O F  PPS Units HP 

Dresser Clark 

Cooper Bessemer RT-125 12500 7 35 139- 15 187500 
162 

12500 Ingersoll-Rand ' JP-125 713 135- 3 37500 
W 
I 
P 
0 

Turbo Power & ~ e r i n e .  

Rolls  Royce 



which h a v e , s i m i l a r  condi t ions  of t he  exhaust  temperature  and. flow r a t e .  
. , ., 

Shown i n  Table 3-5. a r e  t h r e e  General  E l e c t r i c  r ecupe ra t ed  gas  t u r b i n e  

models. These range i n  power,from 8,000 t o  11,100 horsepower. Here 

aga in  t he  exhaus t  temperatures  and flow r a t e s  a r e  s imi la r ' .  Thus bottom- 

i n g  cyc l e  appa ra tu s  app l i ed  t o  one of t he se  engines  could be app l i ed  t o  

a l l  t he  r e s t  w i th  minimal changes. For t h e s e  t h r e e  models. t h e r e  a r e  

405,000 horsepower known t o  be i n s t a l l e d  i n  domestic p i p e l i n e s  from sales 

records.  I n  a d d i t i o n  t o  t he se  s p e c i f i c  models t h e r e  a r e  o t h e r  GE re- 

cupera ted  engines  wi th  s i m i l a r  exhaus t  temperatures  and flow r a t e s  s o  a s  . . 

t o  add up t o  a  t o t a l  of 676,000 horsepower i n s t a l l e d  i n  domestic pipe- 

l i n e s .  For these. t h r e e  models then  t h e r e  a r e  49 engines  which a r e  in-  

s t a l l e d  on domestic p i p e l i n e s  and which have flow r a t e s  and exhaus t  t e m -  

p e r a t u r e s  i n  a  narrow band. The i n s t a l l e d  power on d 0 m e s t . i ~  si tes v a r i e s  

through a  l a r g e  range ,and i t  is  known t h a t  a  number of si tes have both  

r e c i p r o c a t i n g  and gas t u r b i n e  u n i t s .  I n '  a t tempt ing  to.  d e t e d n e  what 

was t y p i c a l  about domestic gas  p i p e l i n e  s i tes ,  a  survey of  two p i e c e s  of 

d a t a  was made t o  determine the  g e n e r a l  c h a r a c t e r i s t i c s  of t h e s e  sites. 

I n i t i a l l y ,  t he  d a t a  from Reference 6 was s t u d i e d  t o  determine the  t y p i c a l  

power mix between gas t u r b i n e s  and r e c i p r o c a t i n g  engines  on compressor 

.si tes.  These d a t a  i n d i c a t e d  t h a t  62% of t h e  i n s t a l l e d  gas  , t u rb ine  power 

was on unmixed s i t e s ;  t h a t  is ,  on si tes which had gas  t u r b i n e s  on ly  a s  

prime movers. S i m i l a r l y  f o r  r e c i p r o c a t i n g  engines ,  88%.o f  t h e  i n s t a l l e d  

r e c i p r o c a t i n g  power was on unmixed sites. The d a t a  presen ted  .by t h i s  

r e f e r ence ,  however, on ly  accounted f o r  about 65% of t h e  i n s t a l l e d  horse- .  

power of t h e  i n d u s t r y  when comparedv i th  t h e  d a t a  of  Reference 4.' Also,  

i t  was noted t h a t  t he  p i p e l i n e  companies w i th  t h e  h i g h e s t  i n s t a l l e d  horse-  

paJer  were n o t  g e n e r a l l y  included i n  t h i s  da t a .  For t h i s  reason ,  Ref- 

eiru,cr 7 was surveyed f o r  t he  t e n  domestic p i p e l i n e s  having the  h i g h e s t  

i n s t a l l e d  power. These 10  companies' a r e  l i s t e d  i n  Table 3-6 (Reference 8). 

When t h i s  d a t a  was s t u d i e d  i t  was found t h a t  68% of t he  i n s t a l l e d  gas  t u r -  

b ine  power was l o c a t e d  on unmixed si tes and .94% of t h e  i n s t a l l e d  r ec ip ro -  

c a t i n g  power was on unmixed s i t e s .  The s i g n i f i c a n c e  of t h e s e  d a t a  i s  t h a t  

i t  i s  not  t y p i c a l  t o  a t tempt  t o  use  t h e  advantages o f . g a s  t u r b i n e  and r e c i -  

p roca t ing  engines  of a  g iven  s i t e  i n  a  bottoming cyc l e  system. Thus, i n  

eva lua t ing  s i t e s  f o r  s e l e c t i o n  bottoming cyc l e  appa ra tu s  was assumed t o  be 

put e i t h e r  on gas  t u r b i n e s  o r  on r e c i p r o c a t i n g  engines  but  i n  no i n s t a n c e  

was i t  assumed t h a t  i t  would be necessary  f o r  both types  of engines  t o  be 

on t h e  same s i t e .  



TABLE 3-5 

SELECTED DCMESTIC RECUPEFATED GAS TURBINES 

UTED FLOW 
NO.  OF ' POWER EXH . RATE, TOTAL 

0 MANUFACTURER MODEL UNITS HP TEMP., F PPS POWER 

TOTAL . , 4 9 450500 



TABLE .3-6 

Company Address Transmission HP' 

Tenneco Inc .  

-. 

Houston, TX 

~ e ' x a s  Eas t e rn  Transmission Corp. Houston, TX 1,176,110 

Transcon t inen ta l  Gas P ipe  Line Corp. Houston,TX 951,185 

' Natura l  Gas P i p e l i n e  Co. of America Chicago, IL ,938,105 

Northern Natura l  Gas Co. 

Panhandle Eas te rn  P i p e l i n e  Co. 

E l  Paso Na tu ra l  Gas Co. 

Michigan  isc cons in P ipe  Line Co. 

Columbia Gulf Transmiss2on Corp. 

Texas Gas Transmiss$on Corp . 

Omaha, NE 

Houston, TX 

Houston, TX 

~ e t r o i t ,  M I  

Houston, TX 

Owensboro, KY 

-- 

* Reference 8 



Another p i e c e  o f  d a t a  which b e a r s  upon what i s  t y p i c a l  i n  compres- 

s o r  s i t e s  was o b t a i n e d  from Refe rence  5 .  I n  t h i s  r e fe rence .  t h e  r e c i p r o c a t -  

i n g  e n g i n e s  t h a t  a r e  used on p i p e l i n e  a p p l i c a t i o n s  were d e l i n e a t e d  a s  re- 

g a r d s  model number, m a n u f a c t u r e r ,  s i z e  and o t h e r  c h a r a c t e r i s t i c s .  From 

t h i s  d a t a  i t  w a s  found t h a t  of t h e  9 m i l l i o n  i n s t a l l e d  r e c i p r o c a t i n g  

horsepower i n  t h e  f i e l d  on ly  2  m i l l i o n  was o f  t h e  n a t u r a l l y  a s p i r a t e d  

t y p e  whereas f u l l y  7 m i l l i o n  of t h e  r e c i p r o c a t i n g  e n g i n e s  were turbo- 

charged.  The ' refore ,  i n  t h e  e v a l u a t i o n  of s i t e s  f o r  s e l e c t i o n  t h e  n a t u r a l  

a s p i r a t e d  r e c i p r o c a t i n g  e n g i n e s  were ignored .  

3 .4  AVAILABLE SITES 

Shown i n  Tab le  3-7 a r e  t h e  s i t e s  t h a t  have been made a v a i l a b l e  t o  

t h e  c o n t r a c t o r  trom committed p i p e l i n e  companies. I n  t h i s  t a b l e  a r c  ahown 

t h e  name of  t h e  p i p e l i n e  company, t h e  l o c a t i o n  of t h e  s i t e ,  and t h e  in-  

s t a l l e d  gas  t u r b i n e  and r e c i p r o c a t i n g  e n g i n e  power. Also some comments 

on t h c s c  s i tes  a r e  shown i n  t h e  l a s t  colunul. Concerning t h e  s i t e s  of 

Columbia Gulf Transmiss ion  Company i t  w i l l  be  n o t e d  t h a t  a comment i s  

made t h a t  s e v e r a l  of t h e  s i tes have low o p e r a t i o n a l  hours .  S i n c e  low 

o p e r a t i o n a l  h o u r s  impac t s  t h e  economic f a c t o r s  i n  t h e  s e l e c t i o n  of t h e  

s i t e  a d v e r s e l y  t h e s e  s i t e s  were e l i m i n a t e d  from f u r t h e r  c o n s i d e r a t i o n .  

Alsu i t  st iould b e  noted t h a t  on t h e  Columbia Gulf Transmiss ion  Company 

plpelfae t h e r e  i s  o n l y  one s l t e  where t h e r e  i s  an o p e r a t i o n a l  g a s  t u r -  

b i n e ,  namely, Rayne, LA. These s i t e s ,  t h e n ,  w i t h  t h e  e l i m i n a t i o n  of t h e  

ones  mentioned above ,  c o n s t i t u t e  t h e  s i t e s  which were e v a l u a t e d  i n  

o r d e r  t o  a r r i v e  a t  t h e  recommended s i t e s .  

3.5 SITE COMPATIBILITY CALCULATIONS 

A s  i n d i c a t e d  i n  Tab le  3-2 where a d d i t i o n a l  s i t e  s e l e c t i o n  c r i t e r i a  

were d e l i n e a t e d  t h e  payback p e r i o d  of each of t h e  s i t e s  must be  d e t e r -  

mined. I n  o r d e r  t o  do t h i s  i t  w a s  n e c e s s a r y  t o  c a r r y  o u t  a  parametr ic .  

s t u d y  of bot toming cycle6 f o r  a p p l i c n t i n n  t n  ttkp E R R  p i p e l i i i k s  I c r  w l i l c l l  . 

t h e  v a r i a t i o n  of t h e  c o s t  of the equipment was approximated.  Three  c y c l e s  

were  c o n s i d e r e d ,  two u s i n g  s team as t h e  working f l u i d  a t  t u r b i n e  i n l e t  

p r e s s u r e s  o f  200 and 300 p s i a  and one u s i n g  t o l u e n e  a t  a  p r e s s u r e  o f  270 

p s i a .  The a s s i g n e d  v a l u e s  . f o r  each of these .  c y c l e s  i s  d e l i n e a t e d  i n  

T a b l e  3-8. The p a r a m e t r i c ' a n a l y s i s  was c a r r i e d  o u t  f o r  a  gas  t u r b i n e  

h a v i n g  t h e  mass f low r a t e  and exhaus t  t empera tu re  shown i n  Tab le  3-8. 
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TABLE 3-7 

AVAILABLE S I T E S  

GAS 
TURBINE REC IPROCXTING 

PIPELINE 'CO. ' LOCATION HP HP COMMENT'S 

1. TEXAS GAS TRANSM1,SSION CORP.  LAKECORMORANT,  20,100 14,000 HOST:  GOOD SITE. 
. . - -* . . 

MS . . 

COVINGTON, TN 1 2 , 0 0 0  17,000 B E S T  S I T E  -- 

JEFFERSONTOWN, 11,000 13,500 GOOD S I T E  
KY 

GREENVILLE , MS 2 0 , 1 0 0  

2 .  PAC-IFIC GAS 6, ELECTRIC CO.  TIONESTA, CA 11,100 

3 .  P X C I - F I C  GAS TPLANS; CO. 

BURNEY , . .CA 

GERBER, CA 

DELEVAN, CA 

T O P A C K ,  CA 

HINKLEY ,CA 

KETTLEMAN , CA 

EASTPORT,  I D  

SAMUELS, I D  

ATHOL, I D  

R O S A L I A  , WA 

STARBUCK, WA 

WALLULA, WA 

LONE, O R  

KENT,  O R  

MADRAS, OR 

BEND, OR 

H O S T  : 

GOOD S I T E  

F I R S T  C H O I C E  

HOST:  SECON'ta C H O I C E  



.TABLE 3-7  ( C o n t  Id .  ): 

AVAILABLE S I T E S  

. . GX S 
TURBINE ' RECIPR3CATING 

P I P E L I N E  CO. LOCATXOK HP HP CObIMENTS -- 

3. P A C I F I C  GAS TRAMS. CO. BONANZA, C.R 2 8 , 6 5 5  
( 'Con t ' d . ) 

4 .  COLUMBIA GULF T U N S .  CO.  ALEXAEDRI>., LA 2 7 , 5 0 ( 3  

BANNEE , 2 8 , 5 0 0  

CLEMEETSVELLE , 
KY 

CORNI'IH, MS 

D E L H I ,  Lf. 

HAMP S ELF-E , TN 

HARTSFLLLE , TN 

INVERRESS,  MS , 

RAYNE, LA 

STANTON, EII 

1 4 , 0 0 0  

14,800 LOW TURBINE USAGE FACTOR 

LOW TURBINE USAGE FACTOR 

LOW TURBINE USAGE FACTOR 

LOW TURBINE USAGE FACTOR 

LOW TURBINE USAGE FACTOR 

1 4  ,OOG 

14,OOCq OPERATIONAL GAS TURBINE 

14,OOC. 'LOW TURBINE USAGE FACTOR 



TABLE 3-8 

ASSUMPTIONS AND CYCLE ' DATA USED , I N  PARAMETRIC ANALYSIS 

Working F lu id  

Bottoming Cycle Parameters  Toluene Steam 

Turbine I n l e t  p r e s s u r e  ( p s i a )  

. Turbine I n l e t  Temperature (OF) 

Turbine E f f i c i ency  

Pump Ef f i c i ency  

Fan Power, % Heat Rejected 

Gas Turbine Parameters  

Exhaust Gas Flow Rate - 113.0 l b s l s e c  

Exhaust Gas Temperature - 660°F 

F J 

Bottoming Cycle Component Cost is  P ropor t i ona l  To 

(Heat Exchanger Area) 
0.6 



This  va lue  of exhaus t  temperature  i s  t y p i c a l  of t h e  va lue  f o r  t h e  450500. 

i n s t a l l e d  horsepower shown on '  Table 3-5 f o r  t h e  thr ,ee  models of r e c u p e r a t e d  

gas  t u r b i n e s  on domest ic  p i p e l i n e s  . and . i s  i n  t h e  low range f o r  t h e  gas  

t u r b i n e s  t o  be ' cons ide red .  A t  exhaus t  gas  tempera tures  h igher  t han  660°F 

t h e  performance and economics i s  improved. Because s e v e r a l  of t h e  com- 

mi t t ed  p i p e l i n e  companies i n d i c a t e d  t h e  u n d e s i r a b i l i t y  of  us ing  water- 

cooled condensers  i n  compressor s t a t i o n s  i n  remote l o c a l i t i e s ,  i t  was de- 

c i d e d  t o  l i m i t  t h e  pa rame t r i c  s tudy  t o  t h e  case  of an a i r -cooled  condens- . 

. ,  er.  A s  i s  known from s t u d i e s  l i k e  t h e  one made i n  Reference 9 t h e  c o s t  of 

. .  t h e  heat .  exchangers i n  a  bottoming cyc l e  s y s t e m ' a r e  a  l a r g e  p o r t i o n  of 

the.  t o t a l  bottoming c y c l e  system c o s t .  Therefore ,  i n  t h i s  p re l iminary  c a l -  

c u l a t i o n  i t  was assumed t h a t  t h e  bottoming cyc le  c o s t  would be made pro- 

p o r t i o n a l  t o  t he  hea t  exchanger a r e a  r a i s e d  t o  t h e  0.6 power. Reference 

1 0  i n d i c a t e s  t h a t  t h e  c o s t  df appara tus  v a r i e s  w i th  c a p a c i t y ,  r a i s e d  t o  

powers somewhat lower than uni ty ;  An exponent of 0.6  w a s . s e l e c t e d  a s  being 

t y p i c a l  of a  l a r g e  amount of appa ra tu s  t o  t h e  bottoming c y c l e  type .  

Shown i n  F igure  3-2 are r e s u l t s  of t h e  paramet r ic  s tudy  f o r  steam. 

P l o t t e d  a r e  t h e  r e l a t i v e  c o s t  of t h e  bottoming cyc l e  equipment a g a i n s t  

t h e  bottoming c y c l e  power f o r  two l e v e l s  o f  steam p r e s s u r e  and condenser 

temperatures  of  125, 150 and 200°F. The curves i n d i c a t e  minimum va lues  

o f  r e l a t i v e  c o s t  a s  a  func t ion  of bottoming cyc l e  horsepower. The in- 

d i c a t i o n s  from the  curves a r e  t h a t  t h e  bottoming c y c l e  u s ing  a  p r e s s u r e  

of  300 p s t a  i n t o  t h e  t u r b i n e  has  a  lower c o s t  than one wi th  a  p r e s s u r e  

of 200 p c i a ,  Thc condcnccr tcmpcraturc  of 150°F r c c u l t o  i n  t h c  lowcot 

va lue  of r e l a t i v e  c o s t s .  The square  symbol i n d i c a t e s  t h e  lowest  c o s t  de- 

s i g n  on t h e  f i g u r e .  The r e s u l t s  of  t h e  pa rame t r i c  s tudy  f o r  to luene  a r e  

presen ted  i n  F igure  3-3. Curves . fo r  condenser temperatures  of 125, 150 

and 175°F a r e  shown. A s  f o r  t h e  s team cases  t h e  condenser temperature  of 

150°F r e s u l t s  i n .  t h e  lowest  c o s t .  The, square  symbol r e p r e s e n t s  t h e  b e s t  

c y c l e  f o r  to luene .  I n  comparing t h e  optimum cyc l e s  f o r  steam and to luene  

t h e  fo l lowing  r e s u l t s '  were ob ta ined:  

Steam - To 1.uene 

,Turbine. i n l e t  p r e s su re ,  p s i a  300 2 70 

Condenser temperature ,  OF 150 150 , ' 

Bottoming cyc l e  power, HP 2030 2 750 

R e l a t i v e  c o s t  1.002 0.98 





Figure  3-3.  R e l a t i v e  Cost of Toluene Bottoming Cycles .  



Thus, i t  can be seen  t h a t  t h e  t o luene  cyc le  both ach ieves  a  h ighe r  power 

ou tput  f r o m , t h e  same exhaus t  stream than steam and a l s o  t h e  appa ra tu s  has  

a  s l i g h t l y  lower c o s t .  A s  a  r e s u l t  t h e  c y c l e  r ep re sen t ed  by t h e ,  square  

on F igure  3-3 f o r  t o luene  .was used i n  computing bottoming' cyc l e  power f o r  

t h e  prime movers on t h e  s i t e  a v a i l a b l e  from t h e  committed p i p e l i n e s .  It 

should. be noted t h a t  a  t o luene  t u r b i n e  i s  expected t o  have a  h ighe r  e £ f i c i -  

ency than  a  steam t u r b i n e  of t h e  same power because t h e  former 'has  a  h ighe r  * 

volume f low r a t e  than t h e  l a t t e r  and s u f f e r s  no l o s s  i n  e f f i c i e n c y  due t o  ' 

t h e  ~ r e s e n c e  of condensate  i n  t h e  l a s t  s t a g e s .  However, i f  t h e  e f f i c i e n c i e s  

were t h e  same, to luene  would s t i l l  produce more power than  steam from t h e  

given exhaust  ga s  condi t ions ' .  

The economic e v a l u a t i o n  of t h e  si tes was deemed one of t he . impor t -  

a n t  c r i t e r i a  f o r  s i t e  se lec ' t ion .  A simple economic i n d i c a t o r  - t h e  s imple  

payback pe r iod  - was u t i l i z e d  f o r  t h i s  purpose.  Shown i n  Table 3-9 i s  t h e  

d e f i n i t i o n  of t h e  parameter  as used i n  t h e  e v a l u a t i o n  of t h e  sites. The 

payback pe r iod  i s  simply t h e  c a p i t a l  c o s t  f o r  t h e  bottoming cyc l e  equkp- 

ment i n  d o l l a r s -  d iv ided  by t h e  f u e l  c o s t  s av ing  i n  d o l l a r s  per  yea r .  For 

t h e  gas  t u r b i n e  t h i s  payback per iod  can be c h a r a c t e r i z e d  a s  shown on 

Table 3-9. The payback pe r iod  f o r  t h e  gas  t u r b i n e  i s  the '  c o s t  of t h e  

bottoming cyc l e  equipment i n  d o l l a r s  per '  horsepower t i m e s  t h e  horsepower 

of t h e  bottoming cyc le  d iv ided  by f o u r  f a c t o r s . ' T h e  f i r s t  f a c t o r  'is t h e  

change i n  t h e  hea t  r a t e  between t h e  unbottomed and t h e  bottomed c o n d i t i o n ,  

t h e  second f a c t o r  i s  t h e  va lue  of t h e  f u e l  i n  d o l l a r s  p e r  m i l l i o n  BTU, t h e  

t h i r d  f a c t o r  i s  t h e  hours  p e r  yea r  t h a t  t h e  equipment was used and t h e  

f o u r t h  f a c t o r  i s  t h e  horsepower of t h e  gas  t u r b i n e .  For t h e  , r e c i p r o c a t i n g  

engine ,  t h e  c a l c u l a t i o n s  payback i s  somewhat d i f f e r e n t .  The reason  f o r  t h i s  

i s .  t h a t ,  con t r a ry  t o  t h e  g a s  t u r b i n e  c a s e ,  i n  t h e  r e c i p r o c a t i n g  engine  

ca se  s i t e s  a r e  g e n e r a l l y  c h a r a c t e r i z e d  by a  number of r e c i p r o c a t i n g  engines  

a t  a  g iven  s i t e .  Thus, i n  o r d e r  t o  compensate f o r  t h e  e x t r a  horsepower 

genera ted  by t h e  bottoming c y c l e ,  one of t h e  r e c i p r o c a t i n g  engines  may be 

s h u t  o f f  o r  a l l  t h r o t t l e d  back s l i g h t l y .  S ince  t h e  f u e l  consumption curves 

of t h e  r e c i p r o c a t i n g  engines  a r e  very f l a t  i n  t h e  power range of 75 t o  100% 

of r a t e d  power t h e  hea t  rate changes very  l i t t l e  f o r  t h e  sma l l  amount (10 

o r  15%) t h a t  t h e  r e c i p r o c a t i n g  engines  need t o  be t h r o t t l e d  back t o  com- 

pensa te  f o r  t h e  bottoming cyc l e  power. Thus, t h e  payback pe r iod  . f o r  t h e  



TABLE 3-9 

ECONOMIC EVALUATION CRITERIA FOR THE SITES* 

C A P I T A L  C O S T ,  $ 
STLIPLE r h Y n n f X  PERIOD = FUEL SAVINti, b/yn 

FOR GAS T U R B I N E :  

F O R  R E C I P R O C A T I N G  E N G I N E :  

PAYBACK = 
. . .. . . . - 

* 
An e l a b o r a t e  economic assessment  of t h e  bot toming c y c l e  System f o r  

thc  ehrcc p i p e l l n u  s i k s  was ~:pp+fp . t= l  n u t  later i n  t h e  program hased 

on d i s c o u n t e d  c a s h  f low methods. 



. .  . 

r e c i p r o c a t i n g  engines  is  simply t h e  c o s t  pe r  horsepower paid f o r  t h e  

bottoming cyc l e  d iv ided  by t h e  r e c i p r o c a t i n g  engine hea t  r a t e ,  t h e  v a l u e  

of f u e l  and t h e  hours  pe r  yea r  t h a t  t he  equipment was u t i l i z e d .  

I n  o r d e r  t o  have v a l u e s  of bottoming c y c l e  c o s t  which v a r i e d  w i th  

bottoming c y c l e  power t h e  c o s t  was assumed t o  va ry  wi th  t h e  0.6 power of 

the .bo t toming  c y c l e  power. I n  Reference 9 t h e  c o s t  per  HP of organic .  

Kankine systems was found t o  be a  l i t t l e  less than $300/HP. Th i s  l a t t e r  

va lue  when co r r ec t ed  f o r  i n f l a t i o n  t o  1978 was assumed f o r  t h e  l a r g e s t  

bottoming c y c l e  power.encountered i n  t h e  p re sen t  s tudy  which w a s  4400 HP. 

The v a r i a t i o n  of t he  c o s t  pe r  horsepower used i s  shown i n  F igure  3-4. 

It should be  emphasized t h a t  a l l  v a l u e s ' o f  payback pe r iod  shown a r e  

r e l a t i v e  because of t h e  a r b i t r a r y  s e l e c t i o n  of $300/HP s e l e c t e d  f o r  4400 

HP. The c o s t  of t h e  appa ra tu s  designed i n  Task 11, Systems P re l imina ry  

Design w i l l  be ob ta ined  by e s t i m a t i n g  t h e  c o s t  of  each  component and t h e  

assembly and i n s t a l l a t i o n  c o s t s .  

3.6 THE SELECTION OF SITES 

. . 
S e l e c t i o n  ana lyses  w e r e  performed f o r  both gas  t u r b i n e  and re-  

c i p r v c a t i n g  s i t e s .  

Shown i n  Table  3-10 a r e  t he  engine  c h a r a c t e r i s t i c s  f o r  t h e  gas  t u r -  

b ine  s i t e s  a v a i l a b l e  from t h e  committed p i p e l i n e  companies. Shown i n  t h e  

. t a b l e  a r e  t h e  p i p e l i n e  and.. the  s i t e  l o c a t i o n  and t h e  .engine . cha rac t e r i s -  

t i c s  of t h e  gas  t u r b i n e s  on these  ' s i t e s .  The f i r s t  group of  s i t e s  have 

a  Cooper-Bessemer RT-125 simple-cycle gas  t u r b i n e  which has an exhaus t  

temperature  of 7 3 5 " ~  and a  flow r a t e  i n  a  range from 1 3 9 . t o  1 6 2 . l h s / s e c .  

This gas  t u r b i n e  must be t h r o t t l e d  back to- 76% r a t e d  power Ln o r d e r  t o .  

compensate f o r  bottoming cyc l e  power. The bottoming cyc l e  power f o r  t he se  

gas  t u rb ines  ranges from'approximately 3000 t o  3350 horsepower depending 

upon the  power r epo r t ed  by t h e  p i p e l i n e  company f o r  t he  s i t e .  The next  

group of engines  shown i n  t he  t a b l e  is  t h e  Ingersoll-Rand JP-125 simple- 

cyc l e  gas tu rb ine .  This  gas  t u r b i n e  has  an exhaus t  temperature  of 713°F 

and a mass flow ranging from 135 t o  148 16s /sec .  Again, t h i s  gas  tu r -  

b ine  is  t h r o t t l e d  back t o  76% power and t h e  va lue  of t h e  bo t toming ' cyc l e  

3-2 3 



BOTTOMING CYCLi POWER, HP . . 

. .. 

Figure 3 - 4 .  Assumed Variation of ~ o t t o m i n ~ - ~ ~ c i e  Ccst With Power. 



TABLE 3-10 

GAS T U R B I N E  E N G I N E  C H A R A C T E R I S T I C S  

RATED H ~ T  .. . .  . - .EXH. FLOW . , . % . B / C .  
PIPELINE CO; NO.  OF' POWER* . 'RATE TEMP., RATE RATED POWER 
& LOCATION U N I T S  H . P .  BTU/HP-HR MANUFACTURER MODEL ' T Y P E  O F  P P S  ' POWER H P  

P A C I F I C ,  GAS & 
E L E C T R I C  

T I O N E S T A ,  C k  1 11LOO 10060 COOPER- RT-125 SIMPLE- 735 140 7 6 2970 
BESSEMER CYCLE 

GERBER, C A .  1 12830 10060 I 1  I 1  
" . 735 162 7 6 3436 

. . . . 
PACIFIC GAS.  

'f TRANS.  CO.  
h, 

C" . E A S T P O R T ,  IG 1 11400 10060 I 1  11 I 1  
. . 735 14 9 7 6 3161 ' 

ATHOL, I D  1 11850 10060 I t  ' II II 7 35 150 7 6 3182 
STARBUCK, WA 1 12500 ~10060 II II I 1  7 35 158 7 6 3352 
WALLULA , WA 1 12T50 10060 II I I II 735 161 7 6 3415 , '  

WALLULA, WA 1 12T50 10060 I I I 1  . I t  ' 735 161 7 6 3415 
, '  11:50 10060 KENT,  OR 1 I 1  !I I I 7 35 149 7 6 3161 

1 " 11750 ' 10060 . KENT, OR ' 

II II " ' 735 149 7 6 3161 
1 '  11150 10060 ' BEND, OR 

11 I 1  " .  735 141 76' 2992 
11150 . 10060 I 1  ' .  . 

BEND, OR . 1 
II I t  735 141 7 6 2992 

1 '10060 I t  I I 11 . 
CHEMULT, OR . 10950 735 139 7 6 2949 

1 10060 C I - I ~ M U L T ,  OR 10950 II I 1  II 735 ,139 7 6 2949 

COLUMBIA GULF' 
TRANS.  C O .  

1 ,10060 II 11. 
RAYNE, LA 12t.00 735 158 7 6 3352 

1 .lo060 11 

RAYNE, LA 12 f-00 735 158 7 6  3352 
I 1  

, .1 . 10060 II i I 
RAYNE, LA 12500 7'35 158 7 6 3352 

*'80"~, 100Cl ft altitude' 



TPLBLE .3-10 ( C o n t ' d . )  

C-AS TURBINE ENGINE CHARACTERISTICS 

RATED il =T. EXH . FLOW X 
PIPELINE GO. 

B/C 
NO. OF POWER* X4TE . TEMP., RATE RATED ' POWER 

(r LOCATION UNITS H.P. ~ T U /  HB-HR MANUFACTURER M O D ~ L  l T P E  OF ' PPS . POWER HP 

PACIFIC GAS . . 

'& ELECTRIC . . 

BURNEY, CA 1 1 1 5 5 0  9 300  INGERSOL L- . JP-125  S. C. 7 1 3  i 4 0  7 6 2970  
RAND . , 

PACIFIC GAS 
. . w TRANS. CO. 

I 
N 
01 ROSALIX, WA 1 1 1 9 2 0  9600 INGERSOLL- JP -125  S: C.. 7 1 3  1 4 5  7 6 3 0 7 6  

RAND 
1 

. I 1  I I I t  

IONE, OR 1 2 2 2 0  9 8 0 0  . 7 1 3  . 1 4 8  
7 6 3146  

1 1 1 1 2 5  9 8 0 0  
I I I 1  

BONANZA, OR. 
I I 7 1 3  1 3 5  7 6 2864 

TEXAS GAS 
TRANS. CO. 

COVINGTON, TN 1 . '  1 2 0 0 0  111890 P&WA/ -GGX-4 S.. C. . 7 0 0  1 5 2 . 8  8 2 .  2 9 3 5  
TP&M 

* 8 0 ° F ,  1 0 0 0  f t  a l t i t u d t  



. . TABLE 3-10 ( ~ o n t  ' d. ) 
. . 

GAS T U R B I N E  E N G I N E  C H A R A C T E R I S T I C S  

. . ,  RATED HEAT EXH . FLOW x B/C 
P I P E L I N E .  CO. NO. O F  XWER* RATE T E M P . ,  . R A T E  ' R A T E D .  . POWER 
6 LOCATION U N I T S  H.. P . BTU/HP-HR ' MANUFACTURER ' ' MODEL T Y P E  OF. P P S  .POWER ' H P  

TEXAS GAS 
TRANS. C O .  

- 
GENERAL 
E L E C T R I C  

II 

GREENVILLE,  MS 

LAKE CORMORANT, 
MS 

JEFFERSONTOWN, 
SY 

G R E E N V I L L E ,  bfS 

LAKE CORNORANT, 
MS 

P A C I F I C  GAS 
5 E L E C T R I C -  

BUKNEY, CA 

DELVAN, CA 

DELVAN, C A  

P A C I F I C  GAS 
TR-iNS. CO.  

S A N D P O I N T ,  I D  1 

* 80°F; lOUO ft  a l t i t u d e  



.power ranges from 3000 t o  3146 horsepower. One s i t e  on t h e  Texas Gas 

Transmission Company p i p e l i n e  has a  Pratt-Whitney GG3C-4 simple-cycle gas  

t u r b i n e  which has  an exhaust  temperature of approximately'  7 0 0 ~ ~  and a  

mass flow of 152.8 l b s l s e c .  This  gas t u r b i n e  must . be  t h r o t t l e d  back t o  

82% power and the  bottoming cyc le  horsepower i s  approximately 2900 hocse- 

power. The n e x t  group of gas t u r b i n e s  a r e  recupera ted  engines b u i l t  by 

t h e  General E l e c t r i c  Company; two models a r e  shown. Both'models have 

exhaus t  temperatures  i n  t h e  range from 625 to '  750°F and flow r a t e s  i n  - 
' 

. . 

t h e  range from 102 t o  109.7 I b s l s e e .  These gas t u r b i n e s  must be  t h r o t t l e d  

back t o  82% power i n  o r d e r  t o  compensate f o r  t h e  bottoming c y c l e  power 

t h a t  is  generated 'and t h e  bottoming cyc le  power i s  i n  . t h e  range from 

1800 HP up. t o  2009 HP. 

Shown i n  Table 3-11 a r e  t h e  d a t a  computed f o r  t h e  v a r i o u s  sites t o  

de te rmine  the  c o m p a t i b i l i t y  of t h e  s i t e  w i th  the  a d d i t i o n a l  s e i e c t i o n  

c r i t e r i a .  I n  t h i s  Table t h e  gas t u r b i n e s  were assumed t o  be t h r o t t l e d  back 

t h e  amount of t h e  bottoming cyc le  power and the  gas t u r b i n e  hea t  a t  t h r o t t l e  

c o n d i t i o n  was e s t ima ted .  The f i r s t  group of s i t e s  a r e  t hose  which have t h e  

Cooper-Bessemer RT-125 s imple cyc l e  gas  t u r b i n e s .  It can 'be  seen  t h a t  bot- 

toming cyc le  appara tus  f o r  t hese  gas t u r b i n e s  have payback pe r iods  t h a t  

va ry  from approximately 2 yea r s  to. over  6 yea r s .  These engines  wi th  t h e i r  

bottoming cyc le s  have a  f u e l  sav ing  c a p a b i l i t y  i n  a  t h r o t t i e d  back cond i t i on  

of 22.3%. These engines  a r e  i n  a  c l a s s  of engines t h a t  have power r a t i n g s  

a t  80°F and 1000 f t  in .  t h e  range of 12,000 t o  12,500 horsepower. The na t ion-  

wide p o t e n t i a l  horsepower f o r  bottoming a s  i n d i c a t e d  p rev ious ly  ii i n  t h e  

range of 544,500 t o  804,500. If a l l  engines i n  t h i s  c l a s s  a r e  bottomed, t h e  

domest ic  f u e l  sav ing  would 6e somewhere between 3806 t o  5630 BPDE. The. next  
, . 

group of engines a r e  Ingersoll-Rand JP-125 simple-cycle gas  t u r b i n e s  which 

have a r a t e d  power a t  80°F and 1000 f t  of approximately 12,500 HP. The pay- 

back per iod  f o r  t hese  engines ranges from 2 yea r s  t o  2.7 yea r s .  Because 

they  a r e  i n  t h e  same power c l a s s  and have approximately t h e  same exhaust  

c o n d i t i o n s  a s  t h e  Cooper-Bessemer engines ,  t h e r e  i s  t h e  same p o t e n t i a l  U.S. 

horsepower f o r  bottoming and t h e  same p o t e n t i a l  BPDE i n  fuel. saving .  Like 

t h e  Cooper-Bessemer engines  t h e s e  engines w i l l  have approxi,mately 22.3% fuel 

saving  per  u n i t .  The l a s t  engine ' i n . t h i s  group i s  the  Pratt-Whitncy GG3C-4 

simple-cycle  gas  t u r b i n e  which has a r a t e d  power of approximately 12,000 HP 
. . 

. . 



TABLE 3-11 

S I T E  CO~~PATIBILITY'; GAS TURBINE S I T E S  

DIFFERENCE 
B/C ' IN HEAT FUEL 

P I P E L I N E  CO.  . MANU-. ?OWERF C O S T ,  .RATE,  DUTY, VALUE ,., . ,PAYOUT 
6 LOCATION FACTURER MODEL MP SIHP .BTU/HP-HR HRSIYR. $ / l o 6  BTU YRS. 

P A C I F I C  GAS 
& 7 L E C T R I C  

T I O N E S T A ,  CA COOPER- R T - 1 2 5  2 9 7 0  356 2240 
3ESSEMER 

CERBER, CA I I I I 3436 336 2 2 4 0  

P A C I F I C  GAS 
T U N S .  CO. 

EASTPORT,  I D  
ATHOL, I D  
STARBUCK, WA 
WALLULA , WA ' 

WALLULA, WA 
KENT, OK 
KENT, OR 
BEND ,. OR 
B E M D ,  OR 
CIIEPlUI.T, OR. 
C H D f U L T ,  OK. 

C O L W I B I A  CU1.I: 
1 ' I U N S .  CO.  - 
KAYNE,  LA 11 

I '  . 3 3 5 2  3 39 2240 : 
RAYNE, 1-A 11 I I  3 3 5 2  339 . 2 2 4 0  : 

RAYNE,, L!\ I1  I I 3 3 5 2 :  339 2 2 4 0  

%' U . S .  U . S .  F U E L  
F U E L  POTEN.  S A V I N G ,  

SAVING .HP . '  . .BPDE . 

* B a s e d  on gas  t ~ r b i n e  o p e r a t i o n  a t  80°F, 1000 f f  a l t i t u d e  



S I T 3  C O M P A T I B I L I T Y ,  GAS TURBINE S I T E S  

D IPFERENCE 
B/C IL7 HEAT , F U E L  % U . S .  U . S .  F U E L  

P I P E L I N E  CO.  W F U -  POWER? .con, RATE , DUTY,  VALUE, ,  PAYOUT F U E L  P O T E N .  S A V I N G ,  
6 LOCATION FACTURER MODEL MP $./w BT~J/HP-HR . HRS/YR $1106 BTU YRS. SAVING HP BPDE 

P A C I F I C  GAS 
T R A N S .  CO.  . 

ROSAL I A  , WA 

I O N E  , WA 
BONANZA, OR 

W 
T E X A S G A S  
.TRANS. CO. 

COV INGTON , 
TN 

P A C I F I C  GAS 
6- E L E C T R I C  

BURNEY, CA 

INGERSOWI--JP-125 3076 
RAND 

II I I 3146 
I I II 2 8 6 4  

PCWA/ GG3C-4  2 9 3 5  
TPCM 

I N G E R S O I L -  J P - 1 2 5  2 9 7 0  
RAND 

* B g s e d  on gas t u r b i n e  opera t ion  a t  80°F, 1 C 3 O  f t  a l t i t u d e  



. . TABLE 3-11 (Cont'd..) 

. . 
SITE COMPATIBILITY, GAS TURBINE SITES 

DIFFERENCE . . 

a/c IN HEAT FUEL x U . S .  U.S.  F U E L .  
P I P E L I N E - C O .  MXNU- POWER,* COST, RATE, DUTY, VALUE, , PAYOUT FUEL POTEN.. SAVING,  
& LOCATION ' FACTURER MODEL B P  $I.HP ' 'BTu/HP-HR 'HRS/YR $/1c6 BTU. . YRS.  SAVING HP ' BPDE 

'TEXAS GAS 
TRANS. CO. 

GREENVILLE,  GENEUL M 3 1 1 2 R  2 3 0 9  
MS ELECTRIC 

LAKE CORMORANT, I' I I 2 I O ?  
MS 

JEFFERSONTOWN, I 1  I 1  2 3 0 9  
KY 

L* CREENVILLE,  I I I I 1335 
. MS. 
t- 

LAKE CORMORANT, '' II 1 9 3 5  
MS . 

P A C I F I C  GAS 
& ELECTRIC 

E U K N E Y ,  CA I I I 1  1 7 2 8  

DELIJAN, CA II I 1  1 8 7 0  

DELIJAN, CA I 1  11 1 8 7 0  

PACEFIC  GAS 
TRANS. CO. 

SANDPOINT, ID' I 1  M 3 9 1 2 R  1 7 9 9  

ATHOL, I D  II II 1 7 8 1  

ROSXLIA,  WA I t  I I 1 7 9 9  

STARBUCK, WA I 1  11 1 8 7 0  

TONZ, OH I I I I 18 34 
-- 

"Based on gas turbine operation at 8 0 ° F ,  1000 ft altitude 



a t  80°F and 1000 f t .  The payback p e r i o d  on t h i s  e n g i n e  is  v e r y  h i g h ,  a b o u t  7 

y e a r s ,  b u t . i t  i s  p r i m a r i l y  due t o  t h e  low number of h o u r s  i t  was used p e r  

y e a r  and t h e  f a c t  . t h a t  t h e  v a l u e  of t h e  f u e l  on  t h e  Texas Gas Transmiss ion  

Company l i n e ' i s  less t h a n  h a l f  of t h a t  on t h e  o t h e r  two l i n e s  shown. Bot- 

toming t h i s  e n g i n e  r e s u l t s  i n  a f u e l  s a v i n g  p e r  u n i t  of 19.5%. The . f i n a l  

g roup  of  e n g i n e s  shown i n  t h e  t a b l e  comprise  t h e  two models of Genera l  

E l e c t r i c  r e c u p e r a t e d  gas t u r b i n e s .  These e n g i n e s  s a v e  o n l y  approx imate ly  

15% of t h e  f u e l  p e r  u n i t  because  of t h e i r  a l r e a d y  low h e a t  r a t e  and have 

payback p e r i o d s  t h a t  r ange  from about  3 . 7  y e a r s  t o  as h i g h  a s  1 0  y e a r s .  

The payback p e r i o d s  are p r i m a r i l y  governed by t h e  n u m b e r o f  h o u r s  p e r  y e a r  

t h a t  t h e  p i p e l i n e  u s e s  t h e  e n g i n e s  and by t h e  v a l u e  t h a t  i s  p l a c e d  on t h e  

f u e l  t h a t  i s  burned i n  t h e s e  e n g i n e s .  Mere a g a i n ,  n o t e  t h a t  t h e  Tcxas Gas 

Tran'smission Company s i tes  have a f u e l  v a l u e  which i s  l e s s  t h a n  h a l t  of t h e  

v a l u e  o f  t h a t  f o r  t h e  s i t e s  o f  t h e  P a c i f i c  Gas and E l e c t r i c  Company, t h e  

P a c i f i c  Gas Transmiss ion  Company and the Columbia Gulf Transmiss ion  Com- 

pany s i t e s  a n d ,  t h e r e f o r e ,  t h e y  have a  much l o n g e r  payback p e r i o d .  Because 

t h e  r e c u p e r a t e d  e n g i n e s  miss t h e  20% f u e l  s a v i n g  p e r  u n i t  by a  l a r g e  margin 

t h e y  were dropped from f u r t h e r  c o n s i d e r a t i o n .  

.Based upon t h e  d e s i r e  t o  f i n d  si,tes on  which t h e  bot toming c y c l e  

cou ld  e x p e c t  low payback p e r i o d s  t h e  s i t e s  p r e s e n t e d  i n  Tab le  3-12 were  

t e n t a t i v e l y  s e l e c t e d .  The s i t e s  span  two d i f f e r e n t  g a s  t u r b i n e  e n g i n e s  

and t h r e e  p i p e l i n e  companies.  A f t e r  t h e  s e l e . c t i o n s  were made t h e  p i p e l i n e  

companies were c o n t a c t e d  f o r  a p p r o v a l  of t h e  s e l e c t e d  s i t e s .  Columbia Gulf 

Transmiss ion  Company was i n  agreement t o  u t i l i z e  t h e i r  b e s t  c a n d i d a t e  s i t e  

a t  Rayne, LA f o r  f u r t h e r  s t u d y .  However, P a c i f i c  Gas and E l e c t r i c  Company, 

which i s  t h e  p a r e n t  company f o r  P a c i f i c  Gas Transmiss ion  Company, proposed 

a l t e r n a t e  s i tes  f o r ' s t u d y  which a r e  shown as recomrnended 'se lect ions  on 

Tab le  3-13. As c a n  be  s e e n  t h e  f i r s t  two e n g i n e s  on Tab le  3-13 have a  lower  

number o r  h o u r s  of u t i l i z a t i o n  t h a n  t h e  same sites shown i n  Tab le  3-12. 

  ow ever, on e a c h  of t h e  two'recommended s i t e s  t h e r e  i s  a n o t h e r  gas t r t r h i n e  

which now i s  s h a r i n g  the l o a d .  Dy p u ~ ~ i l l g  a LuLLu~ail~g c y c l e  U I I  ttie gas  cur-  

b i n e  shown, t h e  o t h e r  g a s  t u r b i n e  on each s i t e  w i l l  'not  be needed and t h e  

u t i l i z a t i o n  w i l l  go up t o  approx imate ly  t h e  v a l u e s  shown i n  Tab le  3-12. 



TABLE 3-12 
b 

TENTATIVE SELECTIONS,.GAS TURBINE SITES 

DIFFERENCE 
B/C IN HEAT FUEL % W.S. U.S. FUEL 

PIPELINE CO. MANU- POWER, COST, RATE, ' ,DUTY, VALUE,, PAYOUT . FUEL POTEN. SAVING, 
FACTURER MODEL HP $/HP BTU/HP-HR HRSIYR $/lo6 BTU YRS. SAVING HP BPDE ti LOCATION 

. . 

. PACIFIC' GAS TRWSMISSION CO. 

1. IONE, OR HNGERSOLL- JP-125 3146 348 2182 8559 2.20 /2.18 22.3' 544,500 3806 
to to U N D  

804,500 5630 

W 
I 

W 
PACIFIC GAS & ELECTRIC CO. 

W 

2. . GERBER, COOPER- RT-125 3436 336 2240 8261 2.20 

C A BESSEMER 

. . 
COLUMBIA GULF TRANSMISSION CO . 1 .  
3. RAYNE, COOPER- RT-125 3352 ' 339 2240 8280 2.21 2.23 22.3 J 

BESSEMER LA 

i 



TABLE 3-13 

.. RECOE.l?IENDED S E L E C T I O N S ,  GAS TURBINE SITES 

DIFFERENCE 
B/C I N  HEAT . F U E L  % .  U . S .  u .  s .  Y[iiCL 

P I P E L I N E .  CO.  NI\NU-. , POWER, COST, .  , U T E ,  D U T i ,  , :VALUE,, PAYOUT FUEL POTEN.  . SAVIN!;, 
6 LOCATION FACTUREE MODEL MP $ / l t@ BTu/HP-HK HRSJYR $ / l o 6  UTU YRS.  SAVING H P  . BPDE 

. . 
.- 

1. BURNEY, I N G E R S O L L - J P - 1 2 5  2 9 7 0  356 i 1 8 2  

( 2 .  RAND to 
W 

to 
804,500 - 5630 

I 
W 
& 

P A C I F I C  GAS . . I I 

3 .  RAYNE, COOPER- R T - 1 2 5  3 3 5 2  330 2 2 4 0  
LA BESSEMEF. I 



3.6.2 RECIPROCATING ENGINE SITES 

Shown i n  Table 3-14 a r e  t h e  engine  c h a r a c t e r i s t i c s  of  t e c i p r o c a t -  

i n g  engines  on the  sites a v a i l a b l e  from t h e  p i p e l i n e  companies committed 

t o  t h i s  program. Shown i n  t h e  t a b l e  a r e  t h e  p i p e l i n e s ,  s i t e  loca t ' ions ,  

number of l i k e  u n i t s ,  manufacturer  of t h e  r e c i p r o c a t i n g  engines ,  model 

,numbers, type (turbocharged o r  n a t u r a l l y  a s p i r a t e d ) ,  horsepower r a t i n g ,  

.and t h e  hea t  r a t e .  Also shown a r e  t h e  exhaus t  temperature  and f l o w  r a t e s  

of t h e s e  engines .  Except f o r  t he  C-B .LSV-16 engines ,  t h e s e  engines  have 

exhaus t  temperatures  and flow r a t e s  i n , a  narrow band. The power of t h e  
" bottoming cyc l e s  f o r  t h e s e  sites v a r i e s  from 436 HP t o  4362 HP. 

Shown i n  Table 3-15 . a r e  s i te  c o m p a t i b i l i t y  c a l c u l a t i o n  r e s u l t s  

f o r  t h e  ' r e c i p r o c a t i n g  engine sites. (Because t h e  bottoming cyc l e  power is  

a sma l l  f r a c t i o n  of t h e  eng ine  r a t e d  power, t h e  r a t e d  hea t  rate was 'used 

a s  a f i r s t  apprbximation t o  t h e  t h r o t t l e d  back h e a t  r a t e . )  The c o s t  i n  

d o l l a r s  pe r  horsepower 'var ies  widely among t h e s e  engine  si tes because of  
: s 

t h e  v a r i a t i o n  i n  t h e  s i z e  of t he  bottoming cyc l e  equipment. I n  each in-  

s t a n c e  t h e  group of engines  on a s i t e  t h a t  were. bottomed were a l l  a l i k e .  

The r e c i p r o c a t i n g  engines  have a percentage  f u e l  sav ing  l e s s  t han  20%. 

(7.2 t o  14.3%). ' Also t h e  p o t e n t i a l  U.  s.' horsepower t o  be bottomed v a r i e s  

q u i t e  widely among t h e s e  sites. This  w a s  a r r i v e d  a t  i n  t h e  fo l lowing  man- 

ne r .  From t h e  survey d a t a  t h e  t o t a l  amount of r e c i p r o c a t i n g  power on 

s i t e s  wi th  varioGs l e v e l s  of r e c i p r o c a t i n g  power 'per s i t e  w a s  known. 

From these  d a t a  t h e  number of s i t e s  could be determined which have a 

c e r t a i n  amount of r e c i p r o c a t i n g  power o r  more. Thus, f o r  each l e v e l  of 

power bottomed on t h e  a v a i l a b l e  si tes t h e  t o t a l  amount of power t o  be  

botto.med i n  b locks  of t h a t  level was determined. From t h e s e  r e s u l t s  

and t h e  percentage f u e l  s av ings  pe r  u n i t  t h e  n a t i o n w i d e ' f u e l  s av ing  

i n  BPDE was determined. The nat ionwide f u e l  . saving,  t h e r e f o r e ,  i s  

l a r g e  f o r  bottoming c y c l e s  wi th  low power because a g r e a t e r  percent -  

age of t h e  t o t a l  power can be bottomed than f o r  t h e , h i g h  power bottoming 

cyc l e s .  I t  should be noted t h a t  t h e  domestic f u e l  sav ing  i n  BPDE f o r  t h e  

c l a s s e s  of engines  corresponding t o  each of t h e  r e c i p r o c a t i n g  s i t ed '  @ ex- 

c e p t  0n.e ,(Topock, CA) . a re  l a r g e r  than the  va lues  o b t a i n a b l e  wi th  any gas  

t u r b i n e  power block shown. I n  one i n s t a n c e  t h e  r e c i p r o c a t i n g  s i te  can 

p;oduce 5 times t h e  BPDE repo r t ed  f o r  t h e  b e s t  gas  , tu rb ine  b lock  o i  power. 



ENGINX CHARACTERISTICS, RECIPROCATING SITES 

BAT ED HEAT EXH . FLOW TOTAL , , .B / C 
PIPELINE GO. NO.  OF POWER RATE, TEMP.,  ' RATE POWER, POWER 
6 LOCATION UNIYS HE' BTU/EP-ER MANUFACTURE3 MODEL TYPE OF PPS HP HP 

COLUMBTA. GULF TR.  
COPPANY 

Alexandria ,  LA 4 :;430 6420 C-B I LSV-16 S C 398 8 .7  13720 1447 

Cor in th ,  MS 4 .  3430 6420, C-B LSV-16 S C 898 8.7 13720 1447 

W 
I n v e r n e s s ,  MS 4 5430 6420 . C-B L-SV-16 sc . 89 8 8.  7. 1~3720 1447 

I 
w 

7 cn Rayhe, LA 2000 7500 C-B CMWA-8. S C 725 10.56 14000 1781 

PACIFIC GAS & 
E1,EC'I'RI.C CO. 

'I'opock, CA 10 3500 6900 C-B SC 725 1 8 . 1  CMWlOC 35000 4362 

l l iukley,  CA 1 3500 6900 C-B CMW10 S C 725 18 .1  3 500 436 

2 :250 6850 C-B U330 S C 750 40.0 14500 2064 

K e t  tleman, ZA 8 2050 7500 Clark  EBA8T S C 645 11.4  16400 1696 

1 7250 6850 C-B V330 S C 750 40.0 7250 1032 



TABLE 3-14 ( ~ o n t '  d .  ) 

R A T E D . '  HEAT EXH . PLOW TOTAL B / C  
PIPELINE C O .  NO.  OF POWER RATE, TEMP . UTE POWER, . POWER 
& L,OCATION UNITS HP BTUIHP-HR. MANUFACTURER MODEL TYPE OF PPS HP H P 

. . 

TEXAS GAS & 
TRANS. COMPANY 

Grrenv i l l e ,  MS 4 2600 8310 C l a r k .  ' HBATlO SC 775 i3 .05  . 10400 1435 

4 1550 8020 Clark 

2 2000 7830 Clark 

Lake  Cormorant 4 
MS 

3 

7830 C-B 

,7500 C-B 

GMB 8TF SC 575 10.5 8000 

Covingtpn, TN 5 -1500 7740 C-B GMW6TF SC 575. 8.9 7500, 614 

3 1500 7450 C-B GMWA6 ' SC 725 8.9 4500. ' 644 
-.  

2 
. . 

2500 7310 
. . . C-B GMJA10 S (2 725 . 12.5 5000.. 603 

-. 

Jeffersontown,  5 1500 7740 C-B GMW6TF SC 5 7 5 8.89 -7500 614 
KY 

4 1500 . . 7450 C-B GMWA6 SC . 725 . 8.89 . 6000 857 



TABLE 3-15 

SITE COMPATIBILITY, RECIEROCATING SITES 

B / C  HEAT FUEL PAY - % U.S. a U . S .  FUEL 
PIPELINE CO.  M A ~ U -  POWEE, COST RATE DUTY V A ~ U E  OUT FUEL POTEN% SAVING 
6 LOCATION FACWF.EK MODEL HP $/HP BTU/HP-HE HRS/YR $/1O3BTU YRS SAVING HP10 BPDE 

COI.UMBZA GULF 
TR. COMPANY 

Alexandria,  LA C-E LSV-16il) 1447 459 6420 4380. 2 .21 7.38 10.5  3.523 10233 

Cor in th ,  MS C-E. 1,SV-16111) 1447 459 6420 4380 2.21 7.38 10.5 3.523 10233 

Inverness ,  - MS C-E LSV-16il) 1447 459 6420 4380 2 .21 7.38 10.5  3.523 
W 

10233 
I 

w Rayne, L;A 
03 C-I! GNWA8 1781 422 7500 7509 2.21 3.39 12.7 3.595 14754 

PACIFIC GAS 6 
ELECTRIC CO . . 

Topock, CA C-B 3 I W l O C  , 4362 295 6900 8283 1 .12 4.61 12.5 1.255 4664 

Il inkley , CA C-D ::hllJ10 436 741 6900 t283 1'. 1 2  11.6.  . 12.5 5.974 ' 22200 

C-B LJ330 2064 398 6'850 €283. 1.12 6.26 14.2 3.723, 15603 
. . 

Kettleman , CA Clark lIBA8T 1696 430 7500 E283 1 .22 6.19 10.3 2.91 9686 



TABLE 3-15 ( ~ 0 n t '  d.  ) 

, SITE COMPATIBILITY, RECIPROCATING SITES 

. . 

B / c  . , HEAT FUEL . . PAY- . ' X  U.S. U:S. FUEL 
PIPELINE CO. MANU- POWER, COST RATE DUTY VALUE OUT . FUEL POTEN. 6 SAVING 
& LOCATION FACTURER MODEL .HP $/HP BTUIHP-HR HRS/YR . $1106 BTU YRS SAVING HP 10 BPDE 

TEXAS GAS TRANS. 
COMPANY 

' Creenvi l l e , .  MS Clark  HUATlO 1435 460 8310 

Clark  IIBAT6 871 ' 562 8020 

W 
I Clark TLt16 430 745. 7 830 

W 
rO 

Lake Cormorant, C-B GblB8TF 580 661 7830 
MS 

C- B C?IIJA8 756 595 7500. 

Covington, TN . C-B GEnJ6TF 614 646 7740 .. 5460 1.01 15.15 8 .2  , 5.211 14250 

C-B G?lWA6 644 634 7450 6291 1 . 0 1  13.38 14.3  6.219 28547 

C-B ChRJ.410 603 651 7310 8283 1 .01  10.66 1 2 . 1  6.91- 26335 

Je f fe r son town,  C-B , i:?I\J6TF 614 646 7740 5990 1 .01 13.81 ,8.2 . 5.211 14250 
KY 

C-23 0>1\,1;\6 857 566 7450 6967 1 .01 10.8 14.3 5.018 23035 



Because t h e r e  i s  s o  much r e c i p r o c a t i n g  power t o  be bottomed t h e  r ec ip ro -  

c a t i n g  engines  were l e f t  i n  t h e  f i n a l  s e l e c t i o n s  i n  s p i t e  of t h e  f a c t  t h a t  

t h e  maximum f u e l  sav ing  pe r  u n i t  i s  only 14.3%. 

Shown i n  Table  3-16 is  t h e  methodology f o r  s e l e c t i n g  t h e  r ec ip ro -  

c a t i n g  engine  s i t e ' .  Because t h e  r e c i p r o c a t i n g  bottoming cyc l e  systems a r e  

low powered i n  many i n s t a n c e s ,  have ' low u t i l i z a t i o n  i n  o t h e r s  o r  low f u e l  

va lues  on s t i l l ' o t h e r s ,  t h e  payback pe r iods  r epo r t ed  i n  Table 3-15 range 

from 3'.4 t o  1 7 . 2 . y e a r s  whereas t h e  b e t t e r  gas  t u r b i n e  s i t e s  have payback 

pe r iods  of a s  low a s  2 yea r s .  I n  t h e  s e l e c t i o n  of a  demonstrat ion s i t e  

one could look  ahead 2 t o  3  when t h e  va lue  of n a t u r a l  ga s  may in-  

c r e a s e .  In  a  s t i l l  l a t e r  t i m e  pe r iod  a s  t h e  h ighe r  va lue  n a t u r a l  ga s  be- 

comes more a v a i l a b l e ,  i t  r e s u l t s  i n  an i n c r e a s e  i n  hours o f  u t i l i z a t i o n ,  

I n  o r d e r  t o  make a  s e l e c t i o n  among t h e  rec iproca t i r ig  sites a f i g u r e  of 

m e r i t  w a s  used which was t h e  sum o f ' t h r e e  r ank ings ,  w i t h  the .l.nwest 

va lue  going t o  t h e  b e s t  s i t e .  The f i r s t  was  a  ranking corresponding t o  

v a l u e s  i n  t h e  f L r s t  payback pe r iod  column of Table  3-16, computed wi th  
6 

a .s tandard f u e l  va lue  of $2.20/10 BTU. The second was a  ranking co r r e s -  

ponding t o  v a l u e s  i n  t h e  second payback per iod  column of  Table  3-16', com- 
6 puted w i t h  t h e  s t anda rd  f u e l  va lue  ($2.20110 BTU) and wi th  a  u t i l i z a t i o n  

f a c t o r  of 95% (8322 h r s l y r ) .  The t h i r d  was t h e  ranking corresponding . t o  

t he  f u e l  s av ings  i n  Table 3-16. Thus t h e  payback pe r iod  made two c o n t r i -  

bu t ions  t o  t h e  f i g u r e  of m e r i t  and t h e  f u e l  s av ings  a l s o  made one. 

Thc r e s u l t  of t h i s  rauking p ~ o c e c l u ~ t !  was Lur two types of Clark 

engines  on t h e  Texas Gas Transmission Corp. s i t e  a t  G r e e n v i l l e ,  MS t o  

r ece ive  t h e  number one ranking .  A r b i t r a r i l y  t h e  f o u r  HBAT-10 engines  

were s e l e c t e d  because they had t h e  lower payback per iods.  of t h e  two, and 

t h r e e  t imes  t h e  BPDE of t h e  b e s t  gas  t u r b i n e s .  The f i n a l  s e l e c t i o n  i s  

shown i n  Table 3-17 wi th  t h e  a c t u a l  r epo r t ed  h r s l y r ,  the  s t anda rd  f u e l  
6 

va lue  of $2.20110 BTU and t h e  t h ro t t l ed -back  h e a t  r a t e .  

3.7 RECOMMENDED SITE SELECTIONS 

Shown . in  Table  3-18 i s  the  way i n  which t h e  f o u r  s e l e c t e d  sites 

r e l a t e  t o  t h e  c o n t r a c t u a l  site s e l e c t i o n  c r i t e r i a .  For s e l e c t i o n s  1 and 

2 t h e  bottoming c y c l e s  w i l l  pe rmi t  t h e  s h u t t i n g  down of companion..gas 

t u r b i n e  ' u n i t s  a t  e ach  s i t e  and thus  i n c r e a s e  u t i l i z a t i o n  of t he  bottomed 

u n i t .  S e l e c t i o n  1 w i l l  have t o  be t h r o t t l e d  back t o  75X of t h e  gas  t u r -  



TABLE 3-16 

F I N A L  SELECTION,  RECIPROCATING S I T E S  

PAYBACK 
PAYBACK AT $ 2 . 2 0 1  

B/C AT $ 2 . 2 0 1  106 BTU U . S .  FUEL FIGURE 
P I P E L I N E  CO. MANU- POWER, l o 6  BTU 6 8 3 2 2  H R S I  SAVING OF 
C LOCATION FACTURER NODEL H P  YRS . RANK YRS . RANK BPDE RANK MERIT RANK 

TEXAS GAS 
TRANS. CO. 

GREENVILLE , CLARK 
MS 

W 
I 
f. 
P 

CLARK 

CLARK 

LAKE CORMORANT, C-B 
MS 

C-B 

COVINGTON, C-B 
TN 

C-B 

C-B 

JEFFERSONTOWN, C-B 
KY 

C-6 



TABLE 3-16 (L,,.. d .  ) .,.*- . 

XNL' SZLECTION, RECI?ROCATIKG SITES 

P AAi'B AC K 
AT $2.201 

PAYBACK , lo0  BTLJ 
. . B/C AT 2.201 I & 83:22 HRS! U.S.  'FUEL F'IGURE 

PIPELINE CO. MAFJU-. POWER, 10 BTU YRS SAVING OF. 
& LOCATION . FACTURER MODEL HE' YRS . RAbX YRS . P,&% BPDE RANK MERIT RANK 

-. . . . 

COLUMBIA GULF 
TR. COMPANY 

. w ALEXANDRIA, C-B LSV-16 1447 7.35 1 6 3 - 9  9 10233 1 7  . ' 42 
I LA . . 
F- 
N .  

. CORINTH, MS C-B LSV-16 1447 7 .35 1;' 3.9 8 '  10233 1 6  4 1 

IMVWNESS, C-B LSV-16 1447 7.35 18 3.9 7 10233 1 5  4 0 
MS 

RAYNE, LA C-B. . GMWA8 1781 3.38 4 . " 3.06 ' 3 i4754  . 11 . 18 2 

PACIFIC GAS & 
ELECTRIC 00.  

HINKLEY 9 ' CA C-8 GMWl 0 436 
. . 5.91 1 0  5.88 . 1 9  '22200 5 3 4 

C-5 W330 2064 3.19 3 3.17 5 15603 ' 1 0  1 8  

KETTLEMAN, CA CLARK HBA8T 1696 3 . 1 5 .  2 3.15 4 9686' 1 8 .  24 ! 

C-B W330 1032 4 .21  b 4.18 11 21110 7 24 



TABLE 3-17 

FINAL SELECTIONS, RECIPROCATING 'SITES. 

. P i p e l i n e  Co. & L o c a t i o n  

Manufac tu re r  

Mode 1 

Texas Gas, G r e e n v i l l e ,  MS - 

C l a r k  

HBATlO 

B / C  Power, HP 1435 

Cos,t,  $/HP 460 

~ h r o t t l e d - ~ a c i c  Heat R a t e ,  BTU/HP-Hr 8671 

' Duty, H r s / Y r  6661 
6 

Fue.1 Value,  $110. BTU 2.20 

Payout ,  Y r s .  5.2 

% F u e l  Saving 10.0 
6 

U.S. P o t e n t i a l ,  HP 1 0  3.4 

U.S. F u e l  Sav ing ,  BPDE 12100 
. . 



TABLE 3-18 

CO?lPARISON WITH CRITEPT 

S I T E  SELECTION NO. 1 L r) 3 4 

CRITERIA 
. . 

1. TYPE OF PIPELINE GAS GAS -GAS GAS 

2 .  TYPE OF EKGINE SIMPLE CYC. GAS TUPh. ' GAS TURB. SWERCHG 

MANUFACTURER & MODEL 

5 
c. 3 .  SYSTEM OPERATING PARAMETER 

AND DUTY CYCLE 
(HOURS/YEAR i n  1 9 7 6 )  

INGERS OEL- COOPER- COOPER-. .CLARK 
RAND BESSEMER BESSEXER 
J P - 1 2 5  RT-125 ' RT-125 HBATlO 

4 .  S I T E  LOCATION BURNEY, CA CHEMLTLT, OR RASNE, LA GREENVILLE, MS 
NEARBY CITIES AND SACREMENTO P O R T L K ~  NEW ORLEANS 'MEMPHIS 
DISTANCE CMILES) 1 7 0  180 ~ 130 ,, 135 

EUGENE 901 BATON ROUGE JACKSON 
7 0 90 

5. POTENTI.= FOR COST SHARING YES YES YES YES 

6 .  SEVERITY OF PEOBLEMS (DISRtTPTIONS) NO PROBL,EM NO PROBLEM NO PROBLEM NO PROBLEM 

7 .  TIMI? Fp-WE SITE AVAILABLE NO RESTF-ICTION;;----------------------------------------. 

8. POTENTIAL FOR USE OF RECOVEREE HEAT NEED 7 5 2  OF NEED BOT. CYCLE MUST 
POWER WITH XDDITI:3NAL POWER REPLACESTHROTTLE 
BOT. CYCLE POWER RECIP . ENGINES PRIME .MOV 

. 9 .  PIPELIKE C O > P M  PACIFIC GAS & PACIFIC GAS COLUMBIA GULF TEXAS GAS 
ELECTRTC CO. TRANS. CC . TRiWS. CO. TRANS. - CORP'. 



b i n e  p l u s  bot toming c y c l e  power. More power i s  needed a t  s i t e  s e l e c t i o n  

2 ,  t h e r e f o r e ,  f u l l  g a s  t u r b i n e  p l u s  bot toming c y c l e  power w i l l  be  used  

. a t  t h i s  s i t e .  There  are r e c i p r o c a t i n g  u n i t s  a t  s i t e  S e l e c t i o n  3 t h a t  

would be s h u t  down and t h u s  make p o s s i b l e  u s i n g  t h e  g a s  t u r b i n e  un- 

t h r o t t l e d .  Bottoming s i t e  S e l e c t i o n  4  w i l l  i n c r e a s e  t h e  u t i l i z a t i o n  be- 

c a u s e  t h e s e  e n g i n e s  when bottomed would have t h e  l o w e s t  h e a t  rate a t  

t h e  s i t e .  
. . 

3.8 FINAL SITE SELECTIONS 

I h e  work s t a t e m e n t  For t h e  s u b j e c t  c o n t r a c t  o r i g i n a l l y  c a l l e d  f o r  

t h e  C o n t r a c t o r  to' recommend f o u r  n a t u r a l  g a s  compressor s t a t i o n s  a s  po- .  

t e n t i a l  demons t ra t ion  s i t e s  f o r  t h e  p i p e l i n e  bot toming c y c l e .  . The De- 

pa r tment  o f  Energy was then  t o  s e l e c t  one s i t e  from t h e  recommended si tes.  

The remainder  of t h e  program was t o  be  c a r r i e d  o u t  u s i n g  t h e  s e l e c t e d  

s i te .  

The recommended.s i tes  i n c l u d e d  t h r e e  from d i f f e r e n t  p i p e l i n e s  

which t h e r e  were  s i m i l a r ' s i m p l e - c y c l e  g a s  t u r b i n e s  hav ing  e x h a u s t  t e m -  

p e r a t u r e s  and f low rates. i n  narrow ranges .  -Bottoming t h e s e  g a s  t u r b i n e s  

r e s u l t e d  i n  s l i g h t l y  exceed ing  t h e  t a r g e t  v a l u e  of 20% r e d u c t i o n  i n  h e a t  , 

r a t e  when t h e  prime movers were t h r o t t l e d  s o  t h a t  t h e r e  .was no i n c r e a s e  

i n  power a t  t h e  s i te .  A f o u r t h  p i p e l i n e  a l s o  had such  a  g a s  t u r b i n e  

which. was n o t  o r i g i n a l l y  s e l e c t e d  because  of 'low a n n u a l  u t i l i z a t i o n  and 

thus  showed a h i g h  c o s t l b e n e f i t  r a t i o .  The g a s  t u r b i n e s  o f  t h e s e  f o u r  

s i tes  f e l l  i n t o  a group. of g a s  t u r b i n e s  w i t h  a  t o t a l  i n s t a l l e d  power of 

between 554,000 and 804,000 HP, a  l a r g e  b l o c k  of power p r o v i d i n g  a  good 

p o t e n t i . a l  f n r  nea. t  t e r m  i.mpl.ementation through r e t r o f i t t i n g .  

It  was t h e  DOE view t h a t  t h e r e  would be  a  . d e f i n i t e  added v a l u e  i n  

t h e  program i f  s e v e r a l  p i p e l i n e  companies cou ld  be  r e t a i n e d  i n  t h e  pro- 

gram and i f  t h e  d e s i g n  problems f o r  s e v e r a l  g a s  t u r b i n e s  and, s e v e r a l  

sites cou ld  be  f a c t o r e d  i n t o  t h e  s t u d y .  As a r e s u l t  t h e  c o n t r a c t  was 

changed t o  i n c o r p o r a t e  t h r e e  p i p e l i n e  companies,  thr 'ee  s i , t e s ,  t h r e e  d i f -  . - 

f e r e n t  gas  t u r b i n e  prime movers, and t h r e e  d i f f e r e n t  ways t o  use  t h e  
. . . . 

bot toming c y c l e  power. I n f o r m a t i o n  o f  i n t e r e s t  f o r  t h e  t h r e e  s i t e s  is 

summarized i n  Table  3-19. 



TABLE 3-19 

DESCRIPTION OE COMPRESSOR SITES 

Company (1) Columbia Gulf P a c i f i c  Gas & Texas Gas 
Transmission Co. E l e c t r i c ,  CO. Transmiss ion.Corp.  

S i t e  Locat ion Rayne, LA Burney , CA C o v i n g t o n , m  

Nearby Ai rpor t  

D i s t a n c e  (miles)  

Cas Turbine To Be Bottomed 

Type 

Ka t ecl ]'over ! 2, HI3 

Heat Kate , (2)  B~U/HP-HL- 

Cns Turbine Manufncturcr 

.Power Turbine Manufacturer 

Exhaust  Temp., OF 

L a f a y e t t e ,  LA 

16  

Simple 

12.500 

10060 

R o l l s  Royce' 

Cooper Bessemer 

735 

Flow Rate, l b l s e c  158 

Opera t ing  Time, 1976 h r s .  '8280 

Redding, CA 

6 0 

Simple 

12 500 

9800 

General  E l e c t r i c  

Ingersoll-Rand 

713 

Memphis, TN 

.35 

Simple . 

12500 

10890 

P r a t t  .& Whitney 

Cooper Bessemer 

700 

Gas Compressor 

Type c e n t r i f u g a l  C e n t r i f u g a l  C e n t r i f u g a l  

Manufacturer Cooper Bessemer Ingersoll-Rand Cooper Bessemer 

Model KF2BB-30 CVP-3.0 RF2B-24 

O t h e r  (:as 'l'urbines 2 Each 1 Each None 

Type Simple Recuperated -- 
Rated Power, ( 2 )  HP 12500 9100 -- 
Heat ~ a t e , ( ~ )  B t u l ~ P - H r  10060 8750 -- 

R t c c l p r u c a ~ l r i g  Englrles 7 Each Nur~t! 5 Each, 3 Each, 2 Each 

2000 -- 1500, 1500, 25.00 ~ ? t e d  Power, HP 

Heat Rate,  B tu /HP-~r  8780 7740, 7450, 7310 

Bottoming Cycle Funct ion Pump Na.tural Gas Pump N a t u r a l  Gas Generate  ~ l e c t r i c ' i t y  
f o r  S a l e  t o  TVA 

Ludd Gas C u u l p ~  e s s u i  5aulc Qc29 Generater 
i n  P a r a l l e l  With Compressor a s  
Rcc ip roca t ing  Drivcn by 
Engine Driven Rottomed Gas 
Compressors Turbine  

( 3 )  Power 

A l p h a b e t i c a l  Order. 
'2) A t  8UQF, 1""" Y t  A l t i t u d e  
( 3 )  Based on g a r  t u r b i n e  o p e r a t i o n  a t  s i t e  c o n d i t i o n s  



3.8.1 COLUMBIA GULF'TRANSMISSION,CO., RAYNE, LA SITE 

A t  t h e  Rayne s i t e  t h e r e  a r e  t h r e e  Cooper-Bessemer RT-125 gas  t u r - .  

b i n e s , .  w i th  Rol l s  Royce Avon ,1533-76 gas  gene ra to r s .  I n  a d d i t i o n  t h e r e  

a r e  seven 2000 HP GMWA-8 Cooper-Bessemer r e c i p r o c a t i n g  u n i t s ,  having a 

hea t  r a t e  of 8780 BTU/HP-hr and l o c a t e d  on a  s e p a r a t e  p i p e l i n e .  It i s  

planned t h a t  t h e  bottoming cyc l e  w i l l  d r i v e  a  compressor i n  p a r a l l e l  w i th  

t h e  r e c i p r o c a t i n g  engines  and some of t h e  r e c i p r o c a t i n g  engines  w i l l  be  /- 

s h u t  down. . Because of t h e  h igh  h e a t  r a t e  of t h e  r e c i p r o c a t i n g  engines  

t h e  bottoming cyc l e  w i l l  s ave  s u b s t a n t i a l  f u e l .  

3.8.2 PACIFIC GAS & ELECTRIC CO., BURNEY, CA 

A t  t he  Burney s i t e  t h e r e  is  an Ingersoll-Rand JP-125 gas  t u r b i n e  

c o n s i s t i n g  of  a General  E l e c t r i c  Model 7-LM1500 GB 101, 7300 RPM gas  

gene ra to r  d r i v i n g  an  Ingersoll-Rand 5000 RPM model HP-125 power t u r b i n e .  

A t  t h e  same s i t e  t h e r e  is  a  General  E l e c t r i c  Model 3912R recupera ted  gas  

t u rb ine .  There a r e  no r e c i p r o c a t i n g  engines  a t  t h i s  s i t e .  The bottoming 

cyc l e  w i l l  i n c r e a s e ' t h e  power of t h e  I R  JP-125 s u f f i c i e n t l y  t h a t  t h e  re- 

cupera ted  gas  t u r b i n e  can be s h u t  down, i n c r e a s i n g  t h e  u t i l i z a t i o n  of t h e  

bottomed gas  t u r b i n e  t o  n e a r l y  f u l l  t i m e .  The bottomed gas  t u r b i n e  w i l l  

have a  h e a t  r a t e  t h a t  i s  s u b s t a n t i a l l y  less than t h a t  of t h e  recupera ted  
. . 

gas t 'urbine. 

3.8.3 TEXAS GAS TRANSMISSION CORP . , COVINGTON , TN 

A t  t h e  Covington s i t e  t h e r e  is a  P r a t t  & Whitney GG3C-4 .gas genera- 

t o r  wi th  a  Cooper Bessemer power t u rb ine .  I n  a d d i t i o n ,  t h e r e  a r e  t h r e e  

models of Cooper-Bessemer r e c i p r o c a t i n g  engines  (CMW-6TF, GMWA-6 and GMWA- 

10) f o r  a  t o t a l  of t en  engines .  These r e c i p r o c a t i n g  engines  have h e a t  

r a t e s  between 7310 and 7740 BTUIHP-hr which a r e  very  compet i t ive  wi th  

t h e  a n t i c i p a t e d  h e a t  r a t e  of t h e  gas  t u r b i n e  w i th  bottoming cyc le .  Thus, 

r e p l a c i n g  r e c i p r o c a t i n g  engines  w i th  t h e  bottomed gas  t u r b i n e  would n o t  

save' much, i f  any, f u e l .  I n  a d d i t i o n ,  t h e  gas t u r b i n e  is u n d e r u t i l i z e d  

because of i t s . h i g h  h e a t  r a t e .  A t  t h i s  s i t e ,  t h e r e f o r e ,  i t  was decided 

t h a t  t h e  gas ' t u rb ine  bottoming cyc l e  should be used t o  d r i v e  an e l e c t r i c  

gene ra to r .  and t h e  power should be s o l d  t o  t h e  TVA. 





SECTION 4 

PRELIMINARY SYSTEM DESIGN 

4 .1  . INTRODUCTION 

The purpdse  of t h i s  t a s k  i s  to deve lop  p r e l i m i n a r y  d e s i g n s  o f  

bot toming c y c l e  sys tems  f o r  s e v e r a l  s i t e s  t h a t  w i l l  p r o v i d e  t h e  b a s i s  f o r  

assessments  o f  t e c h n i c a l  and economic f e a s i b i l i t y .  Data developed d u r i n g  

t h i s  t a s k  p e r m i t t e d  e s t i m a t e s  t o  be .  made o f  t h e  c o s t  o f  f a b r i c a t i n g  and 

i n s t a l l i n g  bot toming c y c l e  sys tems on t y p i c a l  g a s  compressor s i tes.  A l l  

of  t h e  subsequen t  t a s k s  wi.11 u s e  i n f o r m a t i o n  developed from t h e  p r e l i m i n a r y  

d e s i g n s .  

The p r e l i m i n a r y  d e s i g n s  i d e n t i f i e d  a s p e c t s  of t h e  bot toming c y c l e  

equipment r e l a t i v e  t o  t h e  t e c h n i c a l  f e a s i b i l i t y  of such  systems.  These 

d e s i g n s  i n c o r p o r a t e d  env i ronmenta l  and s a f e t y  r e g u l a t i o n s  i n c l u d i n g  

t h o s e  f o r  t h e  s p e c i f i c  s i t e s .  The p r e l i m i n a r y  d e s i g n s  a l s o  i n c o r p o r a t e d  

o p e r a t i o n a l  r e l i a b i l i t y  and maintenance r e q u i r e m e n t s  which were compat ib le  

w i t h  t h e  requ i rements  f o r  t h e  e x i s t i n g  prime movers. Bottoming c y c l e  per-  

formance. w a s  f a c t o r e d  i n t o  an  assessment  of t h e  p o t e n t i a l  gas s a v i n g  

. i n  t h e  i n d u s t r y .  Any undeveloped t e c h n o l o g i e s  r e q u i r e d  t o  produce bot- 

toming c y c l e  equipment became a p p a r e n t  d u r i n g  t h e  p r e l i m i n a r y  d e s i g n .  

I n  t h i s  s e c t i o n  t h e  working f l u i d  o f  t h e  Rankine bot toming c y c l e  
. . 

i s  d i s c u s s e d  and an  op t imized  c y c l e  i s  d e f i n e d .  The performance of t h e  

bot toming c y c l e  sys tem a t  each of t h r e e  s i tes is p r e s e n t e d .  The pre- 

l i m i n a r y  d e s i g n s  of sys tem components such  as t u r b i n e s ,  vapor  g e n e r a t o r s  

and condensers  a r e  d i s c u s s e d  a l o n g  w i t h  t h e  d e s i g n s  r e q u i r e d  t o  i n s t a l l  

t h e  sys tems  on t h r e e  sites. 

4.2 E'LLJID SELECTION . , 

I n  s e l e c t i n g  t h e  working f l u i d  f o r  t h e  Rankine bot toming c y c l e ,  



f i v e  c r i t e r i a .  were e s t a b l i s h e d  t o  c a r r y  o u t  t h e  s e l e c t i o n .  The purpose 

of  using t h e  bottoming cyc l e  is t o  improve t h e  performance of t h e  i n s t a l l a -  

t i o n  a n d  s o  t h e  amount t h a t  a given f l u i d  c o n t r i b u t e s  t o  t h e  reduced h e a t  

rate was taken a s  one important  c r i t e r i o n .  S ince  t h e  working f l u i d  must 

be  conta ined  and must flow through appara tus  made of va r ious  m a t e r i a l s ,  

. i t  was necessary  t o  e s t a b l i s h  t h e  c o m p a t i b i l i t y  of  t h e  f l u i d  w i t h  t h e  

ord inary  m a t e r i a l s  o f .  cons t ruc t ion  f o r  Rankine cyc l e s .  Most of t h e  or- 

g a n i c  compounds t h a t  a r e  u sab l e  i r i  t h e  Rankirie bottoming cyc l e s  have upper 

temperature  l e v e l s  a t  which t h e  f l u i d s  breakdown i n t o .  o t h e r  components 

and t h e r e f o r e  a r e  no longer  s t a b l e .  These breakdown temperatures  must be 

' .  h ighe r  than  t h e  maximum.fluid temperature  expected i n  t h e  Rankine bottom- 

ing  cyc l e  i n  o r d e r . t o  a s s u r e  t h a t  t h e  working f l u i d  w i l l  o p e r a t e  i n  the 

same 'way, throughout  t h e  l i f e  of t h e  Rankine bottbrning cyc le .  Two o.ther . 

a s p e c t s  of t h e  f l u t d  s e l e c t i o n  a r e  t h e  s a f e t y  requirements  and t h e  tox ic -  

, 
i t y  of the '  f l u i d $  t o  p e r s o n n i l  t h a t  a r e  ope ra t i ng '  t h e  p i p e l i n e  s y s t & m s ,  

Shown i n  Table  4-1 are a number of f l u i d s  which were s t u d i e d  by 

M i l l e r  i n  Reference 11 a s  p o s s i b l e  Rankine cyc l e  working f l u i d s .  A l l  

t h e s e  f l u i d s  a r e  of t h e  o rgan ic  type  wi th  t h e  except ion  of  water .  Shown 

i n  t h e  l a s t  column of t h e  t a b l e  a r e  Rankine bottoming cyc l e  e f f i c i e n c y  

l e v e l s  a t t a i n a b l e  w i th  t h e  va r ious  f l u i d s  u s ing  a t u r b i n e , i n l e t  tempera- 

t u r e  of 450°F,. a condensing temperature  of 150°F, and t u r b i n e  e f f i c i e n c y  

of 75% and r egene ra to r  e f f e c t i v e n e s s ' o f  80%. A s  would bc expected 

water  has  a much lower e f f i c i e n c y  i n  t h i s  type  of a system than t h e  o t h e r  

o rgan ic  f l u i d s  used; t h a t  is  t h e  primary reason  f o r  us ing  o r g a n i c  

. . compounds a s  t h e  working f l u i d s  i n  bottoming cyc l e s  which have very  l i m i t e d  

was te  h e a t  temperature  l e v e l s .  It was necessary  t o  l i m i t  t h e  f l u i d s  t h a t  . . 

were i n v e s t i g a t e d  i n  t h i s  s t udy  by us ing  t h e  c r i t e r i a  t h a t  were s t a t e d  

above. Benzene was immediately r e j e c r e d  because i t  h a s  been shown t o  be  

carcinogen'ic.  Toluene, which shows a r e l a t i v e l y  h igh  cyc l e  e f f i c i e n c y ,  

was no t  r u l e d  o u t  even though i t  has  a c e r t a i n  l e v e l  of f lammabi l i ty .  

Hexafluorobenzene, which is nonflammable, was a l s o  cons idered  t o  be a 

p o t e n t i a l  working f l u i d  f o r  systems of t h i s  type.  F l u t e x  PP3 i s  nonflam- 

mable and has  a r e l a t i v e l y  good c y c l e  e f f i c i e u c y ,  L U L  L11e~1u~dy~iiuui.c d a t a  

over  the  range of temperatures  and p re s su re s  r equ i r ed  f o r  a Rankine bottom- 

i n g  cyc le  were n o t  a v a i l a b l e  and s o  it was r u l e d  ou t .  Py r id ine ,  a l though 

flammable, produces a r a t h e r  high c y c l e  e f f i c i e n c y  and was n o t  immediately 



TABLE 4-1 

' MAXIMUM USE TEMPERATURE RANKINGS 
OF CANDIDATE WORKING FLUIDS 

U s e .  Temp., O F  . Fluids  . 
. . .  

* 
Cycle 

. ' ,  M a .  M i .  'No. " Nime ' . Safe ty  ~ f f . '  % 

. . 

1050' ' 3 2 . "  1 W a t e r  Nonflammable 8.7 

800 42 . . '5 Benzene ~ l k a b l e  20.0 
. . 750 -139 3 .  Toluene Flammable 20.8 

750 41, 6 Hexaf luorobenzene- ~ o n f  lammable 18  ..9 

700 - 67 10 . .Flii tex PP3 .Nonflammable 17.9 . . 

,670 - 43 
. ... 9 Pyr id ine  Flammable . 20.9 
630 ' - .50 4 Chlorobenzene ~ l k a b l e  .2i.  3 

625 11 2,2., 2-Trif luoroe thanol  . I g n i t a b l e  17.4 

,500 - 37 7 Thiophene Flammable' .20.3 
. . 450 -255 ' 2 Isobutane 

. . 
~lammable  . ' 13.8 

- 300 , - 31  .8 . Freon ,113 N0i.f 1-abie 16.0 
. . 

. . 
*: ': 

Turbine i n l e t  temp.': 4 5 0 ~ ~ ~ .  condensing temp. : 150°F; tu rb ine  e f f  i c i e n c ~ :  
75%, regenera tor  ef.f i c i ency  :. 80%. .' 



r u l e d  o u t  a s  a working'  f l u i d .  Chlorobenzene w a s  r u l e d  o u t  because  i t  n o t  

o n l y  has  a low maximum u s e  t e m p e r a t u r e  of 630°F, b u t  'it is  a l s o  flammable. 

T r i f l u o r o e t h a n o l  (F l ;uor ino l ) ,  , has  a b o u t  t h e  same maximum u s e  t e m p e r a t u r e  b u t  

i t  i s  on ly  i g n i t a b l e  w i t h  d i f f i c u l t y .  When t h e  s o u r c e  of i g n i t i o n  i s  t a k e n  

away t h e  f l ame  r e a d i l y  goes o u t .  For  t h a t  r e a s o n ,  and because  t h i s  f l u i d  

is used i n  two o t h e r  Department of Energy developed Rankine sys tems ,  i t  was 

n o t  r u l e d  o u t .  The remain ing  f l u i d s ,  t h i o p h e n e ,  i s o b u t a n e ,  and Freon 113 

were a l l  r u l e d  o u t  of t h e  s t u d y  because  t h e  maximum u s e  t e m p e r a t u r e s  of  

t h e s e  f l u i d s  a r e  t o o  c l o s e  t o  t h e  d e s i r e d  t u r b i n e  i n l e t  t e m p e r a t u r e  i n  t h e  

s y s t e m  (500°F) .  The a c t u a l  o r g a n i c  f l u i d s  which were s t u d i e d  i n  t h i s  pro- 

gram a r e  f o u r ;  namely,  t o l u e n e ,  f l u o r i n o l - 5 0 ,  RC-2 and RC-1. Toluene i s  

a v e r y  p r e v a l e n t  hydrocarbon ,  made more p r e v a l e n t  by t h e  f a c t  t h a t  ben- 

zene  has heen taken o f f  t h c  market  f o r  ccrtairr use5 Llecause uL lrs c a r c i -  

nogen ic  q u a l i t i e s .  F luor inol-SO is  50 molar  p e r c e n t  of  2 , 2 , 2 - t r i f l u o r o -  

e t h a n o l  and 50 molar  p e r c e n t  of w a t e r .  RC-1 i s  a 60 p e r c e n t  mole f r a c t i o n  

ol p e n t a f l u o r o b e n z e n e  and a 40 p e r c e n t  mole f r a c t i o n  of  hexaf luorobenzene .  

RC-2 i s  a 6 5  p e r c e n t  mole f r a c t i o n  of  H 0 and a 35 p e r c e n t  mole f r a c t i o n  
2 

o f  methyl  p y r i d i n e .  These  l as t  two working f l u i d s  were recommended by 

Miller i n  R e f e r e n c e  1 2  a s  t h e  optimum working f l u i d s  f o r  au tomot ive  Rankine 

c y c l e s .  

Shown i n  Tab le  4-2 a r e  some compara t ive  thermodynamic performance 

d a t a  on t h e  f o u r  f l u i d s  s t u d i e d  i n  t h i s  program as r e g a r d s  c y c l e  e f f i -  

c i e n c y ,  u l t i m a t e  horsepower and f l u i d  c o n d i t i o n s .  The n e t  bo t toming  cycle 

horsepower e x c l u d e s  t h e  power r e q u i r e d  t o  d r i v e  t h e  a i r  coo led  condense r  

f a n s ,  t h e  b o i l e r  f e e d  pump a n d , o t h e r  a c c e s s o r i e s  r e q u i r e d  t o  o p e r a t e  t h e  

Kankine Cycle .  A s  can be s e e n  t h e  l a r g e s t  bot toming c y c l e  n e t  horsepower 

. , w a s  o b t a i n e d  w i t h  t o l u e n e  and i s  c l o s e l y  fo l lowed  by RC-2 and RC-1-and 

f i n a l l y  Ylriorinol-50.  The v a l u e s  of the e x t ~ a u f i t  ternpc:!rac~lrc.::!. f rrim ttrc virpor 

g e n e r a t o r  a r e  shown i n  t h e  l a s t  r:ol limn ;irirl rlic. I nc!i !:at. i ons  ;Art: tt~:!t. , ttru 

RC-1 o b t n i n n  t h r  lnrgest a n ~ o c l i ~ ~  01 IrtlaL Lrurrl Lilc c x t ~ a u u i  urbc:lc bur io pearl- 

l i z e d  by t h e  f a c t  t h a t  a l a r g e  amount of power is, r e q u i r e d  t o  d r i v e  ttre 

l i q u i d  feed  pump compared t o  some of t h e  o t h e r  f l u i d s .  I t  ~ t ~ o u L d  be noted 

t h a t  t h e s e  c y c l e s ,  a l t h o u g h  n o t  a l l  o f  them a r e  optimized, t ~ a v c  a perform- 

ance  d i f f e r e n c e  o f  abou t  5%. T h i s  small a d i f f e r e n c e   doe^ no t  c o n s t l t l ~ t c -  :I 

b a s i s  f o r  s e l e c t i o n  among working f l u i d s .  Indeed t h e  p r e l i m i n a r y  s e l e c t L o n  
1 

o f  t h e s e  f o u r  f l u i d s  h a s  reduced t h e  s i g n i f i c a n c e  of  performance-  a s  a c r i t e r i o ~  



TABLE 4-2 

PERFORMANCE COMPARISON OF CYCLES WITH VARIOUS WORKING FLUIDS 

Exhaus t 
~urbine . Inlet Net Bottoming Feed Pump . Temperature 
Conditions Cycle Ef f i-ciency Cycle .Horsepower ' ' . Horsepower OF 

Toluene 270 psia/500°F 

F-50 400 psia/.500"~ 

RC- 2 270 psia/500°F 

RC-]I 600 psia/500°F 

Theee cycles were not optimized and performance difference is about 5%. 



and the  s e l e c t i o n  must be made on t h e  b a s i s  of  o t h e r  important  f a c t o r s .  

A f u r t h e r  e v a l u a t i o n  of t h e s e  f l u i d s  i s  shown i n  Table  4-3. Per- 

formance from t h e  prev ious  tabl ;  is repea ted  h e r e  bu t  i n  a d d i t i o n  ma- 

t e r i a l s  c o m p a t i b i l i t y ,  thermal  s t a b i l i t y  tempeatures ,  s a f e t y ,  t o x i c i t y ,  

and c o s t s  p e r  u n i t  weight  a r e  a l s o  recorded.  With regard  t o  m a t e r i a l s  

c o m p a t i b i l i t y ,  t o luene  has  no known c o m p a t i b i l i t y  problems. Fluorinol-50 

i s  q u i t e  compat ible  w i t h  convent iona l  containment m a t e r i a l s  except  t h a t  

co r ros ion  has  been experienced when a i r  and an an t iwear  a d d i t i v e  were 

p re sen t .  RC-2 w a s  found to be incompatible  w i th  SAE 11130 .steel b o i l e r  

tub ing  m a t c r i a l , . o n d  wi th  aluminum i n  Rcfcpcncc 12 by Plillcr c t  a l .  RC 1 

was t e s t e d  f o r  1000 hours  i n  4130 s t e e l ,  which is a  low a l l o y  s teel ,  w i th  

no d i f f i c u l t i e s  and t h i s  l a b q r a t o r y  f i u i d  is t h e r e f o r e  cons idered  t o  be 

compatible  w i th  containment m a t e r i a l s  b u t  c e r t a i n l y  f u r t h e r  m a t e r i a l s  

t e s t i n g  should be  c a r r i e d  o u t  b e f o r e  i t  is committed i n  t h e  des ign  of a  

Rankine bottoming cyc le .  I n  regard  t o  thermal  s t a b i l i t y  tempera ture ,  t h e  

one wi th  t h e  lowest  va lue  is Fluorinol-50 c l o s e l y  followed by RC-2; RC-1 

and to luene  have s t a b i l i t y  temperatures  of 750°F o r  above. Only one of 

t h e  f l u i d s  i s  n o t f  lammable, RC-1. Fluorinol-50 is  c l a s s e d  a s  i g n i t i b l e  

r a t h e r  than des igna t ed  a s  flammable. When t h e  sou rce  of i g n i t i o n  is re- 

moved t h e  flame goes ou t .  Toluene and RC-2 a r e  flammable which must be  

taken i n t o  account  i n  t h e  use of t h e  f l u i d  i n  systems of t h i s  type. Most 

of  the  f lammabi l i ty  d a t a  can be found i n  Reference 12. From t h e  s tand-  

p o i n t  of t o x i c i t y  a  s t anda rd  has  been recommended f o r  t o luene  which would 

permi t  a  100 ppm concen t r a t i on  o f . t o l u e n e  i n  a i r  based on a  t i m e  weighted 

average w i t h  a  maximum of 200. kc-2 i s  about  a s  t o x i c .  as. Toluene .' 
Fluorinol-50 has  a  recommended time weighted average concen t r a t i on  .of 

on ly  5 ppm. The l e a s t  t o x i c  of  t h e  fou r  f l u i d s  s t u d i e d  is  RC-1. The 

c o s t s  of t h e s e  f l u i d s  a r e  impor tan t ,  e s p e c i a l l y  f o r  t h e  l abo ra to ry  type 

fluids such as 'RC-1. 'lbe c o s t  of t h e  charge of f l u i d  f o r  a  bottoming 

c y c l e  system i s  a s i g n i f i c a n t  p o r t i o n  of t h e  system c o s t s  f o r  RC-1. 

More in format ion  on t h e  t o x i c i t y  of t h e s e  f o u r  f l u i d s  is presented.  

i n  Table 4-4. I n  t h i s  t a b l e  an a t tempt  was made t o  rank t h e  f l u i d s  accord- 

i n g  t o  t h e i r  t o x i c i t y ,  from any sou rce  t h a t  was a v a i l a b l e  which provided 

t o x i c i t y  measurements. The same t e s t s  were n o t  run on a l l  £.our f l u i d s  

and the  d a t a  came from s e v e r a l  sou rces  a s  can be  s een  by the  n o t e s  at 



TABLE 4-3 

FLUID EVALUATION 

Toluene .F-50 RC- 2 RC-1 
\ 

Performance 3067 HP 4796 HP 5002 HP . 4923 HP'. 

Ma te r i a l s  Compat ib i l i ty  20 od good i n  absence . incompat i b l e  wi th  good 
of a i r  Al o r  s teel  t e s t e d  i n  4130 

s t e e 1  

Thermal S ti3 ili t y  

Sa fe ty  
C. 
I 
4 Tox ic i t y  

Cost $1 l b  . 

flammable i g n i t a b l e  i g n i t a b l e  nonf l a m a b  l e  

- . 100 ppm TWA t o x i c  comparable t o  l e a s t  t o x i c  
200 ppm max. to luene  

0.10 7 now 0.50 30 now 
< - 3 f u t u r e  < 5 f u t u r e  



TABLE 4-4 

P 56"" 

Toluene 

RC-2** 

RC- 1 

TOXICITY RANKING (descending order) 

* * 
or1 ~ . . . mu? . . - . . LD50 ihl* rat _LC5.0 ' ihl rat. 1.C Lo 

Freon 22 - - 2 5 0 0 0 0  ppm/4H (13) 

* or1 = oral 

, mus = mouse 

i h l  = inhalation 

** Data for 2 , 2 , 2  trifluoroethanol and 2 methylpyridine were converted to 
F-50 and KC-2 concentrations. 

*** Numbers in parentheses indicate references from Section 11. 



t h e  bottom of t h e  t a b l e .  However, a comparison can be made between F-50 

and RC-2. i n  o r a l  t e s t s  w i th  mice where t h e  l e t h a l  dose f o r  50% of  t h e  

popi11.ation was 432 mill.igrams pe r  kilogram f o r  F-50 and 916 mi l l ig rams  

per kllogram f o r  liC-2. Fu r the r  comparisons between f l u i d s  a r e  g iven  by 

consi.de_ring the second column i n  which i n h a l a t i o n  i n  r a t s  was s t u d i e d  and 

t h e  r e s u l t s  a r e  shown of concen t r a t i ons  f o r  which 50% o f  t h e  'po 'pulat ion 

surv ived .  I f  we t ake  t h e  two va lues  t h a t  came from Reference 14 w e  see 

t h e  F-50 has  897 pprn i n  6 hours  whereas t h e  RC-1 has  6000.ppm i n  4 hours  

s o  c e r t a i n l y  RC-1 i s  l e s s  t o x i c  from t h i s  s t andpo in t  than t h e  F-50. Now, 

i f  one looks a t  t h e  d a t a  from Reference 12 we s e e  t h a t  RC-2 has  8000 pprn 

f o r  4 hours  whereas RC-.l'has 16,000 pprn f o r  4 hours'.' For i n h a l a t i o n  by 

r a t s ,  column 3, t h e  lowest  publ i shed  l e t h a l  concen t r a t i on  f o r  t o luene  'is 

,4000 pprn i n  4 hours  compared wi th  5435 pprn f o r  4 hours  f o r  RC-2. Freon 22 

is  very much less t o x i c  than any of these.  f l u i d s .  

To summarize, t h e  fo l lowing  reasons  a r e  set f o r t h  f o r  t h e  s e l ec -  

t i o n  of to luene  f o r  t h e  des ign  - s t u d i e s  i n  t h i s  program. F i r s t  o f '  a l l ,  

tp luene  n ives  more bottoming cvc l e  DOW-er from the  same w a s t e - h e a t  s t a c k  

than  any of t h e  o t h e r  f l u i d s .  Toluene i s  a very  common s o l v e n t  used i n  

p a i n t s  and i n k s ,  i s  handled every day by many people ,  sometimes i n  l a r g e  

q u a n t i t i e s ,  i s  very  w e l l  documented and t h e  p recau t ions  t h a t  need t o  be 

taken  a r e  w e l l  understood. Although o t h e r  f l u i d s  could provide  about t h e  

same system performance a s  Toluene wi th  s u i t a b l e  system changes and would 

have only a smal l  e f f e c t  on t h e  program, ~ o l u e n e  i s  t h e  working f l u i d  of 

a DOE-supported o rgan ic  Rankine system development and w i l l  t hus  g e t  con- 

s i d e r a b l e  developmental a t t e n t i o n .  Toluene has  t o  be handled l i k e  o t h e r  

flammable l i q u i d s  but  i s  shipped i n  many types  o i  c o n t a i n e r s  wl thout  any 

p a r t i c u l a r  p r ecau t ions .  However, i t  has  t o  be u s e d ' i n  v e n t i l a t e d  a r e a s  

which a r e  away from exces s ive  hea t  and i g n i t i o n  sources .  There i s  some 

t o x i c i t y  a s s o c i a t e d  w i th  t h e  to luene  i f  t he  concen t r a t i on  i s  too  high.  A s  

i n d i c a t e d  above, t h e  s t anda rd  has  been suggested a t  t h e  l e v e l  of 100 pprn 

f o r  an 8 hour day and 40 hour week with a c e i l i n g  of 200 ppm. Toluene i s  

nonreac t ive  wi th  o rd ina ry  m e t a l l i c  containment m a t e r i a l s  and hae a ttiermal 
(15 s t a b i l i t y  temperature  of 700°F . 

4.3 CYCLE OPTIMIZATION 

~ a v i n ~  s e l e c t e d  t h e  working f l u i d  as ' to luene,  t h e  next  s t e p  i n  
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t h e  program wai t o  c a r r y  ou t  a c q s t  op t imiza t ion  of t h e  bottoming c y c l e  

i n  o r d e r  t o  s e l e c t  t he  working cond i t i ons  which would be most economical. 

Shown i n  F igure  4-1 is  a schematic  diagram of t h e  p i p e l i n e  bot t rs l ing cyc le .  

A t  t h e  lower l e f t  can b e  seen a gas  t u r b i n e  w i t h  a f r e e  power t u r b i n e  

which d r i v e s  t h e  n a t u r a l  gas compressor. The exhaust  gas  from t h e  power 

t u r b i n e  is  ducted t o  a vapor gene ra to r  i n  which to luene  is hea ted  and 

vaporized and s e n t  t o  a vapor  turbine. The t u r b i n e  d r i v e s  a l oad  through 

a gear  box. I n  t h e  c a s e  of t h e  t h r e e  s i t e s  s e l e c t e d  ' the  load  can be a 

gene ra to r ,  a sma l l  c e n t r i f u g a l  compressor, o r  i t  could be  t h e  same l a r g e  

compressor d r iven  by t h e  gas t u rb ine .  Af t e r  t h e  to luene  l e a v e s  t h e  vapor 

t u r b i n e  i t  can be  passed through a r egene ra to r . . so  t h a t  some of t h e  super- 

h e a t  can be removed and thus  added t o  t h e  o rgan ic  working f l u i d  a s  a l i q u i d  

on i t s  way t o  t h e  vapor  genera tor .  ~ f t e r  pass ing  through the  r egene ra to r  

t h e  to luene  vapor is  s e n t  t o  t he  condenser where i t  is  l i q u e f i e d  and 

dumped i n t o  a su rge  tank. ~ h b  ' b o i l e r  feed pump is  suppl ied  with to luene  

l i q u i d  from t h e  su rge  tank  which. is  pumped through t h e  r egene ra to r  i n t o  
. . 

. the vapor gene ra to r  completing t h e  c i r c u i t  of t h e  to luene  through the  

Rankine bottoming cyc le  system. The c o n t r o l s  a r e  descr ibed  i n  s e c t i o n  4.5.4. 

A number of major des ign  d e c i s i o n s  and assumptions were a r r i v e d  a t  

t o  make i t  p o s s i b l e  t o  c a r r y  o u t  t h e  des ign  and op t imiza t ion  of t h e  Rankine 

bottoming cyc le s  i n  t h i s  study. F i r s t  of a l l ,  a l l  t h e  prime movers a r e  

s imple  cyc l e .  a i r c r a f t  d e r i v a t i v e  gas t u r b i n e s  w i t h  f r e e  power t u r b i n e s  

and a s  a consequence of t h i s  s e l e c t i o n  the  exhaust  gas  flow r a t e  is  i n  a 

range from 147 t o  168 l b s / s e c  and t h e  exhaust  temperature a t  r a t e d  cundi- 

t i o n s  i s  between 700-740°F. . Since  . the f u e l  f o r  t he  g a s  t u r b i n e s  t o  be 

bottomed i s  n a t u r a l  gas ,  which burns c l e a n l y  and has n e g l i g i b l e  s u l f u r  

i n  i t ,  i t  was decided t h a t  f o u l i n g  of t he  hea t  exchAnger with unburned 

hydrocarbons o r  co r ros ion  of t h e  hea t  exchanger.  su r f  aces  from t h e  con- 

densing of s u l p h u r i c  a c i d '  shouid no t  be 'coxisidered i n  the  des ign .  Inas- 

much a s  to luene  was s e l e c t e d  a s '  t h e  working f l u i d ,  the  des ign  must takr. 

i n t o  account t h e  f a c t  t h a t  the  f l u i d  is  flammable and that: certa1.n rnlnlrrr;~l 

h e a l t h  p recau t ions  a r e  necessary .  The mater ia l  compatlbi:l l t y  war4 conslclf:rc.d 

t o  be no problem and the  f a c t  t h a t  the , s t a b i l i t y  tempc:rat?irn 1 J n ~  i ~ r ( . ~ u n d  

750°F, which i s  d u s t  s l i g h t l y  higher  than t h e  cxhhust gaR tempernturc fro111 

t he  gas t u r b i n e s ,  i t  w a s  f e l t  t h a t  w i t h  proper cont ro l '  the  s t ah1 ; l i t y  J . l n ~ f t  

would not  be exceeded f o r  toluene a s  t he  working f l u i d .  
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Cooling towers were n o t  considered f o r  t h e  p i p e l i n e  bottoming c y c l e  

des ign  f o r  a number of reasons.  Maintenance requirements  f o r  coo l ing  

towers a r e  d i f f i c u l t .  Rust and co r ros ion  seem t o  t a k e  p l a c e  i n  hard-to- 

i n s p e c t  reg ions .  By t h e  t i m e .  a  r u s t  ' spo t  i s  found s o  much 'damage has  

occurred t h a t  a major expense is r equ i r ed  f o r  r e b u i l d i n g  t h e  cool ing  tower. 

Cooling towers generate .  a , b r i n e  'from t h e  s a i t  r e s i d u e  formed . i n  t h e  evap- 

o r a t i o n  of  t h e  water.  The b r i n e  must be  disposed of i n  an environmen- 

t a l l y  accep tab l e  manner p e r i o d i c a l l y .  Cooling towers r e q u i r e  a  water  

supply ;  however, many compressor sites a r e  wi thout  adequate  water .  The 

makeup water .  f o r  a  cool ing  tower must be  t r e a t e d ;  - t h i s  r e q u i r e s  a knowledg- 

a b l e  person a t  each s i t e  where one is  operated, '  adding t o  t h e  o p e r a t i n g  

c o s t ,  The aggrega te  o f , t h e s e  c o s t s  a s s o c i a t e d  w i th  a wet coo l ing  tower 

a r e  n o t  j u s t i f i e d  i n  t h e  s i z e  needed f o r  t h e  bottoming cyc l e  o f . t h e  s h e  

under otudy (5000--6000 I@), 

I n  ca r ry ing  o u t  t h e  s e l e c t i o n  s tudy  f o r  t he  s i t e s , '  i t - w a s  necessary  
. $ 

t o  make c e r t a i n  ca lcu la t ic ins  w i th  r ega rd  to ;he a n t i c i p a t e d  s av ing  of  f u e l  

and a  s i m p l i f i e d  op t imiza t ion  w a s  c a r r i e d  ou t  t o  determine t h e  va lue  of 

c e r t a i n  des ign  v a r i a b l e s  g'iving the  most c o s t  e f f e c t i v e '  system. The re- 

s u l t  of  t h a t  op t imiza t ion  was t h e  e s t a b l i s h i n g  of a  r e f e r e n c e  c y c l e  which 

was used du r ing  p a r t  o f '  t he  pre l iminary  design.  Shown i n    able 4-5 a r e  

t h e  p r e s s u r e  drops t h a t  were used i n  t h e ' v a r i o u s  p a r t s  o f  t h e  r e f e r e n c e  
, .  . . . 

c y c l e  t o  o b t a i n  t h i s  and a l s o  t h e  o t h e r  ass igned '  va lues  t h a t  

were u s e d ' i n  ihe a n a l y s i s .  The t u r b i n e  e f f i c i e n c y  was based on a conceptua l  

seven s t a g e  s x i a l  t u r b i n e  des ign  descr ibed  i n  Sec t ion  4.5..1. A t u r b i n e  de- 

s i g n  computer program, with l o s s  calculations based 6n t h e  Ainley a n d ' ~ a -  

t h i e s o n  method, was used t o  e s t ima te '  t u r b i n e  efficiency.Shown i n  Figure 4-2 

i s  t h e  r e f e r ence  p ipe l ine ,bo t to in ing  cyc le  wi th  t he  energy t r a n s f e r r e d  va lues  

shown on t h e  f i g u r e .  I n  excess  of 52 m i l l i o n  . B T U / ~ ~  i s  t r a n s f e r r e d  i n  t he  

vapor gene ra to r  and i n  excess  of 39 m i l l i o n  BTU/hr i s  r e j e c t e d  by t h e  condens- 

ei. .Tlw load  receives 4890 MP i nc lud ing  the  i o s s e s  i n  t he  gearbox; a. t o t a l '  of 

97  k i l o w a t t s  a r e  requi red  t o  d r i v e  t h e  feed pump, and 2 5 9 - k i l o w a t t s . a r e  

r equ i r ed  t o  d r i v e  t h e  f a n s  f o r  t h e  condenser.  The regenerat-or  t ransfers  

n e a r l y  b m i l l i o n  BTU/hr t o  t h e  tnli.lene l i q u i d  on i t s  way t o  t he  vapor 

gene ra to r .  Shown i n  Figure 4-3 i s  the  same schematic  diagram showing t h e  

, . . . .  , . pres su re s  and t h e  temperature  o f -  700°F which i s ' . r educed  . to  3330F i n  a  . . 

. . v a p o r ' g e n e r a t o r .  It shows t h e  t u r b i n e  i n l e t  temperature  a n d ' p r e s s u r e .  

. . 
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TABLE 4-5 

ASSIGNED VALUES FOR THE REFERENCE CYCLE 

Working Fluid:  Toluene 

Ambient A i r  Temperature = 68OF 

Fan Power Required = 2% of .the t o t a l  r e j e c t i o n  

~ e g e n e r a t o r  ~f fec t iveness  

~ u r b i n e  ~f f ic iency 

P e p  ~f f ic iency 

Gearbox Efficiency - 
E l e c t r i c  ~ o t o r  Efficiency 

Pressure.  Drops , 

Vapor Generator 

Regenerator (Hot Side) 

Regenerator (Cold Side) 0.0121 3.6 

Condenser 0 . 0202 0.068 

Vapor Gen. t o  Turbine 0.0025 0.675 

Turbine t o  Regenerator 0.015 0.052 ,. 

Condenser t o  *Pump 0.0015 0.005 

Pump t o  Regenerator 0.0005' 0.15 

* .  
The pressure  drop, AP, across  a specific.component is normalized 
with respect  t o  the  pressure upstream of t h a t  component. 



Figu re  4-2.  P i p e l i n e  Bottoming Toluene kef e r ence  Cycle.  
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t o  be  500°F and .270  p s i a ,  r e s p e c t i v e l y .  For t h i s  c y c l e  an ambient a i r  

temperature  of 68OF was used and t h i s  temperature  rises t o  98OF a s  t h e  

coo l ing  a i r  passes  through the  a i r  cooled condenser.  The a i r  cooled con- 

dense r  ope ra t e s  down t o  a  p r e s s u r e  of  3.28 p s i  and wi th  5OF of subcool ing  

the  temperature  of t h e  1 i q u i d . t o l u e n e  going t o  t h e  su rge  tank i s  145°F. 

The flow l e a v e s  t h e  vapor t u r b i n e  a t  311°F and is  desuperhqated i n  t h e  

r egene ra to r  and t h e  a i r  cooled condenser down t o  a  va lue  of 150°F. Shown 

i n  Table  4-6 a r e  t h e  p a r t i c u l a r s  o f  t h e  to luene  r e f e r e n c e  cyc l e  d i s cus sed  

above. 

The r e f e r e n c e  cyc l e  w a s  u t i l i z e d  i n  t h e  pre l iminary  d e s i g n ' t o  make 

t h e  i n i t i a l  s i z i n g  of  t h e  Rankine bottoming cyc l e  components f o r  t h e  pur- 

pose nf r n s t  es t ima t ion .  The component3 for t he  near up thuun  deslgn were 

supp l i ed  t o  t h e  p i p e l i n e  companies i n  o r d e r  t h a t  they might make i n s t a l l a -  

t i o n  s t u d i e s  of t h e  bottoming cyc l e  i n  t h e i r  r e s p e c t i v e  s i t e s .  I n  p a r a l l e l  

w i t h  t h i s  e f f o r t  by t h e  p i p e l i n e  companies, t h e  Rankine bottoming cyc l e  

c o s t  op t imiza t ion  was c a r r i e d  ou t .  I n  t h e  op t imiza t ion  process  t h e r e  

were f i v e  v a r i a b l e s  which. had t o  be  determined. These a r e  t he  t u r b i n e  

i n l e t  temperature ,  t h e  t u r b i n e  i n l e t  p r e s su re ,  t h e  condensing temperature ,  

t h e  r ecupe ra to r  e f  f k c t i v e n e s s ,  and t h e  pinch p o i n t  temperature  d i f f e r e n c e .  

The pinch p o i n t  t empera ture  d i f f e r e n c e  is  t h e  minimum d i f f e r e n c e  i n  t e m -  

p e r a t u r e  between t h e  exhaus t  gas f lowing through th.e vapor gene ra to r  and 

t h e  vapor i z ing  f l u i d  which is i n  t h e  tubes  of t h e  vapor  gene ra to r .  
I 

I n  t h e  de t e rmina t ion  of  t h e  optimum c y c l e  t h e  c o s t s  were e s t ima ted  

f o r  t h e  referenc 'e  c y c l e  desc r ibed  above. Then t h e s e  c o s t s  w e r e  u s e d ' a s  

a  s t a r t i n g  p o i n t  t o  gene ra t e  c o s t  a lgor i thms  f o r  each of  t h e  major com- 

ponents  i n  t h e  system. ~ h e s e  a lgor i thms  gave sys t ema t i c  and r e a l i s t i c  va- 

r i a t i o n s  of t h e  compcnenr c o s t s  a s  t h e  g ive  prime v a r i a b l e s  mentioned above 

were v a r i e d  over  t h e i r  ranges .  'Shown i n  Table 4-7 a r e  t h e  c o s t  a lgor i thms  

f o r  t h e  vapor  gene ra to r ,  t h e  vapor t u r b i n e ,  t h e  vapor coddenser,  t h e  f e e d  

pump, c o n t r o l s  and in s t rumen ta t i on ,  a u x i l i a r y  eql i ipment  a n d  t h e  equipment . 
I 

s k i d .  The equipment s k i d  c o n t a i n s  t h e  su rge  t a n k ,  t h e  feed pump,' t h e  

r e g e n e r a t o r ,  i f  t h e r e  i s  one, and a u x i l i a r y  equipment. 

Shown i n  t h e  fo l l owing  s e r i e s  of f i g u r e s  a r e  t h e  v a r i a t i o n s  i n  ;:he 

c o s t  per  u n i t  horsepower of the  v a r i o u s  Rankine bottoming c y c l e  systems 



TOLUENE REFERENCE CYCLE DATA 

Turbine In le t  Pressure 

saturation Temperature 

Turbine I n l e t  Temperature 

Condensing Temperature 

~ o l u e n ?    low Rate 

Heat Added to  working Fluid 

Heat Transferred in'Regenerator 

  eat Rejec.ted by Working Fluid ' 

Parasi t ic  Power Requirements 

(Motor Efficiency, 0 . 9 )  

Pump 97 KWe 

Fan - 259' We 

. . ~ h t a 1  356, KWe . . 

Net Power to  Load 4890 HP 
' .  

(Gearbox Efficiency , 0.98)  



TABLE 4-7 

COST ALGORITHMS FOR THE BOTTOMING CYCLE COMPONENTS . 

. . 

Component Component .Cost . Explanat ion 

1. Vapor Generator ' C V G = a q l T + b v C + d  C = Cost,  $ 

= Vapor Generator Heat Transfer  
. Area, f t 2  

? =-Heat  Exchanger Volume, f t  3 . , .  
. . 

- .. ." a,-?. = Constants 

Vapor Tu'rbine - -  _ . = a + b (HP~). . W p . =  Turbine Horsepower, HP - '  ' ~ u r b  

Condenser 

/ 

Feed Pump 

a,-? = Constants 

= a + b f k T  - 2 '~ond q10 = Condenser Heat Transfer  Area, f t  
.- 

'a,E - =  Constants 
b ' 

Cpmp ' a ( H P ~ )  = Puhp Horsepower, HP - 
a,k = Constants 

Cont ro ls  and I n s t r m e n t a t i o n  
'con t 

= a a = Constant 
b Auxi l ia ry  Equipment . C a a (WT) W, = Turbine Horsepower, HP 

Ax.Eq - 

Equipment Skid , 

a , b  = Constants, 

+ :C 
'skid ' ['Turb + C~ump, + 'Cant Ax.EqJ 



. ' 
a s  t h e  prime var iable*  a r e  changed through t h e  usable range. ~ h e s e '  c o s t s  

a r e  normalized by dividing by t h e  cost' per  u n i t  horsepower of t h e  ref -  

erence cycle. Also shown i n  some of these  f igures  is  the  v a r i a t i o n  of 

the  horsepower output  of the bottoming cycles a s  a function of the  prime 

var iables .  ,Shown i n  Figure. 4-4 i s  t h e  v a r i a t i o n  of t h e  Rankine bottoming 

cycle  cos t  per  unit horsepower a s  a funct ibn of the  turbine  i n l e t  pres- 

s u r e  a t  i n l e t  temperatures of 600°,F. The o the r  condit ions a t  which t h e  

Rankine cycles were operated a r e  indicated  i n  t h e  face  of the  f igure .  

This f igi.ire ind ica tes  t h a t  as t h e  tu rb ine  i n l e t  pressure  increases  t h e  

c o s t  p e r ' u n i t  power decreases and t h e  lowest cos t  'per u n i t  power occurs 

a t  t h e  s a t u r a t i o n  pressure. Shown i n  Figure' 4-5 il; a similar plot .  i n  which 

t h e  turbine  i n l e t  temperature is  var ied  a t  constant  i n l e t  pressure.  Here 

again the  ind ica t ions  a r e  t h a t  the  lowest c o s t  per  u n i t  horsepower is  

obtained a t  the  s a t u r a t i o n  conditions. Shown i n  Figure 4-6 is the  varia-  

, t i o n  i n  t h e  gross power of t h e  bottoming cycle  a s a  funct ion of the  tur -  

b ine  i n l e t  pressure  a t  an . i n l e t  temperature of 6 0 0 ~ ~  ind ica t ing  t h a t  t h e  

gross power is highes t  a t  the  s a t u r a t i o n  pressure.  Shown i n  Figure 4-7 is I -. 
the  v a r i a t i o n  of the  bottoming cycle  horsepower with t h e  v a r i a t i o n  i n  .,, - . . 
t u r b h e  in1et . temperature  a t  a constant  pressure  and. again t h e  h ighes t  - +i . , 
horsepower is obtained a t  the  s a t u r a t i o n  temperature. It is f requent ly  

advantageous t o . u s e . w a s t e  hea t  from t h e  expander t o  preheat  the  vapor . r . ' 
generator  feed i n  a recu'perator (a lso  r e f e r r e d  t o  here in  as a regenerator) .  

I n  t h i s  appl ica t ion,  however, . this  process i n t r i n s i c a l l y  reduces the  

amount of hea t  t h a t  can be ext rac ted  from t h e  gas turbin.e exhaust and 

hence .1 imi . t~  the  contr ibut ion of the  primary heat  source t o  the  bottomi.ng 

cycle power. For t h a t  reasonathe recuperator  was explored over a range of 

values of ef fect iveneee (zero. . r e f e r s  t o  no recuperator) .  Shown i n .  Figure 4-8 

is the  v a r i a t i o n  i n  the  cos t  pe r  u n i t  power with recuperator  .e f fec t ive-  

ness. It can be seen t h a t  the  cos t  per  unit.power gradually decreases a s  

the  e f fec t iveness  approaches zero. ~ h d  horsepower generated by t h e  bottom- 

i n g  cycle is  p l o t t e d  aga ins t  recupera tor  e f fec t iveness  i n  Figure 4-9. Here 

i t  can b e . s e e n , t h a t  the  minimum horsepower is reached a t  around 0.5 ef-  

fec t iveness  and t h a t  the  power i n c r e a s e s  s l i g h t l y  a s  t h e  recuperator  

e f fec t iveness  drops t o  a value  of zero. The reaeon tha t  the  uee of no 

recuperator  is ehown t o  be advaatageoue i n  these figllreu i e  t h a t  w i t h  

n a t u r a l  gas as the  f u e l  .no l i m i t a t i o n  on - the  miri$mmn etack temperature 
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Figure 4-5. Ef fect  o f  the Turbine inlet ~emperature  on the ~Gst Per Unit Power. 
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Figure 4-7. Effect of Turbine In le t  Temperature on the Horsepower. . . 
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Figure 4-9.  Effect  of Recuperator Effect iveness  on. the Horsepower 
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from t h e  vapor gene ra to r  i s  necessary  t o  prevent  t he  condensing of su l -  

f u r i c  acid.  Thus, a l a r g e r  amount of h e a t  can be  taken ou t  of t h e  s t a c k  

i f  no r ecupe ra to r  is  used. The reason f o r  t h i s  i s  t h a t  t h e  r ecupe ra to r  

i n c r e a s e s  t h e  temperature of t h e  b o i l e r  feed l i q u i d  thereby l i m i t i n g  t h e  

amount of h e a t  which can b e ' e x t r a c t e d  from t h e  s t a c k  gas as d iscussed  

above. 

Shown i n  F igure  4-10 is  t h e  v a r i a t i o n . i n  c o s t  p e r  u n i t  power of t h e  

bottoming cyc le  a g a i n s t  s a t u r a t i o n  cond i t i ons  t y p i f i e d  by va r ious  tem- 

p e r a t u r e s  f o r  two va lues  of r ecupe ra to r  e f f e c t i v e n e s s ,  . F i r s t  of a l l ,  t h e  

c o s t  pe r  u n i t  power curves a r e  very f l a t  w i t h t e m p e r a t u r e  minimizing i n  

t h e  neighborhood of  . 500°F. . Also i t  can be seen  t h a t  t he  c o s t  pe r  u n i t  

horsepower i s  significantly lower aL a i-uperator e f f ec t ivencoa  of zero  

compared t o .  a  r e c u p e r a t o r  e f f e c t i v e n e s s  o f  0.5. Shown i n  t h e  next  f i g -  

f u r e ,  ~ i ' g u r e  4-11, is  t h e  v a r t a t i o n  of bottoming cyc le  horsepower with cur- 
b i n e  i n l e t  temperature.  Here t h e  bottoming c y c l e  without  a r ecupe ra to r  

produces a  h ighe r  bottoming c y c l e  power f o r  most of t he  va lues  of t u r b i n e  

i n l e t  temperature showfl. Shown i n  F igure  4-12 i s  t h e  v a r i a t i o n  i n  t h e  c o s t  

p e r  u n i t  a s  a  func t ion  of the  condensing temperature.  Values a r e  shown 

f o r  two cond i t i ons  of r ecupe ra to r  e f f e c t i v e n e s s .  For t h e  0.5 r ecupe ra to r  

e f f e c t i v e n e s s  the minimum p o i n t  on t h e  curve is. around 125°F. However, 

f o r  zero  e f f e c t i v e n e s s  t h e  va lue  i s  very  c l o s e  t o  150°F. It can be  seen 

t h a t  t h e  two optimum va lues  ' a re  very  c l o s e  toge ther .  Shown i n  F igure  4-13 

is t h e  v a r i a t i o n  of horsepower wi th  t h e  same s e t  of ' cond i t i ons  i n d i c a t i n g  

t h a t  as condensing temperature decreases  t he  horsepower inc reases .  How- 

e v e r ,  i t  is  apparent  from t h e  previous  curve a s  t he  condensing tempera- 

t u r e  becomes lower wi th  the  same o u t s i d e  a i r  temperature obviously more 

condenser s u r f  ace  is  r equ i r ed  t o  o b t a i n  'ttie condenser temperature de- 

s i r e d .  Three p o i n t s ,  ca se  20, 24 and 9 a r e  shown on t h i s  curve. On the  

previous  curve p o i n t  24 had t h e  lowest  c o s t  pe r  horsepower, poiAt 20.was 

t h e  next  lowest.  Sho* i n  F igure  4-14 is t h e  v a r i a t i o n  i n  c o s t  p e r  u n i t  

horsepower a g a i n s t  pinch po in t  temperature d i f f e r e n c e .  The p i n c h ' p o i n t  

temperature d i f f e r e n c e  i s  t h e  minimum d i f f e r e n c e ' i n  temperature between 

t h e  exhaust  gas- flowing through the  vapor gene ra to r  and the  vapor iz ing  

. f l u i d  which is i n  t h e  tubes  of  t h e  vapor genera tor .  I t  can be seen  on 

t h e  f i g u r e  t h a t  f o r  the  e f f e c t i v e n e s s  of 0.5 and zero ,  t h e .  optimum pinch 

p o i n t  temperature d i f f e r e n c e  is approximately 50°F. The r ecupe ra to r  e f -  
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f e c t i v e n e s s . o f  zero  produces t h e  lowest  c o s t  per  horsepower. F igure  4-15 

shows t h e  v a r i a t i o n  of  bottoming cyc le  horsepower wi th  pinch p o i n t  tem- 

p e r a t u r e  d i f f e r e n c e ,  t h e  curves f o r  zero and 0.5 e f f e c t i v e n e s s  being 

approximately l i n e a r  and inc reas ing  a s  would be expected '  a s  t h e  pinch . 

p o i n t  temperature approaches zero.. 

Shown i n  Table 4-8 ,a re  t h e  d a t a  f o r  t h e  t h r e e  p o i n t s  des igna ted  i n  

some of t h e  previous f i g u r e s ,  Cases 9 ,  20 and 24. Case 9 i s  t h e  r e f -  

e rence  case  which was used t o  make the  f i r s t  s i z i n g  of components and t o  % 

determine an e s t i m a t e  of t h e  c o s t  of t h e  bottoming cy.cle. Case 20 i s  one 

i n  which a recuperator.effectiveness of 0 . 5 . w a s . u t i l i z e d  and Case  24 is . '  

a case  where ze ro  was u t i l i z e d .  It can La seen by the  Past row of f i g -  

u r e s  thae t h e  lowest c o s t . p e r  u n i t  horsepower relat ive t o  the r e f e rence  

case  occurs  f o r  ca se  24 which is  one t h a t  has zero  e f f e c t i v e n e s s  of t h e  , . . 

recuperacar .  No r ecupe ra to r  was included i n  t h e , f t n a l  op t imiza t ion  be- 

cause nf t h e  r e s u l t s  shown i n  Table 4-8, The s e l e c t e d  conf igu ra t ion  no t  ' 

only minimizes t h e  $/HP but  is  s impler  and h a s , f e w e r  components. Shown 

i n  Table .4-9 a r e  t h e  d a t a  obta ined  f o r  t h e  optimized bottoming cyc le ,  t h a t  

is  f o r  t h e  bottoming cyc le  a s s o c i a t e d  wi th  Case 24. The d u t i e s  of t h e  

. v a p o r  genera tor  and t h e  condenser a r e  shown a s  w e l l  a s  t he  ou tpu t s  and 

the  s p e c i f i c  p a r a s i t i c  power requirements.  The n e t  power t o  load  is  

5142 HP which i s  5% l a r g e r  than  t h e  HP assumed i n  t he  r e f e rence  cycle .  

Shown i n  F igure  4-16 is  t h e  schematic  diagram of t h e  bottoming cyc le  w i th  ' 

t h e  p e r t i n e n t  d a t a  f o r  t h e  optimized cyc le  appearing on t h e  f i ,gure ;  

4.4 SITE PERFORMANCE RESULTS 

Af te r  having s e l e c t e d  the  optimum bottoming cyc le  a s  was j u s t  de- 

s c r i b e d , t h e  des ign  v a r i a b l e s  which, came out  of t h a t  optimi'zation were 

appl ied  t o  bottoming cyc le s  ' for  a l l  t h r e e  s i t e s  that a r e  being s tud ied .  

Shown i n  Table 4-10 a r e  t he  s i t e  condi t ions  f o r  each of t h e  t h r e e  s i t e s .  

Shown i n  the.  table a r e  t he  gas  t u rh inea  1.1ti.3i.zedj t h e  flow r a t e .  exhaust 

temperature,  ou tpu t  and h e a t  r a t e  of t h e  gas t u r b i n e s  shown. These d a t a  

were determined f o r  t h e . a v e r a g e  annual temperature a t  t he  weather sta- 

t i o n s  n e a r e s t  t o  t h e  s i t e s .  ' I t  should be  noted t h a t  because .of  t h e  a l t i t u d e ,  

t he  Burney,'CA s i t e  has  t h e  lowest mass flow r a t e  and t h i s  has  an e f f e c t  

on t h e  amount of energy t h a t  can be conserved wi th  a bottoming cycle .  
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TABLE 4-8 

COMPARISON OF THE REFERENCE DESIGN CASE WITH TXE TdO 
NEAR. OPTIMLM Cb-SES FOR RECUPERATOP EFFECTIVENESS (E)  

Case 9 
(Reference case)  

Case 20 Case 24 

Turbine I n l e t  Temperature, OF .500 500 500 

Turbine I n l e t  P re s su re ,  p s i a  270 270 270 

Recuperator E f f ec t i 7enes s  . 0.5 - 0.5 - 0.0 - 
Condenser Tenperature ,  OF . 150 125 150 

Pinch Po in t  =,emperazure Difference, 'F 
f. 
I 
w Vapor Generator S tack  TemFerature, "F. 
e 

Turbine E x i t  Temperature, OF 

Condenser I n l e t  Temperature,. OF 

Gross Power, Horsepower 

Cost Per  Unit Power R e l a t i v e  t o  the 
Reference Case 9 



' . TABLE 4-9 

TOLUENE BOTTOMING CYCLE CHOSEN AFTER COST OPTIMIZATION 

Turbine 1 n l e t  Pressure  270 p s i a  

. s a t u r a t i o n ,  Temperature 4% OF 

Turbine I n l e t  Temperature' . .  500°F 

condensing Temperature 150°F ' 

Toluene Flow Rate 

' Heat Added t o  Working F lu id  

Heat Rejected by Working F lu id  . 

P a r a s i t i c  Power ~ e q u i r e m e n t s  

(Motor E f f i c i ency ,  0.9) 

' Pump 100 KWe 

Fan 

To ta l  

310 KWe 

410 KWe 

Turbine Power . .  . 5247 HP 

Net Power t o  Load . . : 5142 HP 

(Gearbox ' ~ f  f i c i ency ,  0.98) 



F i g u r s  4-16. Optimized Bottoming Cycle Schematic. 
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TABLE 4-10 

DATA ON THE PIPELINE SITE CONDITIONS 

Exhaust 
. . Avg. Temp./ . ~ l o w R a t e  Temp. Output Heat h t e  

P ipe l ine  S i t e  Gas Turbine A 1  t i tud.e l b s l s e c  OF ' ' HP BTUIHP h r  

Rayne, LA RR76GlCB125 68OFISea Level 164 727 13622 9935 
Columbia Gulf (Rolls Royce/ 

Cooper Bessemer) 

' Covfngton, TN P&W GG~C-4  62OF/Sea Level 165 700 13835 10567 
Texas Gas . ( P r a t t  & .Whitney) 

Burney, CA LM1500/IR125, 56°~ /3200  Feet 147 713 . 13170 9394 
2 PGdE ( ~ e n e r a l  E l e c t r i c )  



By t h e  t i m e  t h e  o p t i m i z a t i o n  was complete  and performance f o r  t h e  

v a r i o u s  si tes was t o  b e  c a l c u l a t e d ,  t h e  p i p e l i n e  companies were  a b l e  t o  

p r o v i d e  enough i n f o r m a t i o n  abou t  t h e  s i t e  i n s t a l l a t i o n s  t h a t  

d rop  c h a r a c t e r i s t i c s  cou ld  b e  determined f o r  each s i te .  These v a l u e s  a r e  

shown i n  Tab le  4-11 and i n d i c a t e  t h e  v a r i a t i o n  i n  p r e s s u r e  d rops  i n  t h e  

sys tems  f o r  t h e  t h r e e  s i t e s  be ing  s t u d i e d .  These p r e s s u r e  drop v a l u e s  

were  i n c o r p o r a t e d  i n t o  t h e  c a l c u l a t i o n  o f  s i t e  performance.  Shown i n  

T a b l e  4-12 a r e  t h e  performance v a l u e s  f o r  each  of t h e  t h r e e  si tes i n  terms 

o f  bot toming c y c l e  power t o  t h e  l o a d  which i n c l u d e s  t h e  gearbox e x c e p t  f o r  

t h e  c a s e  f o r  Burney where t h e r e  was no gearbox. The g a s  t u r b i n e  power i n  

Tab le  4-12 i n c l u d e s  t h e  e f f e c t  of t h e  g a s  t u r b i n e  exhaus t  p r e s s u r e  drop 

shown i n  Tab le  4-11'. Shown a l s o  a r e  t h e  combined power of t h e  sys tem w i t h  

t h e  g a s  t u r b i n e ,  t h e  combined h e a t  r a t e  of t h e  sys tem,  and t h e  r e q u i r e d  

e l e c t r i c a l  power needed t o  d r i v e  t h e  f a n s  and t h e  pump. It can  be s e e n  t h a t  

t h e  bot toming c y c l e  power v a r i e d  between a  l i t t l e  o v e r  6000 HP d o w n , t o  al- 

most 5400 HP a t  t h e  h i g h e r  a l t i t u d e  s i t e  of Burney. 

4.5 SYSTEMS DESIGN 

The bottoming c y c l e  sys tem w a s  des igned  t o  have t h r e e  major subsystems.  

The  f i r s t  is  t h e  vapor  g e n e r a t o r ,  t h e  second i s  t h e  a i r  cooled condenser ,  and 

t h e  t h i r d  i s  t h e  equipment s k i d  which h a s  on i t  t h e  t u r b i n e ,  t h e  f e e d  pump, 

t h e  s u r g e  t a n k ,  and t h e  a u x i l i a r y  equipment and ,  i n  t h e  c a s e  of t h e  r e f e r e n c e  

c y c l e ,  r e g e n e r a t o r s .  I n  t h e  d e s i g n  of bot toming c y c l e  a p p a r a t u s  t h e  minimum 

h e a l t h  and s a f e t y  p r o t e c t i o n  r e q u i r e m e n t s  f o r  t h e  sys tem based upon t o l u e n e  

as t h e  working f l u i d  must be observed  i n  o r d e r  t o  p r o v i d e  t h e  p r o p e r  f i r e  

p r o t e c t i o n .  The f i r s t  of t h e s e  r e q u i r e m e n t s  is  t h a t  t h e  vapor  g e n e r a t o r  

b e  l o c a t e d  50 f e e t  from a l l  o t h e r  s t r u c t u r e s .  I n  a d d i t i o n  emergency re -  

l i e f  v e n t i n g  f o r  t h e  vapor  generator and condenser  s11oul.d 1)e prc:~vldet l .  

A w a t e r  s p r a y  sys tem shou ld  be  p rov ided  f o r  t h e  vapor  general-.or and s u p -  

p o r t s  from t h e  ground up t o  1 0  f e e t  above t h e  t o l u e n e  l i n e .  T h i s  system 

s h o u l d  b o t h  be  a u t o m a t i c  and manual i n  o p e r a t i o n .  A C 0 2  e x t i n g u i s h i n g  

sys tem t o  p r o t e c t  t h e  c o r e  o f  t h e  vapor  g e n e r a t o r  shou ld  h e  provided.  

A l l  e l e c t r i c a l  w i r i n g  i n s t a l l e d  on t h e  a p p a r a t u s  shou ld  be of t h e  t y p e  

f o r  u s e  i n  a C l a s s  I ,  D i v i s i o n  2  l o c a t i o n ,  and t h i s  shiu1.d app ly  i n s i d e  

a l l  o f  t h e  bot toming c y c l e  a p p a r a t u s ,  w i t h i n  5 f e e t  o f  t h e  vapor  . g e n e r a t o r ,  

and w i t h i n  25 f e e t  from a l l  bot toming c y c l e  a p p a r a t u s  from g r a d e  l e v e l  up 

t o  3 f e e t  i n  h e i g h t .  I n  a d d i t i o n  an i n t e r l o c k  t o  s h u t  'off  t h e  h e a t  s o u r c e  



TABLE 4-11 

CYCLE PRESSURE DROPS FOR THE SPECIFIC SITES ' 

Rayne, LA Covington, TN 

Gas Turbine Exhaust ,- inches  , . 5.3 7.0 
of  water  

Vapor Generator  t o  Turbine, p s i  2.53 9.38 

Turbine t o  Condenser, p s i  0.062 0.055 

Condenser, p s i  0.11 0.11. 

Condenser t o  Pump, p s i  0.415 0.199 

Pump t o  Vapor Generator ,  p s i  0.772 2.94 

Vapor Generator ,  p s i .  50.6 50.6 

Burney, CA 

5.3 



TABLE 4-12 , . 

CYCLE FERFOREWNCE DATA FOR THE SPECIFIC SITES. 

a 
Gas Turbine  B / C  Power Combined Comt.ined Required , Heat Rate  b 

.?owe r BICPower ( t o  l o a c )  .Power Hsat  Rate  E l e c t r i c a l  Improvement 
S i t e  HP HP ( g r o s s )  . Fgear = .98 HP BTU/HP h r  Power, kWe' % 

Rayne , LA 13434 6098 . ' 5976 19410 6973 538 27.8, 

Coving t o n ,  TIJ 13587 5E 1.4 5502 -19089 . 7659 500 25.9 

Burney , CA 12972 5597 5397 18369 6735 4 76 26.5 

a 
Values r e d u e d  f o r  vapor  generator back p r e s s u r e  

b ~ n c l u d e s  a n  a l l o ~ r a m c e  f o r  e l e c t r i c z l  power 



should be provided i n  t h e  event .  t h a t  t h e  power t o  t h e  condenser f a n s  i s  in -  

t e r r u p t e d .  A s  r ega rds  p ip ing ,  v a l v e s ,  f i t t i n g s ,  and r e l i e f  va lves  these should 

be i n  accordance wi th  t h e  American Soc ie ty  of Mechanica1,Engineers Code f o r  

p r e s su re  v e s s e l s  and t h e  American Nat iona l  Standards I n s t i t u t e  power p ip ing  

code B-31.L. An emergency t rench-type d r a i n  t o  a  s a f e  l o c a t i o n  should be pro- 

vided f o r  flammable leakage and f o r  t h e  f i r e  p r o t e c t i o n  water .  A con- 

t r o l l e d  a r e a  should be e s t a b l i s h e d  wi th in  a  50 :foot r a d i u s  of  bottoming 

cyc l e  appara tus  w i t h  l i m i t e d  acces s ,  "Res t r i c t ed  Area" s i g n s  and "No 

Smoking" s i g n s .  I n  a d d i t i o n  p rov i s ions  should be.made f o r  s t a c k  senso r s  

which would au toma t i ca l l y  a c t i v a t e  t h e  water  sp ray  systems,  t h e  CO sys-  2 
t e m ,  s h u t  o f f  t h e  h e a t  source  and dump t h e  t o luene  t o  a  s a f e  l o c a t i o n  

fo l lowing  procedures  recommended by t h e  Na t iona l  r ire P r o t e c t i o n  Agency 

(NFPA). Shown i n  Table 4-13 a r e  t h e  s a f e t y  and environmental  codes which 

a r e  a p p l i c a b l e  t o  t h e  bottoming cyc l e  appara tus .  

4.5.1 TURBINES 

I n i t i a l l y  r a d i a l  in f low t u r b i n e s  were considered f o r  t h e  t o luene  

bottoming cyc l e ;  however, because of t he  low a c o u s t i c  v e l o c i t y  i n  o rgan ic  

working f l u i d s ,  a  s i n g l e  s t a g e  r a d i a l  i n£  low ' t u r b i n e  f o r  t he  engine  work 

t h e  t u r b i n e  must perform w i l l  r e s u l t  i n  supe r son ic  v e l o c i t i e s  approaching 

t h e  r o t a t i n g  b lade .  This  can be avoided by a  m u l t i s t a g e  a x i a l  f low de- 

s ign .  Therefore  a  s even  s t a g e  a x i a l  f low machine was designed f o r  t h i s  

a p p l i c a t i o n .  shown i n  .Table 4-14 - a r e  t h e  des ign  d a t a  f o r  t h e  seven s t a g e  

a x i a l  f low turb ine .  Shown a r e  t h e  p i t c h  l ine . -whee l  speeds,  t h e  e.nthalpy 

drops i n  each s t a g e ,  t h e  load ing  parameters  a t  t h e  hub, t h e  l eng th  of  t h e  

bucke ts ,  t h e  t i p  d iameter  of t h e  b l ade ,  t h e  r o o t  c e n t r i f u g a l  s t r e s s e s ,  

t h e  me ta l  t empera tures ,  and t h e  r a t i o  of t he  annulus a r e a  of any s t a g e  

d iv ided  by t h e  annulus  a r e a  of t he  prev ious  s t a g e .  The t u r b i n e  is  de- 

s igned  wi th  many s t a g e s  mainly because of t h e  r ap id  v a r i a t i o n  of  t h e  an- 

nu lus  a r e a  r equ i r ed  t o  pass  t he  t o luene  flow e s p e c i a l l y  a t  t he  low pres -  

su re s .  Usual ly  one would keep the  r a t i o  of t h e  annulus a r e a s  w i th in  1-112 

f o r  good design.  However, i n  t h i s  i n s t a n c e  i t  was necessary  t o  exceed 

t h a t  va lue  i n  t h e  r e a r  s t a g e s  whi le  i t  was n o t  p o s s i b l e  t o  o b t a i n  t h a t  

va lue  i n  t h e  f r o n t  s t ages .  Blade h e i g h t s  f o r  t h e  t u r b i n e  va ry . f rom 0.69 

i n c h .  i n  t h e  f i r s t  s t a g e  t o  over  6 inche's i n  t h e  l a s t  s t a g e .  The r o o t  cen- 

t r i f u g a l  s t r e s s e s  a r e  r e l a t i v e l y  low and t k e  tempera tures  of t h e  b l ades  

a r e  lower than t h e h i g h p r e s s u r e  s t ages ' o f  a  s t ream t u r b i n e ,  f o r  example. ' i h i s  



TABLE 4-13. . . 

SAFETY AND ENVIRONMENTAL CODES 
APPLICABLE TO'THE PIPELINE BOTTOMING CYCLE 

Vapor Gene::ator ASME") B o i l e r  Code 

.Pressure.  Vessels  ASME ~ n f i r e d  P res su re  Vessel  Code 
Sec. VIII, Div. 1 

P ip ing  ANSI (b) 831.1 power P ip ing  Code 

T E ~ ( c )  ' Heat Exchangers 

E l e c t r i c a l  Nat iona l  ' ~ l e c t r i c a l  Code 
Class I, Div. 2 ,' GpD . 

Handling Working F lu id  N P O A ' ~ ) ~ ~ ,  Flammable and Com- 
b u s t i b l e  ~ i ~ u i d  Code. 

(')Arn&ican Soc ie ty  of Mechanical Engineers 

(b)Arnerican Nat iona l  Standards I n s t i t u t e  

( C )  Tube Exchanger Manuf a c t k r e r i  Assoc i i t i on  

( d ) ~ a t i o n a l  F i r e  P r o t e c t i o n  Agency 
. . 



TABLE 4-14 

TURBINE. DESIGN ' DATA . . 

, f t l s e c  Ah, ~ t u j l b  gJA h/U 1, i n .  DT, i n .  'rc, p s i  Tm,  OF AnlAn-1 
. . 

1 350 6.1 1.25 169 16 .'7 3 870 490 

* '  . . 
I * 7 .  500 12.2. 1.22 6.45 29.37 11620 361  . 1.78 

, 
W 

. . ~ e f  i n i t i o n s  

. . 
U P i t c h  l i n e  wheel  speed,  f t / s e c  u Root c e n t r i f u g a l  s t r e s s ,  p s i  

P r c 

.Ah Entha lpy  d rop ,  B t u l l b  
Tm 

Metal t e m p e r a t u r e ,  O F  . 

g JA-h -- K i n e t i c  energy r a t i o  . . - An ~ n n b l u s  area r a t i o  
u" An-1 

P 

L Blade h e i g h t ,  in: 

' D ~  
S t a g e  t i p  d i a m e t e r ,  i n .  



means t h a t  t h e  convent iona l  steam t u r b i n e  m a t e r i a l s  can be u t i l i z e d .  Shown 

i n  Figure 4-17 i s  a  c r o s s  s e c t i o n  of t h e  t u r b i n e  f o r  the .bo t toming  cycle .  

The vapor e n t e r s  through a  s c r o l l  from t h e  l e f t  and d i scha rges  through a  

double e x i t  on t h e  r i g h t .  The t u r b i n e  i s  shown supported on p ivoted  pad 

bear ings  and uses  to luene  working f l u i d  as t h e  l u b r i c a n t  s i n c e  t o luene  

is a good s o l v e n t  f o r  l u b r i c a t i n g  o i l .  Also shown a r e  f l o a t i n g  r i n g  s e a l s  

i s o l a t i n g  t h e  flow p a t h  from bea r ing  a r e a s  i n  t h e  tu rb ine .  These s e a l s  

con ta in  two c l o s e  running c l ea rance  r i n g s  between which to luene  l i q u i d  is 

i n j e c t e d  i n  o r d e r  t o  e f f e c t  t h e  s e a l s .  Addi t iona l  f e a t u r e s  of  t h e  t u r b i n e  

i nc lude  a  s o l i d  r o t o r  which has  b l ades  a t t a c h e d  t o  t h e  wheels by dove- 

t a i l s .  Rvcket covers  a r e  uscd i n  o rde r  t o  iupruve  t h e  e f f i c i e n c y  of  a l l  

sta8es and t o  prcvenk d e s t r u c ~ i v ?  v i b r a t i o n ' a f  t h e  blad ing  jn t h e  l a t t e r  

s t a g e s .  The t h r u s t  bea r ing  i s  1 o c a t e d . a t  t h e  h igh  p r e s s u r e ' e n d  s o  t h e  

sma l l  b l a d e l h e i g h t  s t a g e s  w i l l  be c l o s e l y  c o n t r o l l e d  w i t h i n  t h e i r  running 

pos i t i ons .  Labyr in th  s e a l s  t h a t  i s o l a t e  t h e  va r ious  s t a g e s  a r e  designed 

t o  have a  low r a d i u s  from t h e  c e n t e r  of t h e  machine t hus  reducing the flnw 

a r e a  i n  a  c l ea rance  space  and, t h e r e f o r e  t h e  flow t h a t  l e a k s  through, I n  

o r d e r  t o  i n c r e a s e  t h e  e f f i c i e n c y  of t h e  t u r b i n e ,  an e x i t  d i f f u s e r  ha s  been 

u t i l i z e d  which r ecove r s  some of t h e  s t a t i c  p r e s s u r e  .drop t h a t  was neces- 

s a r y  t o  g e t  t h e  flow through t h e  l a t t e r  s t a g e s  of t h e  machine. The wheels 

and b lades  of t h e  t u r b i n e  a r e  s p e c i f i e d  t o  be made of B5F5 wrought s t ee l  

a l l o y  and t h e  ca s ing  and s t a t o r s  of  2-114 Cr-Mo a l l o y  steel ,  

4.5.2 VAPOR GENEKATORS 

S e v e r a l  bottoming cyc l e  machines t h a t  a r e  being developed by t h e  

Department of Energy u t i l i z e  va r ious  types  of vapor gene ra to r s .  The t h r e e  

most common types  a r e  the nat11ra1 c i r c u l a t i o n  b o i l e r ,  t h e  forced circula- 

t i o n  b o i l e r  and t h e  once-through b o i l e r .  For t he  to luene  bottoming cyc l e  

i t  was decided t o  u t i l i z e  t h e  b e n e f i t s  of  a  once-through des ign .  The 

once-through des ign  e l i m i n a t e s  t h e  drum and g e p a r a t o r s  and t h e  n a t u r a l  

c i r c u l a t i o n  c i r c u i t s .  It can be used below and above t h e  c r i t i c a l  pres-  

s u r e  of t h e  f l u i d  t h a t  i s , b e i n g  used. It c o s t s  l e s s  because no c i r cu -  

l a t i n g  pumps o r  vapor drums are r equ i r ed ,  and i t  tends t o  reduce t h e  

' number of p l a c e s  t h a t  leakage of t h e  working f l u i d  could occur.  Shown 

i n  Figure 4-18 is  a  temperature  h e a t  flow p l o t  f o r  t h e  vapor gene ra to r .  

The upper l i n e  shows t h e  v a r i a t i o n  of gas  t u r b i n e  exhaust  gas  tempera- 
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F i g u r e  A-17. Toluene Vapor Turbine for  Pipeline Bottoming 
Cycle (GE-AEP) 
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F i g u r e  4-18. Vapor-Generator T e n p e r a t u r e  D i s t r i j u t i o n  



t u r e  a s  i t  l e a v e s - t h e  t u r b i n e  and p roceeds  through t h e  vapor  g e n e r a t o r .  

The luwer t o l u e n e  l i n e  s tarts  from t h e  condensing c o n d i t i o n  of 145"F, 

goes  through t h e  p r e h e a t i n g  s e c t i o n  and t h e n  changes o v e r  t o  t h e  evapora-  

t i v e  s e c t i o n  and f i n a l l y  a  s m a l l  amount of s u p e r h e a t  i s  shown a t  t h e  ex- 

treme r i g h t .  I t  is  n e c e s s a r y  t h a t  a minimum tempera tu re  d i f f e r e n c e  b e  

main ta ined  between t h e s e  two l i n e s  i n  o r d e r  t h a t  t h e  l o g  mean t e m p e r a t u r e  

d i f f e r e n c e  between t h e  combustion g a s  and t h e  t o l u e n e  be  l a r g e  enough. 

Shown i n  Tab le  4-15 a r e  t h e  pa ramete rs  which d e f i n e  the.  h e a t  exchanger  

geometry. Th is  vapor  g e n e r a t o r  i s  a  m u l t i p a s s  c ross -counte r f low d e s i g n  

w i t h  t u b e s  t h a t  have d i s c  f i n s  and a s h e l l  and t u b e  h e a t  exchanger .  The 

dimensions  f o r  t h e  t u b i n g  a r e  shown i n  t h e  t a b l e .  Shown i n  F i g u r e  4-19 

i s  t h e  vapor  g e n e r a t o r  t u b e  geometry. A s  can  be  s e e n  t h e r e  a r e  two h e a d e r s ,  

one a t  t h e  top  and one a t  t h e  bottom. Toluene comes i n  a t  t h e  t o p  and 

l e a v e s  as vapor  a t  t h e  bottom. The exhaus t  g a s  f lows v e r t i c a l l y  upward 

th rough  t h e  t u b e  bank. With t h i s  t y p e  of d e s i g n ,  i n  which b o t h  h e a d e r s  

a r e  on t h e  same s i d e ,  d i f f e r e n t i a l  the rmal  expansion between t h e  t u b e s  

and t h e i r  a t t a c h m e n t s  t o  t h e  t u b e  bundle  frame can be  minimized.  Shown 

i n  t h e  upper r i g h t  hand c o r n e r  of t h e  diagram i s  t h e  geometry o f  t h e  t u b i n g  

and t h e  s p a c i n g  p a t t e r n  t h a t  was chosen f o r  t h i s  d e s i g n .  Shown i n  Tab le  . 
4-16 is  a  comparison o f  t h e  d e s i g n s  f o r  vapor  g e n e r a t o r s  t h a t  w i l l  b e  r e -  

q u i r e d  a t  t h e  t h r e e  d i f f e r e n t  s i t e s  which a r e  i n  c o n s i d e r a t i o n  on t h i s  

program. Near t h e  t o p  o f  t h e  t a b l e  is shown t h e  d u t y  i n  BTU p e r  hour  re- 

q u i r e d  of each  o f  t h e  vapor  g e n e r a t o r s  f o r  t h e  t h r e e  s i t e s .  Also  shown 

a r e  t h e  v a l u e s  o f  t h e  e x h a u s t  g a s  i n l e t  t empera tLre  t o  t h e  vapor  genera-  

t o r  because  o f  t h e  e x i s t e n c e  o f  t h e  t h r e e  d i f f e r e n t  g a s  t u r b i n e s  a t  t h e  

t h r e e  s i t e s  and d i f f e r e n t  ambient t e m p e r a t u r e s  which were assumed f o r  t h e  

t h r e e  sites. The g a s  f low r a t e s  a l s o ' . v a r y  f o r  t h e  gas  t u r b i n e s  because  

one of t h e  u n i t s ,  namely t h e  'one tit Burney, 'CA, i s  des igned  f o r  3200 f e e t  

whereas t h e  o t h e r  two. a r e  a t  s e a  l e v e l .  The t o l u e n e  i n l e t  and e x t t  tem- 

p e r a t u r e s  a r e  approx imate ly  e q u a l  f o r  each o f  t h e s e  t h r e e  d e s i g n s .  The 

h e a t  t r a n s f e r  a r e a  v a r i e s  from 57,800 t o  61,900 s q .  f t .  The p r e s s u r e  

d r o p s  on t h e  s h e l l  s i d e  a r e  w i t h i n  t h e  range  from 3.6 t o  4.14 i n c h e s  o f  

w a t e r .  A s c r e e n  i s  prov ided  u p s t r e a m . o f  t h e  tube  bundle  i n  o r d e r  t o  h e l p  

d i s t r i b u t e  t h e  combustion gas  o v e r  t h e  e n t i r e  f a c e  of t h e  vapor  g e n e r a t o r .  

Because of t h e  use  of a once-through d e s i g n  s u b s t a n t i a l  o r i f i c e  p r e s s u r e  

d rops  i n  t h e  l i q u i d  end of t h e  t u b i n g  a r e  provided t o  m a i n t a i n  p a r a l l e l  

channe l  l s t a b i l i r y  i n  t h e  oprra l i l ja  of t h e  vapor g e n e r a t o r .  A s k e t c h  i s  



TABLE 4-15 

HEAT EXCHANGER GEOMETRY 

.. TYPE': Multipass Cross-counterflow; Tubes With 
Disc Fins. Shell and' Tube 

Tube.Diameter (inch) 1.5 

Tube Wall Thickness (inch) 0.083 

Transverse Pitch (inch) 

Longitudinal Pitch (inch) 

Fin Outer Diameter (inch) 

Fin Thickness (inch) 

, No. of Fins/~nch 

. Length of the Tube (feet) 

Width of tha IIX ( f tce)  



BOILER TUBE DETAIL AND SPACING PATTERN 
. . 

I - k  
Figure 4-19. Vapor Generator Tube Geometry. 

SECTION - AA 



TABLE 4-16 

COMPARISON OF THE TOLUENE 3OTTOMING CYCLE V U 3 R  GENERA.TOR DE.SIGNS FOR THE THREE SITES 

byne, L4 Covingcon, TN Burney, CA 

Duty (Btu/Hr) 7.061 x lo7 6.4974 x 10 7 6.240 x lo7 

Exhaust Gas 

Inlet Temperature ( OFj 

Outlet Temperature (v) 
?,lass Flow Rate (lbs/sec) 

Toluene 

. *  
I 

Inlet' ~emperature (OF) 
Cn 
o Outlet ~emperature(OF) 

Idass Flow Rate (lbs/lu) 

  eight of the HX (feet) 9.625 

Number of Passes 2 8 

Number of Tubes Across 2 9 

2 Heat Transfer Area (ft ) 57,774 ' 

Shell Side Pressure Drop (inch water) .4..06 
. . 

Screen Pressure Drop (in:h,water) 0.5 

Tube-Side Pressure Drop [ p s i )  . 2i.O 

Orifice Pressure Crop (psi) 34.2 



shown i n  F igure  4-20 of  t h e  vapor genera tor  and i n d i c a t e s  t h e  way, i n  which 

i t  w i l l  b e  constructed.  I n  a d d i t i o n  t h e  he igh t  of t h e  h e a t  exchanger which 

is  d i f f e r e n t  . f o r  t h e  d i f f e r e n t  des igns  is t abu la t ed  i n  t h e  lower r i g h t  

corner . .  The o t h e r  two dimensions, t h e  ffnned tube l eng th  and t h e  l eng th  

of t he  h e a t  exchanger, a r e  t he  same f o r  a l l  t h r e e  designs.  Showri i n    able 
4-17 are v a r i a t i o n s  i n  t he ' vapor  genera tor  design t h a t  come about through 

t h e  use  of a l t e r n a t e  f l u i d s ,  ~ l u o r i n o l - 5 0 ,  RC-1 and RC-2. These des igns  

a l l  apply t o  the  Covington gas t u r b i n e  cond i i i ons  f o r  comparison. It can '  

.be . seen  t h a t  h e a t  t r a n s f e r  s d r f a c e  a r e a s  vary  from 61,900 down t o  53,790 
2 

f t  . .Shown i n  F igure  4-21 is t h e  ske tch  of t h e  vapor gene ra to r  i n  which 

the  he ight  of t h e  tube bundle is shown f o r  each of t h e  four 'working f l u i d s  

a t  t h e  Covington, ,TN s i t e '  of t h e    ex as G a s  Transmission Corp. Shown i n  

F igure  4-22 is  an  i n s t a l l a t i o n  drawing of t h e  vapor gene ra to r  showing t h e  

exh.aust gas e n t e r i n g  t h e  vapor genera tor  a t  t h e  bottom of  t h e  s t a c k  a t  

t h e  top. ~ u t s i d e ' d i m e n s i o n s  of t h e  vapor gene ra to r  a r e  shown i n  t h i s  draw- 

ing. Also shown a r e  t h e  , l i q u i d  manif o l d  i n  a t  t h e  top  and t h e  vapor mani- 

f o l d  out  a t  t h e  bottom of t h e  vapor generator .  

. . .. . .  

I n  a d d i t i o n  t o  . the  appara tus  depic ted  i n  t he  foregoing  drawings, t he  

fol lowing appara tus  i s  requi red  f o r  t h e  vapor gene ra to r .  F i r s t  of a l l  t h e r e  

must be a  d i v e r t e r  va lve  which w i l l  p e d t  d i v e r t i n g  t h e  exhaust  gas  around 

the  vapor genera tor  when.the bottoming cyc le  appara tus  i s  not  ope ra t iona l .  . . 

I n  a d d i t i o n  the  vapor genera tor  must have acces s  doors f o r  maintenance. 

These 'should be on t h e .  ends of t h e  vapor genera tor  so  t h a t  acces s  can be had 

t o  t h e  tube  bends. C02 f i r e  ex t ingu i sh ing  nozz les  a r e  t o  be loca t ed  i n s i d e  
. . 

the  vapor genera tor  so t h a t  i n  t he  event  of a  to luene  l e a k  t h e  CO ex t in -  
2 

guish ing  system loca t ed  near  ' the  vapor genera tor  can provide CO t o  e x t i n -  
2  

guish  t h e  f i r e .  I n  a d d i t i o n  a  water  spray  system must be provided a s  i n d i -  

ca ted  above t o  spray t h e  vapor genera tor  and i t s  s t r u c t u r e  from t h e  ground 

t o  t en  f e e t  above the  tube bundle. A t rench  and drainage system t o  a  s a f e  

l o c a t i o n  arranged so  t h a t  t he  to luene  could not  soak i n t o  t h e  ground w i l l  be 

used t o  drain off  the working f l i ~ i d  and t h e  f i r e  p r o t e c t i o n  water  fo l lowing  

the  procedures recommended by t h e  National  F i r e  P r o t e c t i o n  Associat ion.  And 

f i n a l l y ,  s i n c e  t h e  to luene  vapor p re s su re  i s  higher  than  t h e  ambient a i r  

p re s su re ,  t h e r e  w i l l  be s a f e t y  ven t s  and i n t e r l o c k s  on the  vapor gene ra to r  

c o n t r o l  i n  t he  event  of an overpressure  s i t u a t i o n .  An i n t e r l o c k  w i l l  a l s o  

be used t o  a c t u a t e  t he  d i v e r t e r  va lve  i n  t h e  event  t h e  cool ing  a i r  f a i l e d  

t o  flow through t h e  condenser. 

4-51 
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TABLE 4-17 

VAPOR GEXERATOR DESIGNS WITH OTHER ORGANIC FLUIDS 

' 1  

Flu id  (Operating P re s su re )  

Duty ( ~ t u / ~ r )  

Exhaust Gas 

I n l e t  Temperature (OF) 

O u t l e t  Temperature (OF). 

Mass Flow Rate ( l b s / s e c )  

.Organic F lu id  

Fluorinol-50. (400 p s i )  RC-1 .(600 p s i )  RC-2 (270: p s i )  

7 6.5127 x 1 0  7.3578 'x l o 7  6.6377 x 1 0  
7 

I n l e t  Temperature (OF) 148 

ou t i e t  ~ e m p e r a t u r e '  (OF) 500.9 

 ass F ~ O W  Rate ( lb s /h r ) '  . i73,050 

Height of t h e  HX ( f e e t )  10.3 

Number of Passes  30 

Number of Tubes Across 29 

2  eat Trahs fe r  Area ( f t  ) 61,900 

She'l l-Side P re s su re .  Drop ' ( inch water )  4.94 

Screen p r e s s u r e  ~ r o p  ( i nch  water)  0.5 

Tube-Side P re s su re  Drop ( p s i )  15.8 

O r i f i c e  P re s su re  Drop ( p s i )  32.4 
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F i g u r e  4 -22 .  Vapor G e n e r a t o r  Plan and E l e v a t i o n  
V i e w s .  



The vapor gene ra to r  w i l l  b e  made of t he  fol lowing m a t e r i a l s .  The 

b o i l e r  tubes and f i n s  would b e  SA 178A, the  tube suppor ts  would be A36, 

t h e  headers  would be  SA 108B, and the  cas ing  would be low carbon s t e e l .  

4.5.3 CONDENSER 

The condenser would be  of t h e  a i r  cooled type  made of a number of 

modules of s i m i l a r  design.  Shown i n ' F i g u r e  4-23 i s  a p l o t  of t h e  tempera- 

ture of working . f l u i d  and t h e  cool ing  air  versus  t h e  amount of h e a t  re- 

j e c t e d  b y . t h e  condenser. From the  f i g u r e  i t  can be seen t h a t  a l a r g e  

amount of supe rhea t  h a s  t o  be  removed by t h e  condenser because of t h e  

f a c t  t h a t  no r egene ra to r  was used i n  t he  system. Shown i n  Table 4-18 

a r e  t h e  geometr ica l  deLa i l s  of t he  tub ing  f o r  t h e  a i r  cooled condenser. 

The condenser has  a s i n g l e -  pass  on t h e  working f l u i d  s i d e ,  t he  tubes a r e  

f i nned  and aluminum t i n s  a r e  placed on s t e e l  ~ u L e e .  Each u n i t  hao a 

forced d r a f t  f an  .to c i r c u l a t e  t he  c o o l i n g ' a i r  and one can e i t h e r  use a 

v a r i a b l e  p i t c h  fan  and f ixed  speed motor o r  a two speed motor and f ixed  

p i t c h  of f a n  t o  supply d i f f e r e n t  amounts of a i r  flow t o  t h e  condenser. 

Shown i n  F igure  4-24 i s  a drawing of t h e  tube bundle geometry showing the  

propor t ions  of t h e  tube ,  f i n  and t h e  spacing. 

An air  cooled h e a t  exchanger was s i z e d  f o r  each of t h e  compressor 

s i t e s  and i n  Table 4-19 is  shown the  r e s u l t s  of t h a t  s i z i n g .  The duty f o r  

each of t h e  t h r e e  condensers is  shown a t  t he  top of t h e  t a b l e .  A l l  t he  

p e r t i n e n t  condi t ion6  of  the w ~ r k i n g  f l ~ i i d  and t he  cooling a i r  a r e  a l s o  

shown. It  can be seen  t h a t  t h e  h e a t  t r a n s f e r  a r e a  is  . l a r g e s t  f o r  t he  

Rayne s i t e  and s m a l l e s t  f o r  t h e  Burney s i t e .  The es t imated  fan  horse- 

power is also s h o w  i p  the  t a b l e .  A l l  t h r e e  s i t e s  r e q u i r e  ten u n i t s  i n  

p a r a l l e l ,  each wi th  a . s l i g h t l y  d i f f e r e n t  u n i t  l ength .  Shown i n  Table 4-20 

i s  a comparison of t h e  condensers f o r  the  Covington s i t e  c a l c u l a t e d  f o r  

t h r e e  o t h e r  f l u i d s ,  Fluorlnol-50,  RC-1 and RC-2. Tl~r RC-1 requires the 

most hea t  t r a n s f e r  a r e a ,  over  195.000 i tL,  and Fluorinol-50 r e q u i r e s  tllr 
2 

l e a s t  hea t  t r a n s f e r  a r e a  approximately 130,000 f t  . Because of t h i s  

v a r i a t i o n  i n  t he  hea t  t r ' ansfer  a r ea ,  t h e  ~ l u o r i n o l '  condenser can be made 

up .of tl u n i t s  i n s t e a d  of 10 l i k e  the oth.er f l u l d s .  S11own i n  Figure 4-25 

is  a p l an 'v i ew of t h e  condenser. In '  t h i s  drawing a r e  t a b l e s  which Show 

the  dimension' A on the  drawing f o r  each f l u i d  and f o r  each s i t e .  Also 
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TABLE 4-18 

AIR-COOLED CONDENSER TUBE-GEOMETRY-DETAILS 

' '  TYPE: s i n g l e  Pass, Finned-Tube unite.  Aluminum Fins 

.on S t e e l  Tubeo,r 
. . Multiple Units Arranged in P a r a l l e l  

' 

Each Unit Required Fan f o r  Forced-Draft Circula t ion 

AVP or  Two Speed Motors a r e  used as-Drivers 

.. Tube Diameters .(inch) 

Wall Thickness (inch) 0.06 

~ k b e r  of Laye.rs . 4 . 3  

Triangular Pi tch  (inch) 2.'625 

Fin Outer ~ i a m e t e r  (inch) 2.5 

No. of Fins Per  Inch 12 

Nn. nf. Tlihes Prr Iln.lt .I 6L 

Width of t h e  Unit ( f e e t )  12 



Figure 4-24. Air-Coo,led Hea..t Exchanger'~ube Spacing. . . 



TABLE 4-19 . . 

S i t e  -- 

COMPARISOK OF AIR-COOLED CONDZl3ZR DESIGNS FOR THE THREE SITES FOR TOLUENE CYCLE 

Duty '(B t u / ~ r )  

Toluene 

I n l e t  Temperature (OF) 

O u t l e t  Temperature (OF) 

Condensing Temperature  (OF) 

Covington,  TN Burney, CA 

E. 
I 

Air 

9 0  9 3 I n l e t  Temperature  (OF) 9 0 

O u t l e t  T e m p e r a t . ~ r e  (OF) 125.4 125.4  125.4 
6 Flow Rate  ( l b s / i r l  6.53 x 1 0  6.01 x lo6 5.77 x 1 0  

6 

Face V e l o c i t y  (Et;min> 810 915 922 

2. 184,837 ,169,735 .Heat T r a n s f e r   are^ (ft ) 162,957 

Length o i  t h e  Uni t  ( f e e t :  l f  .5 12.35 11.85 

10 1 0 No. O f  U n i t s  i n  P~rallel 1 0  

Fan Horsspover ,  hp 241 3.01 303 



TABLE 4-20 - 
COMPARISON OF THE AIR-COOLED CONDENSER DESIGNS WITH OTHER FLUIDS 

(FOR COVINGTON, TN SITE) 

Working F lu ids  Fluor  inol-5.0 . . RC-1 - RC-2 

Duty ( B t u l ~ r )  

. . 
F l u i d .  

I n l e t  Temperature (OF) 200.6 275.7 196 

Ou t l e t  Temperature (OF) 145 145 145 

Condensing Temperature (OF) 150 150 150 

Flow Rate  ( l b s l h r )  173,050 

P A i r  ' 

In le t  ~ e m p e r a t u r e  (OF) 

O u t l e t  Temperature (OF) 

Fac.e Veloci ty  ( f  t lmin)  
Flow Rate  ' ( l b s lh r )  

2 Heat e ran sf er Area ( f t  ) 

Length of t h e  Unit  ( f e e t )  

No. of Uni t s  i n  P a r a l l e l  

Fan Horsepower, hp 
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t h e  number of u n i t s  r equ i r ed  f o r  each des ign  a r e  shown. Shown i n  Fig- 

u r e  4-26 a r e  t h r e e  views of a  s i n g l e  f a n  u n i t .  Each u n i t  s t a n d s  on a  

frame above t h e  ground and is  provided w i t h  a  motor beneath t h e  h e a t  ex- 

changer t o  d r i v e  t h e  fan. The m a t e r i a l s  to. be  used i n  t h e  a i r -cooled  

condenser a r e  a s  fol lows:  SA214 f o r  t h e  tubes ,  aluminum f o r  t h e  f i n s ,  and 

SA515 f o r  t h e  box and s p e c i a l  cover. The condenser f o r  t h e  Covington 

s i t e  is  e s t i m a t e d  t o  weigh ,121,840 pounds. 

4.5.4 CONTROLS 

Shown ' in  Figure.4-27 is a . s c h e m a t i c  diagram of  t h e  bottoming c y c l e  

showing t h e  s e v e r a l  c o n t r o l s  which a r e  necessary  f o r  i t s  ope ra t i on .  A t  

t he  l e f t  an exhaus t  gas  d i v e r t e r  va lve  is shown t o  bypass t h e  vapor  genera- 

t o r  when the  bottoming cyc l e  is n o t  t o  be  ope ra t i ona l .  There is  a  t u r -  

b i n e  flow c o n t r o l  va lve  between t h e  vapor gene ra to r  and t h e  vapor  t u rb ine .  

This  flow c o n t r o l  va lve  w i l l  a l s o  a c t  a s . a  s t o p  v a l v e  i n  an emergency 

s i t u a t i o n  f o r  . t h e  t u rb ine .  Shown i n  t h e  f i g u r e  a r e  pump and t u r b i n e  by- 

pass  va lves .  Ins t rumenta t ion  w i l l '  b e  provided t o  read  t h e  p r e s s u r e  and 

temperature  o f  t o luene  vapor coming from t h e  vapor  gene ra to r .  Also, a 

read ing  of  t h e , s p e e d  of t h e  vapor t u r b i n e  s h a f t  w i l l  be  made. The bottom- 

ing  cyc l e  w i l l  be  s l a v e d  t o  t h e  prime mover. When t h e  p r e s s u r e  r ead ing  

a t  t he  e x i t  from t h e  vapor gene ra to r  i s  too . low,  t h e  pump bypass va lve  

w i l l  be  a c t u a t e d  t o  c o r r e c t  t h e  p re s su re  e r r o r .  The t u r b i n e  f low con- 

t r o l  va lve  responds t o  t h e  temperature  of t h e  vapor gene ra to r  o u t l e t .  

The t u r b i n e  flow c o n t r o l  va lve  a s s u r e s  t h a t  t h e  temperature  of t h e  t o luene  

does n o t  exceed a l i m i t  of  s l i g h t l y  above 550°F, When t h i s  temperature  

begins  t o  r i s e  above 500°F t h e  t u r b i n e  flow c o n t r o l  va lve  opens ' t o  a l low 

more flow through t h e  vapor gene ra to r  t o  absorb t h e  energy. This  re- 

duces t h e  temperature  a t  t h e  e x i t  of  t h e  vapor  genera tor .  I n  t h e  event  

of an overspeed read ing  on t h e  vapor t u r b i n e  s h a f t  t he  t u r b i n e  flow con- 

t r o l  w i l l  be c losed  and t h e  t u r b i n e  bypass va lve  w i l l  open s o  t h a t  t h e  

flow f r p m ' t h e  vapor gene ra to r  goes d i r e c t l y  t o  t h e  a i r -cooled  condenser.  

These two a c t i o n s  keep t h e  vapor t u r b i n e  from running away i n  t h e  ca se  

of a  sheared s h a f t  o r  i n  t h e  case  of an a l t e r n a t o r  being d r iven  and t h e  

breakers  being t r ipped .  Af t e r  the  t u r b i n e  bypass va lve  has  opened allow- 

i ng  the  vapor t o  go d i r e c t l y  t o  t h e  condenser t he  c o n t r o l  system a c t u a t e s  

t h e  exhaus t  gas  d i v e r t e r  va lve  and d i v e r t s  t h e  flow around the  vapor 
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g e n e r a t o r .  A t  t h i s  p o i n t  t h e r e  i s  no  energy going i n t o  t h e  bot toming 

c y c l e . a n d  t h e  t u r b i n e  w i l l  s t o p .  The c o n t r o l  t h e n  sets a l l  o f  t h e  v a l v e s  

, i n  c o r r e c t  p o s i t i o n  f o r  s t a r t u p .  For  t h e  c a s e  i n  which t h e  bo t toming  

c y c l e  d r i v e s  t l ~ c  g e n e r a t o r ,  a s '  f o r  t h e  Ilexas Gas S i t e  i n  Covington,  TN; 

c o n t i o l s  will I,e added t o  p e r m i t  t h e  bot toming c y c l e  t u r b i n e  t o  respond 

t o  t h e  p r o c e s s  o f  s y n c h r o n i z i n g  t h e  g e n e r a t o r  w i t h  a l i n e  which i t  is  

g o i n g  t o '  f e e d .  

Other  sys tem components f o r ' t h e  most p a r t  w i l l  be  commercia l ly  a v a i l -  

able cquipmcnt.  S p c c i f i c n t i o n c  c o v c r i n g  t h c ~ c  componants i n d i c a t i n g  the 

klciiil type  ( t a l u e a e ) ,  p re33ure3 ,  t empera tu re3 ,  F l o w  r a t c o ,  c t e ' . ,  d i c t a t c d  by 
.. -\ 

t h e  sys tem c y c l e  d e s i g n  w i l l  be n e c e s s a r y .  ,.P.,:;le . . a r e a  of p i p i n g ,  e x p e r i e n c e  

g a i n e d  by t h e  r e f i n e r i e s  i n  t h e  d e s i g n  and%: : . )*a t ion  o f  t o l u e n e  ' p r o d u c t i o n  

p l a n t s ' w i l l  be u t i l i z e d .  Welded t y p e  j o i n t s .  would be used  wherever  p o s s i b l e  

through o u t  t h e  t o l u e n e  vapor  o r  l i q u i d  - p l p ; n g  system.  Where mechan ica l  

j o i n t s  o.E t l ~ e  f l a n g e  t y p e  a r e  r e q u i r e d  a ~ l e x i t a l l i c  ( i . e . ,  s p i r a l  m e t a l  and 

asbest0.s.)  o r  G r a f o i l  g a s k e t  i s  recommended. G r a f o i l  a s  manufactured by ~ n i o ' n  

Carb ide  Corp.  w o u l d ' a l s o . b e  u t i l i z e d  f o r  val've s t e m  pack ing  g l a n d s . .  Approx- 

i m a t e l y  9 m i l l i o n  pounds of t o l u e n e  a r e  produced i n  the'USA each y e a r .  With 

p r o p e r  d e s i g n  s p e c i f i c a t i o n s  and a d e q u a t e  q u a l i t y  c o n t r o l  of manufac tu r ing  
. . 

and i n s t a l l a t i o n ,  no major  problems a r e  a n t i c i p a t e d  w i t h  sys tem components 

t r a n s p o r t i n g  this f l u i d .  

4.5.6 INSTALLATION OF THE BOTTOMING CYCLE ON THE COMPRESSOR SITES 

..Shown i n . ~ i g u r e . 4 - 2 8  i s  t h e  concep t  of t h e  bot toming c y c l e  appara-  

t u s  f o r  t h e  t h r e e  s i t e s  t h a t  have been s e l e c t e d  f o r  t h i s  d e s i g n .  Shown 

on t h c  r i g h t  hand s i d e  of t h e  drawing a r e  t h e  vapor  g e n e r a t o r  connected 

by an  e x h a u s t  d u c t  t o  t h e  t u r b i n e  a t  t h e  lower p a r t  of t h e  f i g u r e ,  t h e  

equipment s k i d  which i s  t o  t h e  l e f t  o f  t h e  vapor  g e n e r a t o r  and t h e  a i r  

coo led  condenser .  Dimensions a r e  shown on t h i s  drawing o f  a t y p i c a l  in -  

s t a l l a t i o n .  The a i r - c o o l e d  condenser  i s  approx,imately 60 f e e t  long  and 

45 f e e t  wide.  The vapor  g e n e r a t o r  is  approx imate ly  1 8  f t  x 1 0  f t .  And 

t h e  equipment s k i d  i s  approx imate ly  1 8  f t  long and 12-112 f t  wide.  Shown 

i n  t h e  c r o s s  s e c t i o n  AA a r e  t h e  exhaus t  d u c t  f o r  t h e  g a s  t u r b i n e  v e r t i -  

c a l l y  above t h e  t u r b i n e  and a h o r i z o n t a l  e x h a u s t  d u c t  l e a d i n g  t o  t h e  
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base of t h e  vapor genera tor .  The equipment sk id  Is shown t o  t h e  l e f t  

of t he  vapor genera tor .  I n  t h i s  design a r ecupe ra to r  was incorpora ted .  

Shown i n  F igure  4-29 is  a t y p i c a l  i n s t a l l a t i o n  of t h e  vapor gene ra to r  and 

the  exhaust  duc t  connecting t h e  t u r b i n e  .exhaust hood t o  t h e  vapor genera- 

t o r .  Shown beneath t h e  vapor gene ra to r  is  t h e  d i v e r t e r  va lve  which when 

i n  the  c losed  p o s i t i o n  al lows the  exhaust  gases  t o  go through the  s i l e n -  

c e r  and ou t  through a s tack .  However when t h i s  va lve  is  open the  ex- .  

haus t  gas  flow t u r n s  a corner  upward and goes through t h e  vapor genera- 

t o r .  

4.5.7. COLUMBIA GULF TRANSMISSION COMPANY INSTALLATION 

Shown i n  Table 4-21 a r e  d e s c r i p t i v e  information c o n c e r n h g  t h e  

Rayne s i te  of the.Columbia Gulf Transmission Company. Shown i n  F igure  

4-30 is  a p lan  view of t h e  i n s t a l l a t i o n  a t  t h i s  site. On t h e  l e f t  i s  

shown t h e  c e n t e r l i n e  of t h e  gas t u rb ine ;  t he  exhaust  hood i s  shown de- 

l i v e r i n g  exhaust  gas t o  t he  r i g h t .  The vapor gene ra to r  i s  between t h e  

exhaust  hood of t he  tu rb ine  and the  s t ack .  Above the  vapor gene ra to r  is  

shown the equipment sk id  and connect ing the  equipment sk id  t o . t h e  a i r -  

cooled condenser on the  r i g h t  a r e  t he  36-inch-diameter pipes.  The gas  com- 

p re s so r  which is put  i n  p a r a l l e l  wi th  t he  r e c i p r o c a t i n g  compressors. a t .  t h e  

s i t e  is shown t o  t h e , r i g h t  of t h e  equipment s k i d  and d i r e c t l y  below t h e  

36-inch-diameter duc t s  connect ing , t he  equipment sk id  t o  t h e  bank of  'condensers.  

4.5.8 PACIFIC GAS AND ELECTRIC COMPANY INSTALLATION 

Shown i n  Table 4-22 is d e s c r i p t i v e . m a t e r i a 1  concerning the  Burney 

site of t he  P a c i f i c  Gas end E l e c t r i c  Company system. Shown i n  Figure 

4-31 is  a p lan  view of t he  bottoming cyc le  i n s t a l l e d  on the  Burncy s i t e .  

The gas compressor e x i s t i n g  a t  the  Burney s i t e  now i s  loca t ed  d i r e c t l y  

t o  the  r i g h t  of t h e  gas gene ra to r  and t u r b i n e  hood shown a t  t he  upper 

l e f t  hand p a r t .  of t h i s  f i gu re .  This compressor has an a x i a l  i n l e t  and 'a 

s i d e  o u t l e t .  I n  t he  present '  i n s t a l l a t i o n ,  however, t h e  bottoming cyc le  

d r i v e s  t he  same compressor a s  t h e  gas t u rb ine  d r ives .  So a new Inge r so l l -  

Rand gas compressor having a s i d e  i n l e t ,  a s i d e  o u t l e t  and a s h a f t  a t  each 

end has t o  r ep l ace  t h e  e x i s t i n g  compressor. The p ip ing  change can be seen 

where the  gas p ipe  comes down t h e  compressor c e n t e r l i n e  and has  3 elbows , 

t o  take the  gas t o  t h e  s i d e  i n l e t ,  I n  t h i s  p a r t i c u l a r  des ign ,  t h e  bottom- 
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Figure 4-23. i p e l i n e  Bottoming C.ycle System Concept: 
3orizontal Gas Turbk~e Exhaust (GE-AEPD). 



TABLE 4-21 

P i p e l i n e  Company Columbia Gull 

Nearby Ai rpo r t  La faye t t e ,  LA 

D i s  t+ce  (Miles) 16 

Annual Average Temperature (9F) 68 

Gas Turbine To Be Bottomed 

5 ~ e  S imp l e  
. . 

S i t e  Power (HP) 13622 

S i t e  Heat Rate (BTUIHP-Hr) 

Gas Turbine Manufacturer 

Power Turbine Manufacturer 

Exhaust Temperature (OF) 

Flow Rate ( l b l s e c )  

9935 

Ro l l s  Roycie 

Cooper Bessemer 

727 

164 

Gas Compressor 

Type ' Cen t r i fuga l  

~ a i i u g a c  t u r e r  Cooper-Bessemer 

Model RF2BB-30 

2 Each Other Gas Turbines 

Type Simple 

Rated Power (HP) . ,  . 12500 : 

Rated Heat Rate (BTU/HP-Hr) . 10060 
. . 

~ e c i p r o c a t  ing Engines 7 Each 

Rated Power ' (HP) . 

Hea t ,  'Rate (BTu/HP-Hr) 8780 

Dot Cuilllr~g Cycle Load 

Compressor i n  P a r a l l e l  t o  ~ e c i ~ r o c a t i n ~ .  Compressors 

Bottoming cyc le  Power (He) . . 5976 

~ l e c t r i c a l  Load '(We) 538 

Combined Heat 'Rate (BTUIHP-Hr) . . 6972 
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' L?igure 4-30.  BGttomin& Cycle u n i t  1C110 (Columbia Gulf Trans-, 
' miss,ion Co. , Rayne , LA Site). 



TABLE 4-22 

DESCRIPTION OF BURNEY, CA SITE 

P i p e l i n e  Company P a c i f i c  Gas & ~ l e c t k i c  

Nearby A i r p o r t  . . . . Redding, CA . . 

D i s t a n c e  (Miles)  6 0 

Annual Average Temperature (OF) ' 5 6 

Gas Turb ine  To Be Bottomed 
, , 

5 p e  

S i t e  Power (HP) 

S i t e  Heat  Rate  (BTU/HP-Hr) 

Gas Turb ine  Manufacturer  

Simp l e  

13170 

General  E l e c t r i c  

Power Turb ine  Manufacturer  I n g e r s o l l  Rand 

Exhaust  Temperature (OF) 713 

Flow Rate  ( l b l s e c )  

Gas Compressor 

Type 

14.7 

C e n t r i f u g a l  

Manufac tu re r  I n g e r s o l l  Rand 

Model CVP-30 
. , ~ ,  , , . 

Oth,er, Gas Turb ines  '!. . l , E a c h  
. , . . Type Recuperated 

Rated Power (HP): 9100 . 

Rated Heat  Ra te  (BTUIHP-Hr) 8750 

R e c i p r o c a t i n g  Engines  None ' 

Rated Power (HP) - 
Heat Rate  (BTUIHP-~r) - 

Bat tornlng Cycle Luad 

Same Compressor a s  Gas Turb ine  

Bottoming ' c y c l e  Power, (HP) 5397 

E l e c t r i c a l  Load ( W e )  476 

Combined Heat  Ra te  (BTUIHP-Hr) 6735 
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i n g  cyc le  t u r b i n e  was removed from t h e  equipment ' s k i d  and placed i n  t h e  

compressor bui ld ing .  An evacuated cover  is put  over  t h e  vapor t u r b i n e  

s o  t h a t  any -leakage of t h e  working f l u i d  can b e  drawn o u t ' b y  t h e  exhaus t ,  

fans.  The equipment s k i d  is shown adjacent  to, t h e  condensers .near  t h e  
. . 

r i g h t  hand s i d e  of t h e  sketch.  Shown i n  the  lower r i g h t  hand corner  of  

t h e  ske tch  a r e  e x i s t i n g  gas coo le r s  'used t o  t ake  t h e  h e a t  ou t  of t h e  
. . 

. n a t u r a l  gas ' a f t e r  it has. gone through t h e  compressor. I n  t h i s  des ign  the '  

gas  t u r b i n e  exhaust  duc t  runs  h o r i z o n t a l l y  away .from t h e  power t u r b i n e  

,and t u r n s  a  r i g h t  a n i l e  up i r i to  t h e  vapor genera tor .  ~ e i o w  t h e  vapor 

' generator .  i n  t he  s k e t c h '  t h e  s i l e n c e r  and exhaust  s t a c k ,  which cari b e  

u t i l i z e d  i n  t h e  event  t h a t  t h e  bottoming cyc le  is  n o t  opera t iona l , .  c a n , b e  

seen. In  t h i s  i n s t ance ,  a c l u t c h  is  p r o v i d e d ' a f t e r  t h e ' v a g o r  t u r b i n e  i n  

o rde r  t o  dec lg tch  t h e  vap0.r t u rb ine  -from t h e  compressor . . should t h e  bottom- 

ing  cyc le  b e  inopera t ive .  Shown i n  ~ i ~ u r e  4-32 is a c r o s s  . i e c t i ~ n  o f :  t h e  
. . 

i n s t a l l a t i o r i .  Here' t h e  l o c a t i o n  b f  t h e  expander s k i d  is shown and t h e  
. . 

l o c a t i o n  o£ t h e  equipment s k i d  is a l s o  shown. Also t h e  new gas cornpressor 
. . ., . 

with  t h e  s i d e  i n l e t s  and . o u t l e t s ' c a n  be  Been. Shown t o  .the l e f t  is  th.  

vapbr g e n e r a t o r  s i t t i n g  above t h e  exhaust  duc t  which comes o u t  horizon- 
. . . . 

. t a l l y  'from t h e  compressor house. The .bu i ld ing  t h a t  the: gas  t u r b i n e ,  corn-. 

p r e s s o r  and vapor t u r b i n e  are. housed. i n  is a l s o  shown. I n  a d d i t i o n  a 

purge duc t  c a n . b e  seen  placed over t h e  vapor t u r b i n e  s o  t h a t  a l l  t h e  

-leakage from t h e  bottoming . cycle .  is  c a r r i e d  'away. Shown on the  r i g h t  are 

t h e  condensers  w i th  t h e i r  f ans  and motors. 

4.5.9 TEXAS GAS TRANSMISSION CORPORATION INSTALLATION ' . 

P e r t i n e n t  f a c t o r s  about . t h e  ~ o v i n g t o n ,  TN S i t e  a r e  s h o ~ o n  Table 

4-23. Shown i n  Figurc 4-33 i a  a p l an  view ,of t h e  p i p e l l h e  bottoming cyc le  

i n s t a l l e d  i n  ' t h e  Covington, TN s i t e  of t h e  .Texas Gas ~ r a n s m i s s i o n  Corp. 

The e x i s t i n g  f a c i l i t y  is shown i n  t h e  upper l e f t  hand c o m e r .  Extending 

downward from t h e  compressor bu i ld ing  i n  t h e  f i g u r e  is '  t he  exhaust  duc t  

lead ing '  t o  t h e  vapor .  gen6rator.  This has' been. placed 50 f e e t  away from 

the  compressor bu i ld ing  f o r  s a f e t y .  Shown i n  t h e  bottom p o r t i o n  of t h e  

f i g u r e  is  a new b u i l d i n g  t o  house the  equipment s k i d  and t h e  c o n t r o l  room 

and d i r e c t l y  to. t h e  r i g h t  of t h i s  b u i l d i n g  are shown the  air-cooled con- 

densers .  Shown i n  Figure . . .4-34 is a  cross' s e c t i o n  through t h e  .compressor 

bu i ld ing  a t  t he  power t u r b i n e  showing t h e  exhaust  duc t  lead ing  t o  t h e  

plenum and s i l e n c e r s  above the t u r b i n e  and extending o u t  t o  tlth r i g h t  t o  





TABLE 4-23 

P i p e l i n e  Company Texas Gas, 
. . 

S i t e  Locat ion Covington, TN 

Nearby Ai rpo r t  

Distance (Miles) 

Memphis, TN 

35 

Annual ~ v e r a ~ e ' ~ e m p e r a t u r e  (OF) 62 

Gas ~ u r b i n e  To B e  Bottomed 

Simple 

S i t e  Power (HP). ' 13835 

S i t e  'Hea t ,  Rate (BTUIHP-Hr) 10567. 

Gas Turbine ~ a n u f  a c t u r e r  P r a t t  & Whitney 

power Turbine Manufacturer Cooper. Bessemer 

Exhaust Temperature (OF) 700 

Flow Rate ( l b l s e c )  

Gas Compressor 

Type 

Manu'fac t u r e r  

Model 

Other  Gas Turbines 

I'y p e 

Rated Power (HP).. - 

Rated 'Heat  Rate (BTUIHP-Hr) 

Rec iproca t ing  Engines . . 

' - ~ a t c d  Powcr (HP) 

Heat Rate (BTUIHP-Hr) 

Bottoming Cycle Load 

Generator - S e l l  Power t o  TVA 

Bottoming Cycle Power (HP) : . 

E l e c t r i c a l  Load (KWe) 

Comb incd Heat Rate (BTU/HP-IIr) 

C e n t r i f u g a l  

Cooper Bessemer 

RF2B-24 

None 

- 
5 Each 3 Each 

1500 1500 

7740 7450 

2 Each 

2500 

7 310 



COMPR fSSOR 
r WILDING 

. . . , , 
L>. . 

F i ~ u r e  4-33. P i p e l i n e  Bottoming Cycle  System, Area  P l ~ n  
(Texas Gas Transmiss ion  Corp.)  



F i g u r e  4-34. P i p e l i n e  B o t t o m i n g  C y c l e  S y s t e m ,  S e c t i o n  T h r u  
T u r b i n e  a n d  Vapor  G e n e r a t o r  ( T e x a s  Gas T r a n s -  
m i s s i o n  C o r p . )  



t h e  vapor  genera tor .  The d i v e r t e r  va lve  is shown a t  t h e  j unc t ion  of t h e  

v e r t i c a l  and h o r i z o n t a l  p ipes .  This  va lve  is used t o  s e l e c t  whether t h e  

exhaus t  gas  f lows through t h e  s i l e n c e r  i n  t h e  normal way o r  goes through 

t h e  vapor gene ra to r  t o  o p e r a t e  t h e  'bottoming cyc le .  A s  can be seen  from 

t h e  drawing, t h e  roof of  t h e  compressor b h i l d l n g  must be  r a i s e d  substan-  

t i a l l y  i n  o rde r  t o  accommodate t h e  d i v e r t e r  va lve  above the  exhaust  power 

t u rb ine .  Shown i n  F igure  4-35 is a  c r o s s  s e c t i o n  a t  90' to' t h e  prev ious  

drawing showing t h e  vapor  gene ra to r ,  t h e  equipment s k i d  and t h e  condenser . 

with  i t s  f a n  motors. S ince  a t . t h i s  s i t e  e l e c t r i c i t y  w i l l  be  genera ted ,  , 

t h e  e l e c t r i c  g e n e r a t o r  is  shown t o  t h e  l e f t  of t h e  gearbox i n t o  which t h e  

t u r b i n e  is  made t o  d r ive .  Also shown on t h e  equipment s k i d  a r e  t h e  su rge  

tank ,  t h e  feed pump;the t u r b i n e  and t h e  r ecupe ra to r s .  

CONCLUS I O N S  . 

The fo l lowing  summarizes some'of t h e  f a c t s  t h a t  have come out  of 

t h e  des ign  of t he  bottoming cyc l e  and t h e  i n s t a l l a t i o n  o f '  t h e  bottoming 

c y c l e . o n  the  s e v e r a l  sites. There a r e  a  number of working f l u i d s  which 

provide  comparable performance bu t  no one f l u i d  has  a l l  of t h e  fol lowing 

c h a r a c t e r i s t i c s  : 

Good Thermodynamic C h a r a c t e r i s t i c s  

Low Toxic i ty  

Nonf lammab i1.i t y  

Luw Cost 
. , 

Good M a t e r i a l s  Compat ib i l i ty  

A l l  t h r e e  s i t e s  can g e t  more than  25% reduc t ion  i n  h e a t  r a t e  which is  

s i g n i f i c a n t l y  more t han  t h e  o r i g i n a l  t a r g e t  va lue  of 20%. There a r e . n o  

insurmountable component des ign  problems t o  s o l v e  be fo re  t h e  bottoming 

' c y c l e  can be designed.  Reasonable i n s t a l l a t i o n  des igns  were found f o r  

t h e  t h r e e  types of  power u t i l i z a t i o n ,  namely pumping gas  w i th  a  smal l  

a d d i t i o n a l  compressor, pumping gas by adding more power t u  tire maill corn- 

p r e s s o r  and gene ra t i ng  e l e c t r i c i t y  f o r  s a l e  t o  t he  g r i d .  Bottoming cyc l e s  

'and t h e i r  i n s t a l l a t i o n s  a r e  f e a s i b l e .  Carefu l  s tudy  i s  r e q u i r e d ,  however, 

. t o  minimize t h e  i n s t a l l a t i o n  cos t .  
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SECTION 5 

.. . ECONOMIC ASSESSMENT 

5 . 1  INTRODUCTION 

The p r e l i m i n a r y  sys tem d e s i g n  r e p o r t e d  i n  t h e  p r e v i o u s  s e c t i o n  was 

f o r  'opt imized va1ue.s of t h e  prime system v a r i a b l e s .  I n  t h i s  s e c t i o n  is  

p r e s e n t e d  t h e  economic e v a l u a t i o n  of t h e  t h r e e  sit'es f o r  which p r e l i m i n a r y  

i n s t a l l a t i o n  d e s i g n s  were c a r r i e d  o u t .  The e c o n o m i c . e v a l u a t i o n s  a r e  pre-  

s e n t c d  f o r  p i p e l i n e  bottoming c y c l e s  composed of commercially a v a i l a b l e  

components. 'l'lle c o s t s  a s s o c i a t e d  w i t h  b r i n g i n g  t h e  bottoming c y c l e  . t o  a 

commercia l ly  a v a i l a b l e  s t a t e  were n o t  i n c l u d e d  i n  t h e  c o s t s  shown. I t  

shou ld  be p o i n t e d  o u t  tha . t  t h e  economic a n a l y s e s  i n  t h i s  s e c t i o n  do n o t  

a p p l y  t o  t h e  d e m o n s t r a t i o n  hardware o r  i n s t a l l a t i o n .  

The a n a l y s e s  were conducted from t h e  v iewpoin t  of t h e  p i p e l i n e  com- 

pany s o  t h a t  an  e v a l u a t i o n  could  be made of t h e  p o t e n t i a l  f o r  commerciali-  

z a t i o n  by means of i n d u s t r y  fund ing .  The economic e v a l u a t i o n  u t i l i z e d  

i n d u s t r y  inves tment  r e t u r n  s t a n d a r d s  a s  provided by c a p i t a l  inves tment  

o p p o r t u n i t i e s  c o n s i d e r i n g  b o t h  r i s k  and r e t u r n .  The v a l u e  of energy saved 

and any o t h e r  b e n e f i t s  were a p p l i e d  based upon t h e  p r e l i m i n a r y  d e s i g n .  

S e n s i t i v i t y  analyses of t h e  e f f e c t s  on t h e  economics of t h e  c o s t  of f u e l  

being u t i l i z e d  by t h e  compressor s t a t i o n ,  c a p i t a l  c o s t ,  inves tment  t a x  

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

r a t e s  were c a r r i e d  o u t .  

I n  t h e  economic assessment  a ' f i g u r e .  of m e r i t  i s  f i r s t  e s t a b l i s h e d  

and t h e n  economic a n a l y s i s  t e c h n i q u e s  were d i s c u s s e d .  The bottoming c y c l e  

a p p a r a t u s  and i n s t a l l a t i o n  c o s t  f o r  t h e  t h r e e  s i t e s  a r e  n e x t  d i s c u s s e d .  

The economic wor th  and a t t r a c t i v e n e s s  of each  of t h e  t h r e e  s i tes  i.s p re -  

s e n t e d  u s i n g . t h e  aforement ioned a n a l y s i s  t echn iques .  The e f f e c t s  of po- . . 

t e n t i a l  i n s t ' i t u t i o n a l  changes  are gxplored r e s u l t i n g  i n  some recommenda- 



t i o n s .  The energy consumption dur ing  bottoming c y c l e  manufacture and in-  
I 

s t a l l a t i o n  . i s  a l s o  presen ted .  
I 

I n  o r d e r  t o  opt imize t h e  Rankine Bottoming c y c l e  (RBC),lt was necessary  

t o  determine what economic f i g u r e  of m e r i t  would be  most u se fu l .  A s tudy  

was made ;f t h e  s e v e r a l  ways i n  which a bottoming c y c l e  could be  used. 

These can b e  grouped i n t o  f o u r  c l a s s e s :  

.I. Run prime mover a t  f u l l  power and u s e . t h e  RBC power t o  aug- 

ment it. (More work f o r  t h e  same fue l . )  . . 

2. . T h r o t t l e  back t h e  p.rime mover to provide the o r i g i n a l  t o t a l ,  

power. (The .same work. f o r  l e s s  f u e l . )  

3. . Shut down less e i f i c i e n t  u n i t s  on t h e  same s i t e .  tn  mainta in  

t h e  same s t a t i o n  power. (The same work f o r  less f u e l . )  

4. Generate  e l e c t r i c i t y  ,wi th  t h e  RBC power. (Ext ra  v a l u a b l e  

energy  f o r  same f u e l . )  

Af t e r  c o n s i d e r a b l e  thought ,  i t  became apparen t  t h a t  t h e  c o r r e c t  

f i g u r e  of merit f o r  f i n a n c i a l  op t imiza t ion  i s  t h e  s p e c i f i c  p r e sen t  worth 

c o s t *  of t h e  RRC, i.n d o l l a r s  pe r  horsepower. This  parameter  can be used 

t o  op t imize  a c y c l e  f o r  a p a r t i c u l a r  s i te  o r  o v e r a l l  system. I t  is  s u b j e c t  

t o  c e r t a i n  l i m i t a t i o n s ,  however. For Cases 1 and 4 above, i t  is  com- 

p l e t e l y  c o r r e c t ,  s i n c e  a l l  t he  new power can be used. For t h e s e  cases, 

t h e  best RBC 1s t h e  one which adds power a t  t h e  lowest  c o s t .  Typi- 

c a l l y ,  t h e  curve  of  d o l l a r s  p e r  horsepower ve r sus  amount of power added 

w i l l  have a minimum. A t  l e s s  added power, t h e  f ixed  c o s t s  predominate,  

and a t  t he  h i g h e s t  added power, the  law of  d i m i n i s h i n i  r e t u r n s  i nc rease8  
/ 

t h e  s p e c i f i c  c o s t  pe r  horsepower. Fn r  Cases 2/and 3, the  ~ i t u o t i o n  18 

more complex. I t  becomes obvious t h a t  t h e  o v e r a l l  S p e c i f i c  Fuel Cone~mp- 

t i o n  of t h e  combination of  prime movere, RBC, and throttl.ed o r  shutdown 

u n i t s  must p rovide  an improved SFC f o r  t h e  e n t i r e  package. I f  i t  does 

n o t ,  and s e v e r a l  c a s e s  s t u d i e d  d i d  n o t ,  i n  f a c t ,  show improvement, t h e  

* The p re sen t  worth c o s t  of  t h e  RBC i s  def ined  a s  t he  o r i g i n a l  i n s t a l l e d  
c o s t ,  p l u s  t h e  p re sen t  worth of 0 & M c o s t s  and replacement of major 
component;s< 



RBC is no t  economic no ma t t e r  how cheap i t  is. I f  t h e  combination is 

b e t t e r ,  then  t h e  s p e c i f i c  d o l l a r s  pe r  horsepower is  t h e  c o r r e c t  RBC finan-  

. c i a 1  f i g u r e  of mer i t .  Based on t h i s  a n a l y s i s ,  i t  was recommended and ac- 

cepted f o r  use  i n  t h e  c y c l e  opt imizat ion.  

5.3 ECONOMIC ANALYSIS TECHNIQUES 

The key problem i n  t h e  economic a n a l y s i s  of t h e  p i p e l i n e  bottoming 

cyc le  i s  t o  eva iua t e  i t  from t h e  viewpoint of t h e  p i p e l i n e  owner. S ince  

t h e  p i p e l i n e  companies are almost a l l  r egu la t ed ,  e i t h e r  by t h e  Fede ra l  

Energy ~ e g u l a t o f y  Commission . (FERC) o r  t h e  S r a t e  Pub l i c  U t i l i t y  Commission 

(PUC) , any eva lua t ion  must inc lude  t h e  e'f f  e c t  of t h i s  r egu la t ion .  I n  t h e  

i n i t i a l  phases of t h i s  c o n t r a c t ,  a s tudy  w a s  made of a p rev ious ly  de- 

.veloped f i n a n c i a l  . p ro j ec t ion  model which permi ts  t h e  s imu la t ion  of p ipe - ,  

l i n e  comp5ny r e g u l a t i o n s  over  a per idd  of many y e a r s  us ing  FERC r u l e s  a s  

w e l l  a s  app ropr i a t e  t a x  laws. . A sample problem was set up, analyzed, and 

t h e  r e s u l t s  s e n t  t o  t h e  team's p a r t i c i p a t i n g  p ipe l ines .  Based on t h e i r  

review and recommendations, a s impler  method, us ing  t h e  incremental  c o s t  

of s e r v i c e s  concept,  w a s  s e l e c t e d  and used f o r  t h e  remainder o£ t h i s  study. 

Both t h e s e  methods a r e  descr ibed  below. 

5.3.1 FINANCIAL PROJECTION MODEL FOR REGULATED PIPELINES 

3 
The Systems, Science and Software (S ) Company has  prepared,  under 

ERDA c o n t r a c t  E(04-03)-1171, a f i n a n c i a l  p r o j e c t i o n  model f o r  r egu la t ed  

p i p e l i n e  companies (Reference' 16) .  This  computer code permi ts  t h e  eco- . . . 

nomic s imula t ion  of a p i p e l i n e  company over  a per iod  of many years .  The 

complete f i n a n c z a l  d e s c r i p t i o n  of t h e  company can be s imula ted ,  i nc lud ing  

t h e  debt-to-equity r a t i o ,  re investment  s t r a t e g i e s ,  t a x  op t ions ,  deprecia-  

t i o n  op t ions ,  e f f e c t s  of FERC r e g u l a t i o n s ,  dividend'  payment d e c i s i o n s ,  ' 

and e s c a l a t i o n  opt ions .  

By modeling t h e  e f f e c t  of energy conserva t ion  techniques wi th  t h e  
3 

S computer code, i t  is  p o s s i b l e  t o  f i n d  t h e  optimum s t g a t e g i e s  f o r  in-  

vestment a s  w e l l  a s  f i nd ing  those .c i rcumstances  which a f f e c t  t h e  use  of 

energy conservation techniques. 

I n  o rde r  t o  a s s e s s  t h e  use fu lnes s  of t h i s  computer code, General 

E l e c t r i c  has  set up a f i c t i o n a l  p i p e l i n e  company, based on d a t a  from FERC 



annual  r e p o r t s  (Reference 17) .  The r e s u l t s  of  t h e  s tudy  of  a  f i c t i o n a l  

p i p e l i n e  company a r e  presen ted  i n  Appendix A and were s e n t  t o  t h e  p a r t i c i -  

p a t i n g  p i p e l i n e  companies f o r  t h e i r  approva l  of  t h e  methodology used i n  

t h e  economic assessment  of t h e  bottoming c y c l e  equipment i n s t a l l a t i o n .  

The comments rece ived  from t h e  t h r e e  p i p e l i n e  companies a l l  in -  

d i c a t e d  t h a t  they f e l t  t h a t  . t h i s  method was b a s i c a l l y  t oo  cumbersome, and 

n o t  t h e  way they would a s s e s s  t h e  p o t e n t i a l  purchase of bottoming cyc l e  

equipment. ~ l t h o u g h  some of t h e  companies use  f i n a n c i a l  p r o j e c t i o n  models 

f o r  l a r g e  c a p i t a l  addi t ions , ,  such a s  a  major new p i p e l i n e ,  t h e  s i z e  of 

t h e  RBC investment  was perce ived  a s  t oo  sma l l  t o  warran t  t h i s  complex 

modcling. Tho p i . p ~ I . i . n e  cornpaniee p r e f e r  t o  use  t h e  same method they 

normally u se  t o  j u s t i f y  t h e i r  r a t e s  t o  t h e  FERC when changes i n  e'quip- 

ment a re 'made  i n  t h e  normal course  of bus iness .  This  method, t h e  "In- 

cremental  Cost of s e rv i ce"  method, is  a l s o  used, i n  p a r t ,  t o  i n f o m '  cus- 

tomers of necessary  r a t e  changes. Hence, t h e  incrementa l  c o s t  of s e r v i c e  

method was recommended by a l l  a s  t h e  p r e f e r r e d  way ea analyze the effect 

of  t h e  bottoming c y c l e  on company economics. 

5.3.2 INCREMENTAL COST OF SERVICE METHOD 

The incrementa l  c o s t  of oc rv i ca  method j.s a r e l a t i v e l y  s imple  way 

t o  anal.yze c a p i t a l  investment dec i s ions .  I t . i s  e s s e n t i a l l y  a  bu i ldup  of  

t o t a l  a n n ~ l a l  incremetl ta l  c o s t s  a s s o c i a t e d  w i t h  an i n d i v i d u a l  p ropusa l  

us ing  r a t e  r egu lac i ans  p re sc r ibed  by t h e  Fcdcrsl- Energy Regul.atory Com- 

mission,  S ince  t h e  customers of  a gas  p i p e l i n e  company a r e  com- 

mi t t ed  t o  repaying t h e  investment  i n  p i p e l i n e  f a c i l i t i e s ,  i n  t h e  form of  

t he  r a t e s  they pay, they a r e  very  i n t e r e s t e d  i n  t h e  n e t  change i n  t he se  

ratt=s c:aused hy an a d d i t i o n a l  investment made by t h e  p i p e l i n e ,  t h e i r '  

s u p p l i e r .  The incrementa l  c o s t  of s e r v i c e ,  i n  a d d i t i o n  t o  be ing  t h e  most 

important  t o o l  used f o r  a s s e s s i n g  the  m e r i t s  of new inves tments ,  i a  a130 

t h e  format used t o  convey t h i s  r a t e  e f f e c t  t o  t he  FEKC s t a f f  for approval  

and t o  t h e  company's customers. ' 

The p i p e l i n e  companies use  t h i s  method because i n  a d d i t i o n  t o  be- 

i ng  r equ i r ed  by FERC, i t  more nea'riy r e f l e c t s  t he  methods used t o  s e l e c t  

inves tments ,  and more e a s i l y  shows t h e  immediate r a t e  ,change e f f e c t s  t o  

p i p e l i n e  customers . 



Key assumptions i n  t h i s  c a l c u l a t i o n  a r e :  f i r s t ,  no change i n  t he  

company's c a p i t a l  s t r u c t u r e  occurs  a s  a  r e s u l t  of t he  investment.  This  

means t h a t  t h e  same' r a t e  of debt-to-equity is  used i n  the  c a l c u l a t i o n  a s  

t h e  company p r e s e n t l y  has. ~ ' e c o n d ,  t h e  new investment must ea rn  t h e  FERC 

approved r e t u r n s  on i t s  own base.  This r a t e  i s  a l s o  based on the  p re sen t  

company e q u i t y  and deb t  s t r u c t u r e .  Th i rd ,  a l l  c o s t s  and c r e d i t s  a r e  in- 

cluded i n  t h e  same way a s  they would be  i n  a  formal r a t e  c a l c u l a t i o n  based 

' on t h e  company's e n t i r e  f i n a n c i a l  s t r u c t u r e .  I n  p a r t i c u l a r , ,  t h e  r a t e  base 

:is def ined  a s  t h e  o r i g i n a l  c o s t  of t h e  added equipment l e s s  average book 

d e p r e c i a t i o n  and wi th  some sma l l e r  co r r ec t i ons .  

The ."equationw of  c o s t  of s e r v i c e  f o r  RBC equipment is  t h a t  t h e  

s av ings ,  e i t h e r  i n  f u e l  n o t  burned o r  s a l e  of e l e c t r i c i t y ,  must be balanced 

by t h e  c o s t s  which t h e  RBC must bear .  Table 5-1 shows these  elements .  The 

key p o i n t  is  t h a t  i f  t h e  sav ings  of gas  o r  revenue of e l e c t r i c i t y  equa l s  
\ 

t h e  c o s t  of s e r v i c e ,  t h e  same p r o f i t  i s  earned f o r  t h e  company and t h e  

gas  p r i c e  t o  t he  customer does n o t  i nc rease .  

A small computer code was w r i t t e n  t o  perform t h i s  c o s t  of s e r v i c e  

c a l c u l a t i o n . .  ( s ee  Table  5-1) I n  a d d i t i o n  t o  t h e  f i r s t  year  c a l c u l a t i o n ,  t h e  

f u t u r e  can be  p red i c t ed ,  us ing  i n f l a t i o n  and e s c a l a t i o n  on key parameters  such 

a s  f u e l  c o s t .  Table  5-2 shows a  ten-year p r o j e c t i o n  f o r  Columbia Gulf w i th  

i n t r o d u c t i o n  of equipment i n  1987. The r e t u r n  r equ i r ed  dec reases  a f t e r  . . 

t h e  f i r s t  y e a r  s i n c e  t h e  investment is dep rec i a t ed ,  and t h e  r a t e  base  in- 

c ludes  t h e  o r i g i n a l  investment l e s s  dep rec i a t i on .  Operat ing and main- 

tenance expenses i n c r e a s e  wi th  i n f l a t i o n .  Proper ty  t ax  was assumed con- 

s t a n t .  S t a t e  and Federa l  Income Taxes decrease. with t h e  l.owes r e t u r n .  

The f u e l  s av ings  is sub t r ac t ed  from the  t r u e  c o s t  of s e r v i c e ,  which i s  

n o t  t h e  normal way of p re sen t ing  t h i s  type of c a l c u l a t i o n .  Hence t h e  

t a b u l a t i o n  "cos t  of s e rv i ce"  i s  a c t u a l l y  t he  d i f f e r e n c e  between the  ac- 

t u a l  c o s t  of  s e r v i c e  and t h e  sav ings  or - revenue  rece ived .  A p o s i t i v e -  

va lue  h e r e  means t h a t  t h e  c o s t  of s e r v i c e  is g r e a t e r  than the  sav ings  

whi le  a  nega t ive  va lue  means t h a t  t he  sav ings  a r e  g r e a t e r  than the  c o s t  

of s e r v i c e .  Typica l ly ,  t he  f i r s t  y e a r  c o s t  of s e r v i c e  i s  t he  h ighes t .  

This  computer code a l s o  performs a  p re sen t  worth cos t  of s e r v i c e  ca l -  

c u l a t i o n ,  t h e  bottom l i n e  showing t h e  l e v e l i z e d  annual ized c o s t  over 

years .  



MAJOR.  ELEMENTS I N  .COST OF SERVICE CALCULATION 

COST OF SERVICE EQUALS SUM 03FOLLOWING ELEMENTS 

ELEMENT DSCRIPTION . COMMENTS 
I I 

Return on Rate Base Allowe& KlI Times Rate Base 

Tax Due t o  Deferred Small Cost Based on Deferred : 

Taxes Taxes 

Rate Base i s  Or ig ina l  Cost of 'RBC 
Less Average Book Depreciat ion P lus  
Miscellaneous small  Correc t ions  Per 
FERC rules . .  

D i f f e re l ce  i n  Tax Deprec ia t ions  and 
F inanc ia l  Depreciat ion Leads t o  an  
Ear ly  Cssh Flow. Which can Earn Noney 
f o r  Company. 

Operating anc Main- Inc ludes  Normal Cost f o r  Oper- Based. oa ~ s t i m a t e  f o r  , ~ b d i v i d u a l  Case. 
tenance ~ x p e x s e s  a t i o n s ,  Repairs ,  E l e c t r i c i t y ,  

Major P a r t s  .Replacement, and 
Insurance 

I ~ e ~ r e c i a t i o n  Straight-Line for ,Book Purposes - Rate Negotiated wi th  FERC. I 
Property Tax 

Federal  Tax 

10% of '  Ins ta l le 'd  Coat 

Tax on T w s b l e  Income Per  Fed=ra l  48% Rate Used, a s  Well a s  Accelerated 
Tax Rules  Depreciat ion 

S t a t e  Tax S t a t e  Income Tax 10% of Federal  Tax - 

. 

For Rankine Bottoming Cycle, tke cos t+£-serv ice  a I f  t he  sav ings  o r  revenue i s  g r e a t e r  than  t h e  

is  balanced by the  f u e l  sav ing  c r  revenue from cost-of . -service,  t he  customer may 'get a r a t e  

s a l e  of e l e c t r i c i t y .  . r e d u c t i ~ n .  

If the  savings o r  revenue i s  less t h ~ n  t h e  cos t -  I n  a l l  c a ses ,  t h e  company ea rns  i t s  allowed 

I of-service, ,  the  customer must pay more f o r  gas .  r a t e  of r e t u r n .  1 



TABLE 5-2 

SAMPLE COST-OF-SERVICE CALCULATION 

!tETUg?I 
TAX RUE 'rfl LIEF. r.4X 
3 R U EXFENSCS 
c"JE1- SAVINGS 

EC I AT I :dN 
'f 3 i fVEHTY TAX 
u FFIIEHAL INCflHE TAX 

5 IATE I.\(C@ME .'TAX 
'rr/r'rAL C!.IST ,rr S E ~ V I C S  

Assumptions: Escalated Capital Cost of Equipment i n  1987 
Fuel Saved 
Fuel Price 



. . -  
A number of p i p e l i n e  companies observed t h a t  they  would r e q u i r e  

an  investment i n  t h i s  type of conserva t ion  equipment t o  have a sav ings  

o r  revenue equa l  o r  g r e a t e r  than t h e  c o s t  of s e r v i c e  i n  t h e  f i r s t  year  

of  opera t ion .  This  investment "hurdle" is a r e s u l t  of no t  wishing t o  

have t h e i r  customers pay f o r  t he  equipment, e s p e c i a l l y  f o r  f i r s t -of -a -  

kind u n i t s .  I n  a d d i t i o n ,  s i n c e  t h e  c o s t  of s e r v i c e  decreases  i n  suc- 

ceeding y e a r s  and the  sav ings  tend t o  i nc rease ,  i t  is a s a f e  course  of 

ac t ion .  This  requirement is a very s t r i n g e n t  condi t ion .  Other companies 

s t a t e d  t h a t  they would no t  i n s i s t  on t h i s  condi t ion ,  b u t  would look a t  

t h e  . o v e r a l l  p r o f i t a b i l i t y  over  t he  l i f e  of t h e  equipment. Since both 

types  of c a l c u l a t i o n s  a r e  made by t h i s  computer code, i t  se rves  f o r  bo th  

Ly.pcs o t  i v a l i h c ~ o n ~  

Thi s  code i s  f l e x i b l e ,  and con ta ins  p rov i s ions  f o r  t a x  c r e d i t s ,  

a l though 'under p r e s e n t  FERC r u l e s ,  t h e  investment t a x  c r e d i t '  is not ln- 

cluded i n  the  c a l c u l a t i o n s ,  b u t  passes  through t o  t he  company. 

I n  summary, t h e  incremental  c o s t  of s e r v i c e  c a l c u l a t i o n s  were used 

f o r  t h e  ba lance  of t h e  econom&c assessment. 

. . 

5.4 BOTTOMING CYCLE APPARATUS COST 

The bottoming cyc le ,  shown schemat ica l ly  i n  F igure  5-1, re-  

covers  energy from t h e  waste  h e a t  of t h e  power t u r b i n e  i n  the vapor gen- 

e r a t o r  by h e a t i n g  the  l i q u i d  to luene  t o  superheated vapor.  The vapor 

expands through a tu rb ine ,gene ra t ing  power t o  d r i v e  t h e  load through a 

gearbox, The h e a t  is r e j e c t e d  i n  t h e  air-cooled condenser and the  l i q u i d  

is dumped i n t o  a su rge  tank. The b o i l e r  teed  pump f9 suppl ied  wich rhe 

l i q u i d  to luene  from t h e  su rge  tank which is pumped t o  t h e  vapor gene ra to r  

completing t h e  cycle .  The cosr of  rhe b o i i u l u l ~ ~ g  cycle e q u i p m e ~ ~ t  i o n s i s t a  

of the  c o s t  of t h e  vapor gene ra to r ,  t h e  t u r b i n e ,  t h e  condenser,  t h e  feed 

pump, c o n t r o l s  and ins t rumcnta t ion ,  a u x i l i a r y  equipment and t h e  equipment 

s k i d  assembly. The equipment s k i d  a l s o  con ta ins  t h e  surge  tank ,  t h e  feed 

pump and any o t h e r  a u x i l i a r y  equipment. 

The c o s t  op t imiza t ion  of t he  bottoming cyc le  was. done th rough  t h e  

sy.stem design opt imiza t ion  desc'ribed i.n Sec t ion  4. l h i s  optimizat.i.on used 

component cos t  a lgori thms t o  enable  the  v a r i a t i o n s  of' cos t  with the  en- 
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Figure 5-1. Optimized Bottoming Cycle Schematic. . * . . 
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g inee r ing  v a r i a b l e s  t o  be determined. The cos t  a 1 g o r i t . b ~  appl ied  t o  mature 

components, t h a t  is,  components a f t e r  they a r e  made a v a i l a b l e  commercially. 

A f t e r  t h e  s i t e - s p e c i f i c  des igns  were completed, t h e  c o s t  of each 

component was determined f o r  each s i t e .  The component c o s t  a lgori thms 

were a l s o  a d j u s t e d  t o ' r e f l e c t  quo ta t ions  rece ived  from vendors where ava i l a -  

b l e .  Table 5-3 shows the  c o s t  of t h e  bottoming c y c l e  components f o r  each 

s i te  used i n  t he  economic ana lyses .  

Subsequent t o  completion of t h e s e  ana lyses ,  vendor component c o s t  

e s t i m a t e s  became a v a i l a b l e  f o r  components which were l ack ing  before .  These 

e s t ima te s  were sca l ed  according t o  component s i z e ,  t o  provide a check on the  

va lues  i n  'l'able 5-3. Since i n  Table 5-3 t h e  component c o s t s  a r e  meant t o  

r e t l e c  t t h e  expected,  economic ' b e n e f i t s  of product ion manufacture,  t h e  lower 

of a group of e s t i m a t e s  f o r  a given. component were used t o  approximate pro- 

d b l ~ f i 0 n - ~ e ~ ( 3 1 : , ~ 0 6 t ~ .  , ( I n  t h e  demonotration program p lan  i n  Ecct ion 10  t h e  

h ighe r  of a group of e s t i m a t e s  f o r  a given component.were used t o  approxi- 

mate f i rs t -of-a-kind component c o s t s . )  The new e s t i m a t e s  would i n c r e a s e  

! t h e  t o t a l  component c o s t s  i n  Table 5-3 about 29%. A s  a r e s u l t  of t h i s  
, . 

' . i nc rease  i n  component c o s t s  t h e  i n s t a l l e d  c o s t s  would be increased  by 

about  18%. 

INETALLATION COSTS 

A s  d i scussed  i n  Sec t ion  3, t h r e e  s i t e s  were s e l e c t e d  f o r  t h e  in-  

s t a l l a t i o n  of t h e  bottoming cyc le ,  on t h r e e  d i f f e r e n t  p i p e l i n e  companies. 

S ince  the  i n s t a l l a t i o n  c o s t s  vary from s i t e  t o  s i te  and a r e  major e l e -  

ments i n  t h e  t o t a l  c o s t  of t h e  system t h e s e  e s t ima te s  had t o  be  reviewed 

very c r i t i c a l l y .  A gene ra l  c o s t  methodology was developed t o  eva lua t e  

t h e s e  c o s t s  r e a l i s t i c a l l y .  I n i t i a l l y  the  bottoming cyc le  ine ta1  l n t  ion 

c o s t s  were prepared by the  p i p e l i n e  companies. I'hese C ~ H ~ H  were ;~dded 

t o  t he  c o s t s  of t h e  RBC components a r r i v e d  a t  through c o s t  a lgori thms 

t o  a r r i v e  at t h e  f i g u r c s  f o r  t he  o v e r a l l  casts f o r  each s i t e .  A t  t h i s  

p o i n t ,  t he  c o s t s  f o r  t h e  t h r e e  s i t e  designs were reviewed Tor consis tency.  

W.T. Wallace, c o n s u l t a n t ,  was employed t o  prepare  independent i n s t a l l a t i o n  

c o s t  cs t imatcg  fo.r each s i t e  whose e s t i m a t e s  were checked aga ins r  p i p e l i n e  

'companies cos s s  t o . a r r i v e  a t  t h e  f i n a l  va lues  used f o r  t h e  economic a n a l y s i s .  

The i n s t a l l a t i o n  c o s t s  a r e  presented  i n  Table 5-4. The s p e c i f i c  reasons  

f o r  t h e  d i f f e r e n c e s  among t h e s e  e s t i m a t e s , a r e  d iscussed  below. 



TABLE 5-3 
. .  
. . 

BOTTOMING' CYCLE EQUIPMENT COSTS . . .  . 

( In  Thousands of Do l l a r s )  

* Evacuation, F i l l  & ~ r a i n . a n d  F i r e  P r o t e c t i o n  Systems 

* 

J 

Columbia Gulf 
Trans.  

Rayne, LA 
PG&E 

Burney, CA 

184 . 

388 

589 

79 

1 7  

2 S 

5 2 

7 0 

1404 

1 

2 

3 

4 

5 

6 

7 

,8 

Texas Gas 
Trans. ~ o r p .  

Covington, TN 

184 , 

433, 

600 

8 0 

17 . 

. 25 

5 3 

70 

1462 
. .  . , 

Vapor-Generator 

C0ndense.r 

Turbine . . 

Auxi l ia ry  Equip- 
men t * 
Feed Pump 

Cont ro ls  

Equipment Skid 
A s  semb l y  
D ive r t e r  Valve 

To ta l  

184 ' .  . 
. . 

402 

622 

8 5 

18 

25 

5 5 

70 

1461 



S,ITE SPECIFIC INSTALLATION COST ESTIMATES 

( I n  Thousands of Do l l a r s )  .. 

* 
Gas Pumping Option, 

Texas Gas 
Trans. Corp. 

C o v i n ~  ton ; ' TN 

- 
264 

132 

100 

730 

8 5 

20 

112 

151 

- ' 152 

1746 

P a c i f i c  Gas & 
E l e c t r i c  C o . *  

Burney, - CA 

700 

- 

- 

90 

696 

. 6 5  

20 

506 

15 5 

- 182 

2414 . 

Columbia Gulf 
Trans. Co. 
Rayne, L A .  

320 

- 

- 

7 0 

797 

5 0 

2 0 

61  

145 

- 146 

1609 

I tem 

I 

I1 

111 

4 

Element 

F i e l d  Equipment 

Compressor. 

Induct ion  Cen- 
era tnr , Trans- 
former Switch- 
gear  & Wiring'  

Transmission Line  

, I n s t a l l a t i o n  Labor 

I n s t a l l a t i o n  ~ n g r .  

S i t e  Cons t ruc t ion  

F i e l d  Supv.. of 
Cont rac tor  

S t a r t u p  and Checkout 

Overhead 
. - .  . . 

G&A Costs  

I n t e r e s t  During 
 con^ tr. 

Contingency 

T o t a l  



5.5 .1  COLUMBIA GULF TRANSMISSION COMPANY INSTALLATION 

I n  t h e  Columbia Gulf i n s t a l l a t i o n  t h e  bottoming c y c l e  was t o  d f i v e  

a  s e p a r a t e  compressor on a . s e p a r a t e  p i p e l i n e  from t h e  one t h e  prime mover 

t o  be bottomed was on. I n t e r a c t i o n  between t h e  e x i s t i n g  system and t h e  RBC 

system was 3t a  minimum. The low i n s t a l l a t i o n  c o s t  r e f l e c t s  t h i s .  - 
5.5.2 PACIFIC GAS AND ELECTRIC COMPANY INSTALLATION 

The gas  pumping system s e l e c t e d  f o r  t h e  Burney s i t e  r equ i r ed  t h e  

replacement of an e x i s t i n g  compres'sor w i th  a  l a r g e r  u n i t  wi th  s h a f t s  on 

both s i d e s  s o  t h a t  t h e  RBC and prime movers could bo th  d r i v e  t h e  same 

compressor. This  new compressor would c o s t  $700,000, s i g n i f i c a n t l y  h ighe r  

t h a n  t h e  c o s t  of t h e  s e p a r a t e  compressor used a t  the Columbia Gulf s i te .  

I n  a d d i t i o n ,  PG&E account ing p r a c t i c e s  appeared t o  add s i g n i f i c a n t l y  more 

burden t o  t h e  o v e r a l l  p l a n t ,  a l though i t  is probable  t h a t  t h e  added c o s t  

is s imply caused by t h e  more d i f f i c u l t  i n s t a l l a t i o n , a n d  accounted f o r  i n  

a  d i f f e r e n t  fash ion .  

PG&E a l s o  es t imated  t h e  c o s t  of  t h e  i n s t a l l a t i o n  of an e l e c t r i c a l  

gene ra to r  f o r  use wi th  t h e  RBC u n i t .  This  would c o s t  $332,000 less than 

t h e  gas pumping o p t i o n ,  f o r  a  s i t e  i n s t a l l a t i o n  c o s t  of $2,082,000. 

5.5.3 TEXAS GAS TRANSMISSION INSTALLATION 

The Texas Gas Transmission Corp. i n s t a l l a t i o n  was based upon t h e  

'generat ion of e l e c t r i c i t y .  The i n s t a l l a t i o n  included t h e  r equ i r ed  genera- 

t o r  a s  w e l l  a s  a  63,000-volt t ransmiss ion  l i n e  t'o t he  TVA g r id .  

5.6 ' TOTAL CAPITAL COSTS 

Shown i n  Table. 5-5 i s  a  summary of t h e  i n s t ' a l l e d  c o s t s  of bottoming 

c y c l e s  on thg  t h r e e  s e l e c t e d  s i t e s .  The "bottoming cyc le"  c o s t s  r e f e r  t o  

mature product c o s t s  f o r  t he  bottoming c y c l e  components a f t e r  they have 

become commercial1.y a v a i l a b l e .  I t  i s  seen t h a t  t h e s e  c o s t s  range between 

$240-$260 per  horsepower. The " f i e l d  equipment" c o s t s  r e f e r  t o  t he  appa ra tu s  

which makes up the load f o r  t h e  bottoming eyc1.t. Tilt! " l n s c a . l l ; i t ~ o n  labor" 

c o s t  . r e f e r s  t o  a l l  l abo r  c o s t s  r equ i r ed  For t he  i n s t a l l a t i o n  .Lncludin~: 

engineer ing ,  c o n s t r u c t i o n ,  Eield supe rv i s ion ,  s t a r t u p  and check o u t .  

The "burden" va lues  r e f c r  t o  i n d i r e c t  c o s t s  f o r  i n s t a l l a t i o n  computed a s  tile 

i n d i v i d u a l  p i p e l i n e  companies comp~~tp.  t h e s e  c o s t s .  The " t o ~ c i l "  cosc va lues  

5-13 



TABLE 5-5 

.COST BREAKDOWN OF BOTTOMING.CYCLE INSTALLATION 

Total 

$3,071,000 

$3,820,000 

$3,209,000 

Company/Site - 

Columbia Gulf 
~t 
Rayne, LA 

Pacific Gas & 
Electric 
At 
Burney, CA 

Texas Gas 
Transmission 
At 
Covington, TN 

i 

Field 
Equipment 

$320,000 

$700,000 

$396,000 

Bottoming 
Cycle 

$1,462,000 
($240/HP) 

$1,406,000 
($260/HP) 

$1,463,000 
($261/HP) 

Installation 
Labor 

$937,000 

$871,000 

$935,000 

Burden 

$352,000 

$843,000 

$415,000 



do not  c o n t a i n  any non-recurr ing c o s t s  i n  b r ing ing  t h e  bottoming c y c l e  t o  

comrncrcia1iz;ll:lon. 'I'lte . i n s t a l l ed  c o s t  o f  the  demonstrat  ion hot toming c y c l e  

on any s i te  w i l l  l ~ a v e  non-recurr ing costs as  we l l  as  more expensive corn- 

ponent c o s t s .  

ENERGY CONSUMPTION DURING. MANUFACTURE AND INSTALLATION 

The l i f e  cyc l e  e n e r g y c o s t s o f  t he  p i p e l i n e  bottoming cyc l e  system 

were es t imated  i n  o r d e r  t o  determine what p o r t i o n  of  t h e  system's  t o t a l  

energy output  was r equ i r ed  t o  b u i l d  t h e  system. The r e s u l t s  of t h e  analy-  

sis i n d i c a t e  t h a t  about  0.54% of t h e  t o t a l  energy output  of t h e  p i p e l i n e  

bottoming c y c l e , . o v e r  i t s  des ign  l i f e , . i s  r equ i r ed  t o  produce and i n s t a l l  

t h e  hardware from t h e  raw m a t e r i a l s .  

A d e t a i l e d  energy breakdown is  shown f o r - t h e  vap0.r gene ra to r  i n  

Figure 5-2. S ince  nonmetal l ic ,components ,  w i t h ' t h e  except ion  of t h e  con- 

c r e t e  Foundations, c o n s t i t u t e  a  n e g l i g i b l e  f r a c t i o n  of t h e  vapor genera- 

t o r  weight ,  t h e i r  energy requirements  have been neglec ted .  This  i s  a l s o  

t r u e  f o r  t h e  a n a l y s i s  o f  t h e , s y s t e m  a s  a whole. 

' 

The energy u s e d ' f o r  mining.of  t h e  raw m a t e r i a l s ,  accord ing  t o  Ref- 

e rence  18, accounts  f o r  about  10 ,  54 ,  and 2  pe rcen t  of t h e  energy r equ i r ed  

t o  produce raw s teel ,  copper,  and cement , respec t ive ly .  The energy re- . . 

qu i r ed  t o  produce aluminum o r e  has  n o t  been taken i n t o  account s i n c e  most 

of t h e  aluminum i n  t h e  U.S. t h a t  i s  made from o r e  i s  made from imported 

ore .  For t h i s  a n a l y s i s  a l l  t he  m a t e r i a l s  a r e  assumed t o  have been de- 

r i v e d  d i r e c t l y  from t h e  raw ma te r i a l s .  I n  r ea l i t y , app rox ima te ly  50% of  

a l l  raw me ta l  produced i s  produced from s c r a p  and t h e r e f o r e  r e q u i r e s  l e s s  

energy. This means t h a t  t he  va lues  shown i n  Figure 5-2 f o r  t he  mining 

and product ion of raw s t e e l  a r e  probably high, 

I t  was f u r t h e r  assumed t h a t  1.6 tons  of i r o n  o re  were mined f o r  

every ton of s teel  produced. This  i s  somewhat a r b i t r a r y  s i n c e  t h e  amount 

of o r e  mined pe r  ton  of product  is q u i t e  v a r i a b l e ,  depending on t h e  q u a l i t y  

of  t h e  ore .  

T ranspo r t a t i on  e s t ima te s  a r e  a l s o  r a t h e r  a r b i t r a r y  s i n c e  g e n e r a l l y  

a  number of  d i f f e r e n t  methods and r o u t e s  could be  used. T ranspo r t a t i on  

e n e r g i e s  are based on 0.2 kWh/ton-mile f o r  r a i l r o a d  t r a n s p o r t  and 0.75 kwh/ 



MINING OF CEMENT CY>' ;; :. <?= 
R. R. TRANSPORT 10,800 kW (1.54%) I 

I 
TRUCK TRANSPORT 

200 kwh (0.03%) 
380,m kwh 

(54.4%) I 

(FROM STRUCTURAL MILL) I I 
TRUCK TRANSPORT 1100 kwh (0.24% 

SITE WORK 
17806 kwh 

FINISHED VAPOR GENERATOR 

TOTAL REQUIRED ENEROY - -,OW kwh 

. ~ i g u r e  5-2. Vapor Generator. Energy Consumption.. 
> 



ton-mile f o r  t r u c k  from Reference 19. General ly  an allowance of 50 or  

100 m i l e s  i s  made between mantifacturing ope ra t i ons  and a 500 m i l e  al iow- 

ance i s  made f o r  t h e  t r a n s p o r t  of i r o n  ore .  

' Transpor ta t ion  c o n s t i t u t e s  on ly  a r e l a t i v e l y  smal l  p o r t i o n  of t h e  

t o t a l  energy requirements ,  about 4%; Thus one could mu l t i p ly  t h e  trans-. . . 

p o r t a t i o n  ene rg i e s  s e v e r a l  t i m e s  and n o t  s e r i o u s l y  a f f e c t  t h e -  r e s u l t s .  

By f a r  t h e  l a r g e s t  p o r t i o n  of t he  energy requirement f o r  t h e  vapor 

gene ra to r  and f o r  t h e  bottoming cyc l e  a s  a whole is  used i n  smel t ing  and 

r e f i n i n g .  Based on Reference 1 8 ,  t h e  energy. requirements ,  except  ' f o r  
. . 

aluminum, inc luding  mining f o r  s teel ,  aluminum, copper,  'and .cement a r e  
. . 

5830 kWh/ton, 51,500 kWh/ton,, 32,800 kWh/ton, and 2200 kWh/ton,respectively.  

.These numbers a r e  averages ' t h a t  depend on t h e  amount of s c r a p  added, t h e  

p a r t i c u l a r  process  used, and t h e  gene ra l  q u a l i t y  of t h e  equipment. There 

a r e  a l s o  l a r g e  d i s c r epanc i e s  between re fe rences .  The va lues  used have 

an average accuracy of  around 50%. 

The e s t i m a t e s  shown i n  Figure 5-2 f o r  m i l l  work w e r e  based on Ref- 

e r ence  20,  however, t h e i r  accuracy i s  d i f f i c u l t  t o  e s t ima te .  

.The estimate f o r  f a c t o r y  assembly and manufacturing i n  F igure  5-2 

is based upon t h e  assumption t h a t  t h e  i ndus t ry  average. consumptiin of 
. . 

energy is  about  20 kWh/man-hour o r  about 0.667 kwh/($ of p roduct ) .  
I 

S i t e . i n s t a l l a t i o n  energy requirements  were determined by assuming, . 

t h a t  200 HP would be  cont inuously d i s s ~ p a t e d  on . t he  s i t e  .while  construc-  

t i o n  was i n  progress ;  t h e  e n t i r e  bottoming c y c l e , a p p a r a t u s  would r e q u i r e  

about 14 weeks t o  i n s t a l l  and the  vapor gene ra to r  would r e q u i r e  about 

t h r e e  weeks. 

Table  5-6 p r e s e n t s  t h e  t o t a l s  f o r  t h e  e n t i r e  bottomtng cyc l e  ap- 

para tus .  I n  a11,177 tons  of s teel ,  19 tons  of aluminum,, 0.23 tons of 

copper,  and- 400. tons  of concre te  a r e  assumed t o  be 'needed p e r  u n i t .  I n  

Table  5-6, except  f o r  conc re t e ;  t h e  mining ene rg i e s  a r e  inc luded  i n  t h e  

ene rg i e s  f o r  i n g o t  product ion.  The , i ron  o r e  has  been assumed t o  be t rans-  

po r t ed  500 miles by r a i l . .  A l l  ene rg i e s  were determined i n  t h e  sane manner 

a s  f o r  t h e  vapor ' gene ra to r .  

A t  t h e  Rayne s2te tho  bottoming cyc l e  produceo 5600 HP and has  a 



TABLE 5-6 . 

TOTAL ENERGY REQUIRED FOR BOTTOMING CYCLE 

Element. 

1. Mining 

2. Transpor t  of  Ore 

3. I ngo t  Product ion  

4. M i l l  Work 
. . 

5.  Transpor t  t o  Fac tory  

S t e e l  
.. . . . 

( l n  3) 

28 

1,030 . 

11 

1 3  

1.082 

Energy Required, MWh 

T o t a l  t o  5 

6. Component ~ a n u f a c t u r e  

7. Transport  t o  S i t e  

8. Sire Work 

l 'o ta l  Energy Requirement 

2,943 

933 

50 

8 5 

4,010' MWh 
b 

Concrete  . 
18 

2 

8.4 8 

-- 
-- 

1."--. .--A*- 

868 , 

Aluminum 
.. . . - -. - -. . 

-- 
-- 

984 

1 

-- 
" ...,. -,.. L ... 

985 

Co'pper 

-- 
-- 
' 8  

-- 
-- 

r.  .il - - i . * i \ . - L ~ - , . i  
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des ign  l i f e  of 20 years .  The r e s u l t s  of  t h e  a n a l y s i s  are t a b u l a t e d  be- 

low: 

T o t a l  J%nergy Requirement 4096 MWh 

S i t e  B.C. Turbine Power 4.18 MW 

Energy Payback Per iod  40 Days 

X of B.C. L i f e t ime  - '  0.54 

This  i s  t y p i c a l  of t h e  o t h e r  sites under cons idera t ion .  The re- 

s u l t s  i n d i c a t e  t h a t  t h e  e r r o r s  i n  t he  a n a l y s i s  a r e  o i  l i t t l e  importance 

because t h e  t o t a l  energy requirement is i n s i g n i f i c a n t  compared t o  t h e  

, energy saved by t h e  bottoming c y c l e  throughout i t s  l i f e .  

, . 5.8 ECONOMIC WORTH AND AI-~RACTIVENESS 

5.8.1 ASSUMPTIONS 

The economic a t t r a c t i v e n e s s  of  r e t r o f i t t i n g  t h e  Rankine, bottoming 

c y c l e  power p l a n t  equipment t o  t h e  gas  t u r b i n e s ,  l o c a t e d  on t h e  p i p e l i n e  

pumping s t a t i o n s  is  shown by ana lyz ing  t h e  r e t u r n  on c a p i t a l  inves tment  

by t h e  incrementa l  c o s t  of s e r v i c e  approach. The incrementa l  c o s t  of  

s e r v i c e  approach was suggested by the  p a r t i c i p a t i n g  p i p e l i n e  companies 

i n  t h e  bottoming cyc l e  s tudy  program a s  t h e  most r e p r e s e n t a t i v e  c o s t  

a n a l y s i s  approach f o r  a s s e s s i n g  t h e  merits of  new investments .  

The main assumptions made i n  t he  economic a n a l l s i s  a r e  t h a t  .(I) 

t h e r e ' w i l l  be  no change i n  t h e  f i n a n c i a l  s t r u c t u r e  of  t h e  companies, 

(2)  new equipment ea rns  p re sen t  r e t u r n  on its own r a t e  base ,  (3) a l l  

costs  arid cred i r s .  w i l l  be i n c 1 u d e d . a ~  they would be i n  r a t e  base  ca l -  

c u l a t i o n s ,  (4) advantages of  a c c e l e r a t e d  d e p r e c i a t i o n  procedures  can be 

taken ,  (5) t h e .  f u e l  c o s t  e s c a l a t i o n s  and changes i n  p r i c e s  can be pro- . . 
j e c t e d  t o  t h e  b e s t  of t h e  p r e s e n t  knowledge and a r e  used i n  t h e  p re sen t  

a n a l y s i s  and ( 6 )  t he  r a t e  of  r e t u r n  on the  r a t e  base can be h e l d  con- 

s t a n t .  

The. p i p e l i n e  companies provided t h e  General E l e c t r i c  'Comp:iny c,i t h  thir 

in format ion  r equ i r ed  t o  make t h e  economic assessment s tudy.  I t  lncluded 

t h e  va lues  f o r  t h e  o v e r a l l  r a t e  of r e t u r n  on ra.te base ,  the FBKC allowed 



. . 

book d e p r e c i a t i o n  r a t e ,  t h e  double-decl ining ba lance  t a x  d e p r e c i a t i o n  '&ate,  and 

the.  ope ra t i ng  and maintenance expenses f o r  t he  p a r t i c u l a r  s i t e  i n  

The p r o j e c t e d  r a t e  of r e t u r n  on t h e  investment  sugges ted  by t h e  

p i p e l i n e  companies is  based on t h e  average c o s t  o f  c a p i t a l .  The companies 

have a v a i l a b l e  t o  them a  pool  of c a p i t a l  funds,  bo th  deb t  and e q u i t y ,  f o r  
. . 

investment  i n  va r ious  p r o j e c t s  and each has  a  d i f f e r e n t  va lue  f o r  t h e  

average  c o s t  of c a p i t a l  inves ted .  The r a t e  of r e t u r n  va lues  t h a t  have 

been provided t o  General  E l e c t r i c  Company a r e  t h e  weighted average  va lues  

f o r  t h e  c o s t  of c a p i t a l  i nves t ed  - i n  t h e  p i p e l i n e .  

I n  t h e  c o s t  of s e r v i c e  a n a l y s i s ,  d e p r e c i a t i o n  i s  taken  us ing  a  

s t r a i g h t - l i n e  method which assumes a  cons t an t  annual  d e p r e c i a t i u ~ ~  o v e r  

rhe l l l v e s  L u ~ e ~ i  t l i f  c. I n  tho  a a l c u l a t i o n  nf inrnme taxes, accelerated 

d e p r e c i a t i o n  methods a r e  allowed and r e s u l t  i n  a  lower t a x  i n  t h e  e a r l i e r  

yea r s  of a p r o j e c l .  I n  t h e  ana lyoio  performed i n  t h i s  s t v d y ,  t h e  d o u b l e  

d e c l i n i n g  ba lance  method was used f o r  t a x  purposes only. 

Although investment  t a x  c r e d i t s  a r e  allowed f o r  bottoming c y c l e  

equipment, t h e  law does n o t  permit  them t o  be  included i n  t h e ' c o s t  of  

s e r v i c e  c a l c u l a t i o n s .  A t  p r e s e n t ,  t h i s  c r e d i t  pa s se s  d i r e c t l y  t o  t h e  

company. I f  i t  were Inc luded  i n  t h e  c o s t  of s e r v i c e ,  no b e n e f i t  

would accrue  t o  t h e  company, and hence t h e  investment  i n c e n t i v e  purpose 

would be defea ted .  . The c o s t  of s e r v i c k  w ~ u l d ,  however, be lower. This  

m a t t e r  is d i scus sed  i n  Sec t ion  5.9.1 i n  more d e t a i l .  Some s ta te  Pub l i c  

U t i l i t y  Commissions do r e q u i r e  i t s  inc lus ion .  

The f e d e r a l  income t a x e s  a r e  computed a s  48% of ehe raxablt! ili- 

come and s t a t e  t axes  a r e  assumed t o  be 10% of  t h e  Federa l  Income t axes  

i n  t he  ca i cuPa t ions r  

5.8.2 PROJECTED FUEL COSTS 

According t o  t h e  most r e c e n t  Federa l  law, n a t u r a l  gas  is  b a s i c a l l y  

ca t ego r i zed  a s  e i t h e r  "new" gas  o r  t h e  "old" gas .  According t o  t h e  de- 

t a i l s  of t h e  b i l l  publfshed i n  Sept.  28, 1970 Wall S t r e e t  J o u r n a l ,  t h a  

new gas would i nc lude  any new onshore gas  produced 2.5 mi l e s  away from, 

o r  1000 f e e t  deeper  than,  an  e x i s t i n g  w e l l  o r  from a  r e s e r v o i r  t h a t  has  



. . .  . . 

n o t  produced' i n  commercial q u a n t i t i e s .  According t o  t h e  l e g i s l a t i o n ,  t h e  

c e i l i n g  pr ' ice  ,of  new gas w i l l  rise t o  $1.99 a  thousand cubic  f e e t  immediately 

a f t e r  passage of t h e  law from $1.50, t h e  then c u r r e n t  p r i c e .  Through A p r i l  

20, 1981, t h i s  c e i l i n g  w i l l  cl imb annual ly  by t h e  r a t e  of i n f l a t i o n  p l u s  

3.7 percentage p o i n t s . ,  T h e r e a f t e r ,  it w i l l  i n c r e a s e  by t h e  i n f l a t i o n  r a t e  

p l u s  4.2 percentage p o i n t s ,  u n t i l  decon t ro l  occurred.  The p r i c e  c o n t r o l s  

,on t h e  new gas w i l l  be removed J a n u a r y ' l ,  1985. 

The l e g i s l a t i o n  a l s o  included a  complicated p rov i s ion  f o r  incre-  

mental  p r i ~ i n g d e s i ~ n e d  t o  have , l a r g e  i n d u s t r i a l  u s e r s  bea r  most of t h e  

burden of h ighe r  p r i c e s  u n t i l  c o n t r o l s  a r e  removed. The aim i s  t o  e a s e  

t h e  impact on homes, s choo l s  and h o s p i t a l s  and a l s o  t o  f o r c e  i n d u s t r i a l  

u s e r s  t o  convert  t o  o t h e r  forms of  energy. It. is. i n  e f f e c t  f o r  new gas ,  

s p e c i a l  high-cos t gas and ' l i q u i f  i e d  n a t u r a l  gas  imports.  

I n  a d d i t i o n ,  t h e r e  have.been many p r e d i c t i o n s , a s  i n  References 21 

and 22,of t h e  f u e l  c o s t s  depending on the  va r ious  e s c a l a t i o n  r a t e s  fol- 

t h e  i n f l a t i o n .  The ' repor t  on t h e  "old" and "new" q u a n t i t y  p r o j e c t i o n s  of  

t h e  n a t u r a l  gas  by Arthur  D. L i t t l e  Inc.  have been converted i n t o  t h e  

percentage  p r o j e c t i o n s  and have been p l o t t e d  vs.  t h e  y e a r s  i n  I?igure 5-3. 

I n f l a t i o n  r a t e s  o f  6-10% have been assumed and t h e  p r i c e  of t h e  n a t u r a l  

gas f o r  each category has  been eva lua t ed  according t o  t h e  p r e s e n t  law. 

 hen, t h e  . average p r i c e  of t h e  combined gas  (o ld  and new) f o r  each y e a r  
. . 

i n  ques t i on  has  been es t imated  on t h e  weighted average of t h e  new and o l d  

gas  p r i c e s .  The p r o j e c t e d  c o s t s  have been p l o t t e d  a s  i n  F igure  5-4 and 

compare well w i th  o t h e r  e s t ima te s .  

I n  t he  c o s t  of s e r v i c e  c a l c u l a t i o n s  of t h e  p i p e l i n e  bottoming c y c l e ,  
* 

both t h e  average and t h e  new gas  p r i c e s  have been used t o  c a l c u l a t e  t h e  

d o l l a r s  saved r e s u l t i n g  from t h e  f u e l  sav ings .  A s  can be seen  l a t e r  i n  

t h e  fo l lowing  s e c t i o n s ,  t h e  f u e l  p r i c e s  have a  g r e a t  'impact on t h e  re -  

t u r n  on t h e  investments.  

* 
Present FERC r u l e s  r e q u i r e  t h e  use  of average gas  p r i c e s .  
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5.8.3 COLUMBIA GULF TRANSMISSION 'COMPANY - RAYNE , LA SITE 

The s i t e  s p e c i f i c a t i o n s  have been presented  e a r 1 i e r . h  Sec t ion  4. 

The bottoming cyc ie  produces 5976 HP i n  s h a f t  horsepower i r d m  t h e  exhaust  

of  t h e  12500 HP Rolls-Royce gas turb ine .  Some of t he  e x i s t i n g  rec ipro-  

c a t i n g  engines ' w i l l  be  shu t  o f f  t o  m a i n t a i n . t h e  cons tan t  pumping s t a t i o n  

power and t h e  necessary  power w i l l  be  supplemented by the  genera ted  power 

from the.Rankine bottoming cyc le .  It i s  assumed t h a t  a l l  t h e  bottoming 

c y c l e  power can b e  used. The f u e l  sav ings  over  what would have .been  re- 
6 qu i r ed  by t h e  shutdown r e c i p r o c a t i n g  u n i t s  a r e  es t imated  t o  be 52.5 x 10 

BTU/hr (50,700 f t 3 / h r ) .  The e l e c t r i c a l  c o s t s  a t  ' t h e  es t imated  1979 r a t e s  * 
o f - 2 2  mills/kW-hr f o r  runn ing . the  fans  f o r  t he  air-cooled .condenser and 

t h e  pump a r e  es t imated  t o  be $94,700 per  y e a r  i n  a d d i t i o n  t o  t he  operat-  

i n g  and maintenance c o s t s  of t h e  compressor pumping s t a t i o n  a t  $38,400 
. . 

p e r  year .  The t o t a l  c a p i t a l  c o s t s  f o r  t h e  i n s t a l l a t i o n  of t he  new equip- 

ment is  $3,071,470 a s  was shown i n  Sec t ion  5.6. 

The; Cn.1 imhi a Gill f ~ r a n s m i  ssi nn. Company i s  regulated by tha  FERC 

a s  an i n t e r s t a t e  p i p e l i n e .  The investment c r i t e r i a  used by the  company 

.is t h e  break-even f i r s t  year  c o s t  of s e rv i ce .  The break-even 'cost  of 

s e r v i c e  is t h e  va lue  of t he  worth of f u e l  sav ings  when i t  is  equa l  t o  the  

' c o s t  i ncu r red  by t h e  p i p e l i n e  company i n  provid ing  the  gas wi th  the  new 

investment i n  t he  a d d i t i o n a l  equipment. A s  t he  f u e l ' p r i c e s  e s c a l a t e ,  t he  

f u e l  sav ings  worth i n  d o l l a r s  amount i nc reases  and . the c o s t  of s e r v i c e  

a l s o  e s c a l a t e s  a t  t h e  i n f l a t i o n  r a t e s ,  bu t  a t  a lower r a t e  t h a n ' t h e  f u e l '  : 
, p r i c e s .  I t  then makes sense  t o  make c a l c u l a t i o n s  t o  look f o r '  t h e  break- 

even f i r s t  yea r  c o s t  of s e r v i c e  f o r  i n s t a l l a t i o n s ' o f  t he  bottoming cyc le  

equipment f o r  va r ious  yea r s  s t a r t i n g  1979. I t  is  a l s o  iniportant t o  recog- 

n i z e  t h a t  t h e  c a l c u l a t i o n s  made very f a r  i n t o  the' f u t u r e  "il.1 have l i m i t e d  

usefu lness  due t o  u n c e r t a i n t i e s  involved. The basis f o r  t h e  break-even 
. . 

f i r s t  year  c o s t  of s e r v i c e ,  though a very s t r i n g e n t  c r i t e r i a  f o r  an  eco- 

nomic assessment of any p r o j e c t ,  is  due t o  t h e  f a c t  t h a t  s i n c e  p r o f i t s  
\ 

a r e  generated f o r  t he  f u t u r e  au toma t i ca l ly ,  t h e r e  is  no nec.assi ty  t o  alarm 

t h e  consumer with r a t e  i n c r e a s e . i n  i n f l a t e d  f u t u r e  cos t s .  

"*..*.. * 
This  r ep re sen t s  an i n d u s t r i a l  r a t e ,  the  a c t u a l  commercial r a t e  a t  Rayne 
is 29 mills/kW tir. 



The c a p i t a l  c o s t s  of Table 5-5 and t h e  OCM c o s t s  were e s c a l a t e d  w i th  

t h e  i n f l a t i o n  r a t e s  of 4-8% and the  d i s coun t  rate of 9% was used i n  t h e  pre-  

s e n t  va lue  c a l c u l a t i o n s  performed i n  1978. The s t r a i g h t - l i n e  d e p r e c i a t i o n  

r a t e  of 5.5% f o r  t h e  book d e p r e c i a t i o n  and a  l i f e  of 17.5 yea.rs f o r  Double 

Decl ining ba lance  t a x  deprec' iat ' ion were included i n  t h e  . c a l c u l a t i o n s .  The 

amor t i za t i on  f a c t o r  of 3.7% was used over  a  deb t  pef iod  of 30 y e a r s  t o  c a l -  

c u l a t e  t h e  deb t  c o s t .  E s c a l a t i o n  f a c t o r s  of 6-lO%.were used .on ' the  f u e l  c o s t s .  

Figure 5-5 based upon t h e  d a t a  o f   able 5-5 shows, t h e  f i r s t  year  c o s t  

of s e r v i c e  and sav ings  due t o  t h e  bottoming cyc l e  by t h e  incrementa l  c o s t  of 

s e r v i c e  method f o r  v a r i o u s  yea r s  o f  i n s t a l l a t i o n .  ' The f i g u r e  i n d i c a t e s  

f o r  t h e  s i te  a t  Rayne, LA and meets t h e  investment ' c r i t e r i a  b y ' e a r l y  l 9 8 0 ' s  

us ing  "new" f u e l  p r i c e s .  Also shown i s  t'he c o s t  of s e r v i c e  c a l c u l a t i o n s  

u s ing  t h e  average f u e l  p r ' i ces  based on t h e  percentages  of' two c a t e g o r i e s  

of  ga s  i n  s e r v i c e  a s  r equ i r ed  by presen t '  law. Average f u e l  p r i c e s  a r e  

. . more n e a r l y  a p p l i c a b l e  t o  t h i s  s i t e  a t  p re sen t .  A s  t h e  o ld  gas  becomes 

dep le t ed  and t h e  new gas. comes . in to  s e r v i c e ;  t h e  investmen: b?comes a t t r a c -  

t i v e  i n  t h e  mid 1980's  a s  shown by t h e  f i gu re . '  I f  t h e  i n s t a l l e d  c o s t s  of 

Table 5-5 a r e  increased  18% t h e  bottoming c y c l e ,  based upon average  f u e l  

p r i c e s  becomes v i a b l e  i n  1988 f o r  10% e s c a l a t i o n  and 1 9 9 1 ' f o r  6% e s c a l a t i o n .  

' 

The c o s t  of s e r v i c e  f o r  1 0  y e a r s  of o p e r a t i o n  annual ized  f o r  5  and 

10  y e a r s  a r e  computed by t h e  p re sen t  va lue  method and r e s u l t s  a r e . p r e s e n t e d  

, i n  F igure  5-6 . f o r  comparison wi th  t h e  f i r s t  year. c o s t  of s e r v i c e  sho& i n  

F igure  5-5. The eonomic ga ins  due t o  t h e  i n s t a l l a t i o n  of bot toming.  c y c l e s  

appear  t o  be more a t t r a c t i v e  f o r  t h e  5- and ,lo-year c o s t  of s e r v i c e  c r i t e r i a .  

I f  t h e  i n s t a l l e d  c o s t s  a r e  increased  18% s i m i l a r  reduct- ions i n  t h e  v i a b i l i t y  

d a t e  as shown by t h e  comparisons of F igures  5-5 and 5-6 w i l l  apply.  

The computer program was used t o  s tudy  t h e  e f f e c t  of change i n  any 

of t h e  input  parameters  on. t h e  f i r s t  year  cos t -of -serv ice .  Each parameter  

was changed.by - + 10% of i t s  va lue  i n  t h e  base c a s e  and t h e  change i n  t h e  

f  i r s t - y e a r  cost-of -se=.vice. from i ts  i n i t i a l  v a l u e  was c a l c u l a t e d  . The . . 

r e s u l t s  of t h e  s e n s i t i v i t y  a n a l y s i s  are .shown i n  F igure  5-7 which i n d i c a t e s  

t h a t  c o s t  of ga s  and the  c a p i t a l  c o s t  a r e  two s t r o n g  f a c t o r s  which in f luence  

t he  de t e rmina t ion  of t he  cos t -of -serv ice .  Any improvement i n  b r ing ing  down 

t h e  c a p i t a l  c o s t  of t h e  bottoming c y c l e  equipment is going t o  b r i n g  down 

the  cos t -of -serv ice ,  t hus  improving t h e  economic g a i n s  f u r t h e r .  The' rise 



. . . . 

F i g u r e  5-5.  First- Year Cost of Service. for P.ayne, LL. S i t e  on Columbia 
Gas Transmission C G .  



Figure 5-13. Five and Ten Year C o s t s  of Service 
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i n  f u e l  p r i c e s  makes t h e  bottoming c y c l e  i n s t a l l a t i o n  more a t t r a c t i v e  due t o  
/ .  

t h e  i n c r e a s e  i n ' t h e  worth of t h e  f u e l  s a v i n g s .  F i g u r e  5-7 was used i n  e s t i -  

mat ing t h e  e f f e c t  of an 18% i n c r e a s e  i n  i n s t a l l e d  c o s t  f o r  t h e  f i r s t  y e a r  

cos t-01;-service r e s u l t s  . 

5.8.4 TEXAS GAS TRANSMISSION CORPORATION - COVINGTON, TN SITE 

The d e t a i l s  o f  t h e  s i t e  a t  Covington,  TN were g i v e n  i n  S e c t i o n  4. 

There a r e  a  number of v e r y  e f f i c i e n t  r e c i p r o c a t i n g  e n g i n e s . a t  t h e  s i t e  

and t h e y  w i l l  have t o . b e  shutdown t o  m a i n t a i n  t h e  s . t a t i o n  power i , f  t h e  

e x i s t i n g  nominal 12000 HP P r a t t  & Whitney eng ine  is t o  be bottomed. The 

bot toming c y c l e  g r o s s  e l e c t r i c a l  o u t p u t  is 3692 kWe and r e q u i r e s  500 kW e  
f o r  t h e  f a n s  and t h e  pumps. 

The c a p i t a l  c o s t  of t h e  bot toming c y c l e  equipment used i n  t h i s  
3  

a n a l y s i s  i s  $3,209,430. I t  needs  36,500 f t . / h r  e x t r a  f u e l  t o  pump t h e  

g a s  w i t h  t h e  g a s  t u r b i n e  and t o  g e n e r a t e  e l e c t r i c i t y  u s i n g  t h e  bot toming 

c y c l e .  Th i s  e x t r a  f u e l  r e p r e s e n t s  t h e  d i f f e r e n c e  between what t h e  re -  

c i p r o c a t i n g  e n g i n e s  would u s e  t o  pump g a s ,  and what t h e  l e s s  e f f i c i e n t  

t u r b i n e  r e q u i r e s  when i t  is  used. The p r e s e n t  e l e c t r P c i t y  c o s t  is as-  

sumed t o  be 1 9  $ i l l s / k ~ - h r .  The s i t e  r e q u i r e s  $ 4 3 , 0 0 0 / ~ e a r ~  a s  o p e r a t i n g  

and maintenance expense .  

b  
The f i r s t  y e a r  c o s t  of s e r v i c e  c a l c u l a t i o n s  were made assuming t h a t  

t h e  gas  t u r b i n e  would o p e r a t e  8000 hours  i n  a  y e a r .  F i g u r e  5-8 shows t h e  

r e s u l t s  where in  c o s t  o f  g a s  i s  p l o t t e d  vs .  v a l u e  of g e n e r a t e d  e l e c t r i c i t y .  

For t h e  o p e r a t i o n  t o  b e  p r o f i t a b l e ,  t h e  p r i c e  o f  t h e  n a t u r a l  gas  h a s  t o  

be l e s s  t h a n  $1.45/1000 cu. f t .  i f  t h e  e l e c t r i c i t y  is  g e n e r a t e d  a t  50 m i l l s /  

kW-hr. A s  t h e  f u e l  p r i c e s  c l imb,  t h e  break-even would occur  i n  t h e  c o s t  

of s e r v i c e  on ly  i f  t h e  g e n e r a t e d  e l e c t r i c i t y  a l s o  i n c r e a s e s  p r o p o r t i o n a t e l y .  

Although F i g u r e  5-8 a p p e a r s  t o  show t h a t  t h e  u n f a v o r a b l e  r e s u l t  of t h i s  

a n a l y s i s  i s  p r i m a r i l y  due t o  a  low . r a t i o  of e l e c t r i ' c i t y  p r i c e  t o  g a s  p r i c e ,  

a n o t h e r  i m p o r t a n t  r eason  is  t h a t  t h i s  s i t e  has  e f f i c i e n t  r e c i p r o c a t i n g  

compressors and does  n o t  need a l l  t h e  pumping power a v a i l a b l e .  I f  a l l ' t h e  

a  
This '  v a l u e  assumes t h a t  no f u l l - t i m e  manned o p e r a t i o n  would he  r e q u i r e d  
a f t e r  s u c c e s s f u l  commerc ia l i za t ion .  

b ~ n  commenting on t h i s  f i n a l  r e p o r t ,  Texas Gas Transmiss ion Corp .  s t a t e d  
t h a t  . a  l o n g e r  p e r i o d  of t ime would be  used Eor economic assessment .  A cl,anj;c 
t o  a l o n g e r  p e r i o d  would not m a t e r i a l l y  a f f e c t  t h e  r t s u l t s  r e p o r t e d  her(:. 
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power could  be used t o  pump g a s  and t h e  bot toming c y c l e  power were used t o  

g e n e r a t e  e l e c t r i c i t y ,  t h e  i n s t a l l a t i o n  would be  p r o f i t a b l e ,  on a  f i r s t  y e a r  

b a s i s ,  wi th  e l e c t r i c  p r i c e s  approximately  25 mills/kW h r ,  and lower when 

mul t . lp le  y e a r s  a r e  inc luded .  S i n c e  25 mills/kW h r  is  n o t  unreasonab le ,  

t l ~ e  bottoming c y c l e  would be m a r g i n a l l y  a t t r a c t i v e  under t h e s e  c o n d i t i o n s .  

5.8.5 PACIFIC GAS & ELECTRIC COMPANY - BURNEY, CA SITE 

The d e t a i l s  of t h e  Burney, CA s i t e  of t h e  P a c i f i c  Gas & E l e c t r i c  

Company were. g iven  e a r l i e r  i n  S e c t i o n  4. There  a r e  two g a s  t u r b i n e s  on 

t h i s  p a r t i c u l a r  s i t e  and one of t h e  12500 HP Genera l  E l e c t r i c  gas  t u r -  

b i n e s  w a s  s e l e c t e d  f o r  bottoming. ' The bottoming c y c l e ' g e n e r a t e d  5397 

horsepower from t h e  waste h e a t  of t h e  gas  t 'urbine .  The second g a s  t u r -  

b i n e  a t  t h e  s t a t i o n  w i l l  be  shutdown w i t h  t h e  i n s t a l l a t i o n  of t h e  bottom- 

i n g  c y c l e  equipment t o  m a i n t a i n  t h e  s t a t i o n  pumping power. A t  t h e  s i t e  

t h e  fo l lowing  economic i n p u t s  were e s t i m a t e d  w i t h  t h e ' u s e  of t h e  bottom- + 

6  3 
i n g  c y c l e :  f u e l  s a v i n g s ,  43 x 1 0  B t u l h r  (41,,600 f t  / h r ) ;  e l e c t r i c i t y  

c o s t s  t o  meet p a r a s i t i c s ,  $5'7,00O/yr;'O&M expenses ,  $4?,400/yr;  and t h e  

i n s t a l l e d  bot toming c y c l e  c a p i t a l  c o s t  of $3,820,650. 

The same procedure  a s  d e s c r i b e d  i n  e a r l i e r  s e c t i o n s  t o  compute t h e  

c o s t  of s e r v i c e  is  adopted i n  a r r i v i n g  a t  t h e  break-even p o i n t  f o r  t h e  in -  

s t a l l a t i o n  of t h e  bot toming c y c l e  equipment,  i n c l u d i n g  t h e  u s e  of t h e  bo t toming  

c y c l e  i n s t a l l e d  c o s t s  from Table  5-5. The p r o j e c t i o n s  a r e  made f o r  b o t h  

t h e  "new" and "average" g a s  p r i c e s  t a k i n g  i n t o  c o n s i d e r a t i o n  a  range oE 

6-10X e s c a l a t i o n  i n  f ~ e 1 ' ~ r i c e s .  The a n a l y s i s  i s  done w i t h  and w i t h o u t  

t h c  t a x  c r e d i t s .  %'he i n d i c a t i o n s  from Figure  5-9 a r e  t h a t ,  wi th  t h e  use  

o'f t h e  new gas  p r i c e s  i n  t h e  a n a l y s i s  and w i t h  t h e  a l lowed 10% t a x  c r e d i t ,  

t h e  bot toming c y c l e  l o o k s  . economica l ly  v i a b l e  r i g h t  now. Iloweve.r, as  t h e  

number of y e a r s  over  which t h e  cost .  of s e r v i c e  is c a l c u l a , t e d  increase.; ,  

a s  shown i n  F i g u r e  5-10, t h e  advantage of t h e  t a x  c r e d i t  becomes s m a l l e r .  

The economic g a i n s ,  however, a r e  s t i l l  i n c r e a s i n g  due t o  i n c r e a s e  i n  t h e  

f u e l  p r i c e s .  The "new" f u e l  p r i c e  range i s  more n e a r l y  a p p l i c a b l e  t o  t h e  

Burney, CA s i t e . a t  t h e  p r e s e n t  t ime .  I f  t h e  i n s t a l l e d  c o s t s  of t h e  b o t -  

toming c y c l e  i n  Tab le  5-5 a r e  i n c r e a s e d  18% t h e  f i r s t  yea r  c o s t - o f - s e r v i c e  

inves tment  c r i t e r i a  w o u l d ' p r e d i c t  t h a t  t h e  investment  based upon t h e  "new" 

f u e l  p r i c e  range becomes v i a b l e  i n  1984 f o r  10% e s c a l a t i o n  and i n  .1.'985 Tor 

6% e s c a l a . t i o n  compared t o  be ing  v i a b l e  now a s  shown i n  F i ~ u r e  5-9. I f :  



Figure 5-9. F i r s t  Year Cost of Serv ice  Calcula ' t ions f o r  Burney, CA 
S i t e  on P a c i f i c  Gas and E l e c t r i c  Co. (10% Tax Cred i t  Included).  
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l o n g e r  c o s t - . o f - s e r v i c e  per i .ods  were a c c e p t e d  a s  t h e  c r i t e r i o n ,  a s  i n  F i g u r z  

5-10, t h e  i n v e s t m e n t  would be v i a b l e  somewhat l a t e r  f o r  a  f i v e - y e a r  cos t -o f -  

s e r v i c e  c r i t e r i o n  and c o n s i d e r a b l y  e a r l i e r  t h a n  s t a t e d  above f o r  a  ten-year  

cos t -01:-service  c r i t e r i a .  The P a c i f i c  Gas & E l e c t r i c  Company is  c o n t r o l l e d  

by t h e  I 'ubl ic  U t i l i t y  ~ o r n m i s s i d n  (PUC) i n  C a l i f o r n i a .  PUC r e q u i r e s  t h a t  t a x  

c r e d i t s  be  i n c l u d e d  i n  t h e  c o s t - o f - s e r v i c e .  The company h a s  1 5  y e a r  p r o f i t -  

a b i l i t y  as t h e  inves tment  c r i t e r i o n  which i s  by no means a s  ' s evere  and s t r i n -  

g e n t  a  c r i t e r i o n  as t h e  f i r s t - y e a r  break-even c o s t - o f - s e r v i c e .  Hence, t h e  

cconqmic g a i n s  due t o  t h e  i n s t a l l a t i o ' n  of  t h e  Rankine bo t toming  c y c l e  l o o k  

a t t r : ~ c t i v e  a s  shown ir i  F i g u r e  5-11 w i t h  t h e  "average" f u e l  p r i c e s  and 1 5  

y e a r s  p r o f i t a b i l i t y  used .  Even a t  t h e  lower  l e v e l  of i n f l a t i o n ,  t h e  bo t -  

toming c y c l e  is  p r o f i t a b l e  now based upon t h e  15  y e a r  p r o f i t a b i l i t y  c r i t e r i a .  

A check was ' b d e  f o r  t h e  c a s e  o f  i n c r e a s i n p ,  t h e  i n s t a l l e d  bottoming r.yi-l~. 

c u s t s  182.  ' ~ t  was c o t c l u d e d  t h a t  f o r  even  t h e  6% i n f l a t i o n  c o n d i t i o n  i n  

Vigure  5-11 s u b s t a n t i a l  c o s t  s a v i n g s  cou ld  be made i n  1979.  Thus. even w i t h  

a n  13% i n c r e a s e  i n  i n s t a . l l e d  bot tomin$ c y c l e  c o s t s  t h e  bot toming c y c l e  i s  

v i a b l e  a . t  t h e  p r e s e n t . t i m e  under t h e  c o n d i t i o n s  of F i g u r e  5-11'. 

Another c a s e  was c o n s i d e r e d  f o r  t h e  Burney s i t e  which c o r r e s p o n d s  

more c l o s e l y  w i t h  p r e v a i l i n g  c o n d i t i o n s .  For t h i s  c a s e  t h e  Burney s i t e  

was assumed t o  be o p e r a t e d  a t  7 5 2  power, t o  have a round- the -c lock  s i t e  

a t t e n d a n c e ,  t o  have a v a i l a b l e  4 5  m i l s / ~ W h  e l e c t r i c i t ' y  and t o  be  p1.1rnping 
I I  new gas". I t  was found t h a t  t h i s  combina t ion  of  i n p u t s  r e s u l t e d  i n  a 

somewila t b e t t e r  inves tment  p t e n t  i a l  t h a n .  t h a t  shown i n  F i g u r e  5-3.1.. 

I!'.Lgurc 5-12 f l l l 0 ~ 0  r h c  3~n3itivity analysis A s  i l l d i c d l r d  L U L  Lilt! 

I<ayne, [,A s i te  ( F i g .  5 - 7 ) .  The c a p i t a l  c o s t  and p r i c e  of g a s  a r e  t h e  

p a r a m e t e r s  a f f e c t i n g  t h e  c o s t - o f - s e r v i c e  t h e  most .  The r e s u l t s  shown 

i n  F i g u r e  5-12 were used t o  d e t e r m i n e  t h e  ef1:ec.t of ah  182 i n c r e a s e  

i n  i n s t a l l e d  c o s t s  on t h e  r e s u l t s  shown i n  F i g u r e  5-9. 

The P a c i E i c  Cas and E l e c t r i c  Company h a s  p e r  rorrnctl ;,I-I ctc:onom l(: 

a n a l y s i s  of t h e  use  of t h e  bot toming c y c l e  t o  g e n e r a t e  ~ l ! : r : t r i ( : i ~ y .  ' I ' . ~ I c  

a n a l y s i s  was based on t h e  economic l i f e  of 15  y e a r s  b e g i n n i n g  i n  1380 a s  

t h e  f i r s t  y e a r  of o p e r a t i o n .  Tt12 rlew e l e c t r i c a l  o u t p u t  was 25,00(l ,C)I)O kW 

h r l y e a r  which r e q u i r e d  t h e  c o s t  of  e l e c t . r i c i t y  g e n e r a t i o n  t o  he 28.5  m i l l s 1  

kW-hr i n  1980 f o r  break-even.  The company e x p e c t s  r e v e n r ~ e s  g r e a t e r  t h a n  

28.5 mills/kW-hr and hence , .  t h e  use  of  t h i s  o p t i o n  i s  a t t r a c t i v e  economica l ly .  
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l ' u r t l~e r ,  t he  c a p i t a l  c o s t  ' required f o r  t h e  gene ra t i on  of e l e c t r i c t t y  i s  

less than t h a t  requi red  f o r  pumping gas ,  p r i m a r i l y  because of t h e  $700,000 

c o s t . o €  r e p l a c i n g  t h e  p re sen t  gas  comgressor shown i n  '[able 5-5: 

5 .8 - .6  SUMMARY OF RESULTS 

The r e s u l t s  of t h i s  a n a l y s i s  .show t h a t  some a p p l i c a t i o n s  of t h e  bot-  

toming c y c l e  t o  p i p e l i n e s  a r e  economic now; I n  the  near  f u t u r e ,  o t h e r  

a p p l i c a t i o n s  become a t t r a c t i v e .  With changes i n  r e g u l a t i o n s  t h e  a t t r a c t i v e -  

ne s s  i n c r e a s e s .  However, f o r  some o t h e r  a p p l i c a t i o n s ,  i t  i s  doub t fu l  i f  

the I?HC w i l l  ever  be a t t r a c t i v e . .  

For t h e  Itayne, LA s i t e  under Federal  Energy Regulatory Commission 

r u l e s ,  us ing  "average" f u e l  p r i c e s ,  and inc lud ing  an 18% i n c r e a s e  i n  in-  

s t a l l e d  c o s t s ,  t h e  bottoming c y c l e  investment w i l l  be v i a b l e  i n  t h e  yea r s  

1988 and 1991, r e s p e c t i v e l y ,  depending upon whether a  10% o r  a  6% r a t e  of  

i n E l a t i o n  i s  used. For a  f ive-year  cos t -of -serv ice  c r i t e r i o n  the  i nves t -  

ment w i l l  he v i a b l e  i n  t h e  mid 1980 ' s  a n d ' f o r  a  ten-year cos t -o f - se rv i ce  

c r i t e r i o n  i n  t he  e a r l y  1980's .  , For t h e  ' ~ u r n e ~ ,  CA s i te  under C a l i f o r n i a  

P u b l i c  U t i l i t y  Commission r u l e s ,  us ing  a  10% i n f l a t i o n  r a t e ,  and i nc lud ing  

an' 18% inc rease .  i n  i n s t a l l e d  c o s t '  t h e  bottoming c y c l e  investment wi th  t h e  

allowed 10% t a x  c r e d i t  is now v i a b l e .  1f.FERC r u l e s  a r e  changed t o  recog- 

n i z e  t h a t  f u e l  saved is l o g i c a l l y  equ iva l en t  t o  "new" gas  t h e  use of t h e  

bottoming c y c l e  w i l l  be economical two t o  t h r e e  yea r s  e a r l i e r  Tor FRRC reg-  

u.l;ited companies. 

'I'he combination of FERC r u l e s ,  a l o c a t i o n  i n  t e r r i t o r y  served b y  t h e  

Tennessee Val ley Author i ty  wi th  inexpensive e l e c t r i c t y ,  and s u r p l u s  pumpi.n;: 

power a v i l a b l e  makes t he  gene ra t i on  of e l e c t r i c i t y  a t  Texas Gas ' ~ r a n s m i s s i o n ' s  

Covington, TN s i t e  u n a t t r a c t i v e .  However, i n  C a l i f o r n i a ,  under d i f f e r e n t  

cond i t i ons ,  e l e c t r i c  genera t ion  is  h igh ly  a t t r a c t i v e .  Obvfously, t h e  econ- 

omics of e l e c t r i c a l  genera t ion  i s  h igh ly  s i te  dependent.  

5.9 EFmCT OF POTENTIAL INSTITUTIONAL -a,-. CHANGES 

I n  a d d i t i o n  t o  being s u b j e c t  t o  t h e  normal bus iness  and t a x  laws, 

whethqr a  p i p e l i n e  ope ra t e s  under Federa l  o r  s t a t e  r e g u l a t i o n s  a l s o  has 

a s t r o n g  e f f e c t  'on t he  perceived d e s i r a b i l i t y  of new investments .  The 



e f f e c t s  of changing some r e g u l a t i o n s  which appear  t o  impact t h e  s e l ec -  

t i o n  of  t h e  Rankine bot.toming cyc l e  are d iscussed  below and i n  Reference 

5.9.1. TAX CREDIT POLICY 

Under p r e s e n t  t a x  law, p i p e l i n e  companies r e c e i v e  a  t a x  c r e d i t  on 

new c o n s t r u c t i o n  f o r  gas  t ransmiss ion .  Under t h e  law, t h i s  c r e d i t  can n o t  

be used t o  reduce t h e  r a t e ,  b u t  must e i t h e r  be de fe r r ed  o r  flowed through 

t o  t h e  owners. This  se t  of r u l e s  was taken from Reference 24 and was 

"intended t o  ensu re  t h a t  t h e  t a x  money saved would .be  used f o r  c a p i t a l  

investment  r a t h e r  than  f o r  t h e  b e n e f i t  of c u r r e n t  customers;and t o  pre- 

v e n t  l o s s  of  t a x  revenues t h a t  would r e s u l t  from reduced u t i l i t y  r a t e s  

and reduced t a x a b l e  income". From t h e  s t andpo in t  of j u s t i f y i n g  t h e  .in- 

s t a l l a t i o n  o f  RBC equipment, t h i s  means t h a t  t a x  c r e d i t s  do .not impact 

t h e  c o s t  o f .  s e r v i c e  c a l c u l a t i b n .  Although changing t h e s e .  r u l e s  would 

make t h e  f i r s t  y e a r  c o s t  of  s e r v i c e  more f avo rab l e ,  i t  would be less 

f avo rab l e  t o  t he  company, who would now have t o  reduce r a t e s  t o , t h e  custo- 

m e r .  

I t . i s  c l e a r  t h a t  i f  a  RBC investment i s  n o t  accep tab l e  from a f i r s t -  

y e a r  c o s t  of  s e r v i c e  wi thout  t h e  t a x  c r e d i t  being inc luded ,  i t  is  a c t u a l l y  

less accep tab l e  t o  t h e  company i f ,  by i t s  i n c l u s i o n  i n  t h e  * r a t e  ca l cu l a -  

t i o n ,  t he  f i r s t  y e a r  c b s t  of s e r v i c e  becomes favorab le .  I n  summary, t h e  

company g e t s  t he  t a x  c r e d i t  i n  a n y , c a s e ,  b u t  l o s e s  some of i t  i f  inc luded  

i n  t h e  r a t e  c a l c u l a t i o n .  

For i n t r a s t a t e  u t i l i t i e s ,  r egu la t ed  by a  s t a t e  Pub l i c  U t i l i t y  

Commission, t h e  s i t u a t i o n  is  p o t e n t i a l l y  d i f f e r e n t .  Reference 24 des- 

c r i b e s  a  r e c e n t  U.S. Supreme Court d e c i s i o n  which allows a state PUC t o  

f o r c e  a  company t o  i nc lude  the  t a x  c r e d i t  i n  i ts  r a t e  c a l c u l a t i o n ,  whi le  
I 

t h e  IRS cont inues  t o  s t a t e  t h a t ,  t o  r e c e i v e  t he  c r e d i t  a t  a l l ,  t he  utili- 

t ies  must no t  pass  t he  t a x  c r e d i t  on to  t h e  customer. Obviously some 

change w i l l  occur  h e r e ,  bu t  what w i l l  happen and when is  unc lear .  

The only  obv iuus  cl~ange which fnf  gh t  encourage t h e  i n t r o d u c t i o n  of 

RBC equipment would be  an a d d i t i o n a l  t a x  c r e d i t  f o r  energy conserva t ion  



devices .  The c r e d i t  could be  s p l i t  between t h e  company and t h e  customer 

'so t h a t  an i n c e n t i v e  would e x i s t .  The ' p o t e n t i a l  b e n e f i t  t o  t h e  count ry  

would have t o  be balanced a g a i n s t  t h e  l o s s  of t a x  revenue. 

5.9.7 FIRT, V ~ L I r E  POLICX 

Under p re sen t  r egu la t i ons ,  t h e  c o s t  of gas  used f o r  pumping is the  

average p r i ce .  This  i nc ludes  gas  from o l d e r  c o n t r a c t s  a s  w e l l  a s  gas  from 

new,wel l s  o r  from l i q u e f i e d  n a t u r a l  gas. When an economic assessment i s .  

made, t h i s  low p r i c e  tends t o  make i t  d i f f i c u l t  t o  j u s t i f y  t h e  l a r g e  capi- 

t a l  investments  r equ i r ed  f o r  RBC systems used f o r  s av ing  f u e l .  
. . 

Log ica l ly ,  gas  saved through conserva t ion  methods should be valued 

a s  t h e  -most expensive gas purchased'. I f  t h i s  change i n '  t h e  r u l e s  were 

implemented, t he  i n c e n t i v e  t o  use a l i  s o r t s  o f  energy conserving .equip- 

ment,. i nc lud ing  the  RBC, would be much g r e a t e r .  ' ~ o t e " ' t h a t  e l e c t r i ' c a l  

genera t ion  is no t  a gas s av ing  procedure,  bu t  mqre ak in  t o  a cogenera- 

t i o n  process ,  and thus  does n o t  n e c e s s a r i l y  bene ' f i t  f rom inc reased  gas  

p r i c e s .  

5.9.3 OTIIER REGULATORY POLICIES 

There a r e  a number of o t h e r  r egu la to ry  p o l i c i e s  which need a more 

thorough examination. These i nc lude  t h e  e f f e c t  of a l lowing f a s t e r  t a x  

dep rec i a t i on  ( a  form of  t a x  c r e d i t )  and poss ib ly  some s o r t  of  low c o s t  

loan o r  guaran tee  from the  government . f o r  conserva t ion  equipment . Most 

of t h e s e  schemes have a l r eady  been examined by DOE f o r  o t h e r  programs 

such a s  cogenera t ion  (Reference 25) .  

5.9.4 COMPETING INVESTMENTS 

I n  d i s c u s s i o n s  wi th  p i p e l i n e  companies, i t  became c l e a r  t h a t  one 

problem i n  ga in ing  acceptance of t h e  RBC system wi l l .  be competi t ion from 

o t h e r  p o t e n t i a l  investments .  The p i p e l i n e  companies do n o t  have unl imi  ted 

resources .  A t  the  moment, t h e i r  major concern appears  t o  h e  acqu i r ing  new 

sources  of gas.  A s  a "new" source  of gas ,  t he  BBC has a modest po t en t i a l . ,  

compared t o  t h e  opening of a new gas  f i e l d ,  the  a c q u i s i t i o n  of  l i q u i d  

n a t u r a l  gas  (LNG) from overseas ,  o r  g e t t i n g  gas  from Mexico o r  Canada. 



This  concern of  t he  p i p e l i n e  companies means ' t h a t  t h e  p r o f i , t a b i l i t y  . . .  . 

of  t h e  RBC is  a necessary  b u t  n o t  s u f f i c i e n t  cond i t i on  f o r  m a k i n g . t h i s  
' I  

type of investment .  Unfortunately,  t h i s  is , a  d i f f i c u l t  problem t o  quan- 

t i f y .  Because of a  ch ron ic  balance-of-payments d e f i c i t ,  i t  is i n  t h e  

n a t i o n a l  i n t e r e s t  t o  encourage conserva t ion  of domestic g'as r a t h e r  than 

import f o r e i g n  gas  o r  LNG. This  is  n o t  n e c e s s a r i l y  perce ived  a s  being 

t h e  b e s t  op t ion  by p i p e l i n e  companies.. Thus, a  compet i t ion may e x i s t  

f o r  funds between an investment i n  conserva t ion  equipment and an i nves t -  

ment which, d o l l a r  f o r  d o l l a r ,  w i l l  produce more gas  f o r  s a l e .  

5.9.5 RECOMMENDED CHANGES . . 

Since one of  t h e  o v e r a l l  recommendations of t h i s  s t udy  i s  t h a t  a  

f u r t h e r  s tudy  be made of t h e  impact of government r e g u l a t o r y  e f f e c t s  on 

p o t e n t i a l  market commercial izat ion, ,  t he  d i s cus s ion  he re  w i l l  be  l i m i t e d  

;lntl t e n t a t i v e .  

F i r s t ,  t h e  app l i ca . t i on  of investment t a x  c r e d i t s  f o r  energy conserva- 

t i o n  dev ices  should be modified, wi th  t h e  o b j e c t i v e  of u s i n g ,  t h i s  t'ool t o  

encourage investment i n  conserva t ion .  A balance  between increased  r a t e s  t o  

tlre customer,  t a x  l o s s  t o  t h e  government, and i n c e n t i v e  t6 t h e  company must 

be  achieved,  whi le  s t i m u l a t i n g  energy conserva t ion .  

Second, t h e  tlse of  a Li rs t -year  cos t -of -serv ice  c r i t e r i a  should be 
. -- -- 

reexamined. A p o s s i b l y  less restri.c t i v e  view nf r a t ~  r a l  r y l p  t -i,onc for con- 

s e r v a t i o n  equipment stlould be encnuraged, say  a t h r e e  t o  Cive year  per iod ,  

r : ~ l  her  than a  s i n g l e  year*. 

'I'lrird, tlie f u e l  p r i c e  used f o r  conserva t ion  equipment shorll.tl be 

r a i s e d  ' t o  n tijgtier va lue  than the  presen t  "averaget t  value.. 

[ . as t  , ~ l - ~ e r e  1s a i~ect j  fnr- in3t.a 1 1 in;: 11nnruder1 ttr~rnc-.pr~wer ;! t a CUIII- 

p r e s so r  s t a t i o n  ' f o r  f u e l  conserva t ion  purposes.  This  i:; not c u r r e n t l y  : i . l l o w -  

a b l e  under FERC r e g u l a t i o n s .  

*Comnients f r o m . p a r t i c i p a t i n g  p i p e l i n e .  companies i n d i c a t e ' t h a t  they have 
a l r e a d y  re laxed  t h i s  requirement .  



From an economic v iewpoin t ,  commercial izat ion r e q u i r e s  t h a t  t h e  

p i p e l i n e  companies ' pe rce ive  t h a t  t h e  b o t t ~ m i n ' ~  cyc l e  is an a t t r a c t i v e  

investment which can compete w i t h  o t h e r  investm'ents f o r  t h e i r  l i m i t e d  

resources .  S imi l a r ly , " the  manufacturer  of bottoming c y c l e  equipment 

must perce ive  t h a t  a  m a r k e t . e x i s t s  be fo re  he w i l l  i n v e s t  i n  t h e  necessary  

. . development and product ion  f a c i l i t i e s .  

I n  t h e  r e g u l a t e d  environment i n  which most p i p e l i n e  c. . lpanies o p e r a t e ,  

i t  appears t h a t  p r e sen t  government r e g u l a t i o n s ,  i n  some i n s t a n c e s ,  d e t e r  

investment .  It is  recommended t h a t  a  s tudy  of t h e  impact of government 

r e g u l a t o r y  . e f f e c t s  on t h e  p o t e n t i a l  market commercial izat ion be  made. 

S ince  t h e  c a p i t a l  c o s t  is one. of t h e  most s i g n i f i c a n t ,  f a c t o r s  i n  

c o s t  e f f e c t i v e n e s s ,  a  s tudy  of  p o t e n t i a l  c o s t  r educ t ions  should be  made. 

5.10. CONCLUS IONS - 

Figure  5-13 summarizes t h e  conc lus ions  of  t h i s  assessment i n  pic-  

t o r i a l  fash ion .  These conc lus ions  a r e  d i scussed  below, and v a l i d a t e d  by , 

. t h e  work desc r ibed  i n  t h e  remainder of  . t h i s  r e p o r t .  

" ~ i f f e r e n c e s  i n  a p p l i c a t i o n  a r e  c r u c i a l  t o  market p e n e t r a t i o n .  

-- I n  t h i s  s tudy ,  t h r e e  d i f f e r e n t  sites were used, and t h e  

a d d i t i o n a l  power genera ted  by the  bottoming c y c l e  was used 

' e i t h e r  t o  pump gas o r  t o  gene ra t e  e l e c t r i c i t y . ,  I t  was 

f  dund t h a t  t h e r e  was a  s t r o n g  :site. and energy use'depend- 
. . 

ence on p r o f i t a b i l i t y .  

Economics a r e  h igh ly  s e n s i t i v e  t o  appl icat ion-dependent  system 

c o s t s  and t h e  worth of  fuel. sav ings .  

-- For t he  r e t r o f i t  a p p l i c a t i o n s  s t u d i e d ,  s i t e - s p e c i f i c  in -  

s t a l l a t i o n  c o s t s ,  which a r e  a p p l i c a t i o n  dependent,  showed 

s i g n i f i c a n t  impact on economics. 

-- Depending on t h e  mode of s ta t ' ion  o p e r a t i o n  and o t h e r  

f a c t o r s ,  e .g . ,  c o s t  of f u e l ,  t h e  amount and worth of 

f u e l  s av ings  were h igh ly  v a r i a b l e .  

I 



Figure 5-13. S.nmnary o f  Econanic. ~ssessrnent  . 
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, . 

-- The economics of a l l  a p p l i c a t i o n s  s t u d i e d  were h igh ly  de- 

pendent on t h e  , p r o j e c t e d  c o s t  bf natur .a l  gas ,  a s  w e l l  a s  
...- 

t h e  r u l e s  used t o  a l l o c a t e  gas c o s t s  t o  pumping-use. 

- .. . 
Bottoming cyc le s  a r e  a competi t ive investment a l t e r n a t i v e  f o r  - 

c e r t a i n  app l i ca t ions .  

-- Some of t h e  a p p l i c a t i o n s  a r e  economica l ly -v i ab le  now, o r  -, 

i n  t h e  very nea r  fu tu re .  

-- With some changes i n  r e g u l a t i o n s ,  more a p p l i c a t i o n s  w i l l  

Commercialization r e q u i r e s  an in-depth eva lua t ion  of t h e  market 

of  i n t e r e s t .  . . .  

-- The f u t u r e  s i z e  of t h e  market r e q u i r e s  an  eva lua t ion  of 

those  p o t e n t i a l  sites which .can be  economic. 

For each of t h e  t h r e e  s i t e s  s t u d i e d ,  d i f f e r e n t  conclus ions  con- 

cern ing  t h e  economic worth of t h e  bottoming cyc le  were reached. 

With f u e l  valued a t  average gas p r i c e s  and a ten-year cost-of-service 

investment c r i t e r i o n ,  the.Rayne S i t e  w i l l  be  economic i n  t h e  e a r l y  1980's  

i f  a v a i l a b l e  gas  s u p p l i e s  permit  a l l  t h e  Rankine c y c l e  power t o  be  used f o r  

pumping. With e s c a l a t i n g  gas t h i s  s i t e  and. a p p l i c a t i o n  w i l l  be  even 

more a t t r a c t i v e  i n  t h e  f u t u r e .  , 

' 5.10.2 PACIFIC GAS AND ELECTRIC COO , BURNN, CA SITE 

E i t h e r  g a s '  o r  genera t ing  e l e c t r i c i t y  appears  economically 

a t t r a c t i v e  a t  t h i s  s i t e .  The.combination of S t a t e  PUC r e g u l a t i o n s ,  r e l a -  

t i v e l y  h igh  gas p r i c e s ,  and a r e l a t i v e l y  long time per iod  £or  recovery 

of c a p i t a l  c o s t s  a l l  make t h i s  s i t e  favorable .  

5.10.3 TEXAS GAS TRANSMISSION CORP., COVINGTON, TN SITE 

The use  of the'Ranki.ne bottoming cyc le  power . to  genera te  e l e c t r i c -  

i t y  a t  t h i s  s i t e  d id  n o t  appear favorable .  The combinat ion 'of  low s t a -  



t i o n  throughput ,  h i g h l y  e f f i c i e n t  r e c i p r o c a t i n g  compressors on t h i s  s i t e ,  

and a  l o c a t i o n  i n  a  r e l a t i v e l y .  low-cos t e l e c t r i c i t y  ' a r ea  a l l  make t h i s  ' . 

op t ion  unfavorable .  Unless a l l  t h e  compressors,  both t u r b i n e  and re- 

c i p r o c a t i n g ,  on t h i s  s i t e  a r e  r equ i r ed  for-pumping, t h i s  does n o t  appear 

t o  be a  good a p p l i c a t i o n  f o r  t h e  bottoming cycle .  



ENVIRONMENTAL AND SAFETY ASSESSMENT 

6 . 1  INTRODUCTION 

The r e a s o n  f o r  a n  env i ronmenta l  and s a f e t y  assessment  i s  t o  iden-  

t i f y  p o t e n t i a l  changes  t o  t h e  environment t h a t  may be b rough t  abou t  due  

t o  a s p e c i f i c .  a c t i v i t y  and d e t e r m i n e  t h e  impac t  t h e s e  changes  w i l l  have 

on t h e  environment  and,  s u b s e q u e n t l y ,  mankind. The s p e c i f i c  a c t i v i t y  o f  . .  

i n t e r e s t  i s  t h e  a p p l i c a t i o n  of a n  o r g a n i c  Rankine bot toming c y c l e  t o  a 

g a s  p i p e l i n e  compressor s t a t i o n  t o  c o n s e r v e  energy .  The bot toming cyc1.e 

sys tem i s  a c l o s e d  c y c l e  which t a k e s  h e a t  from a was te  s o u r c e ,  c o n v e r t s  

i t  t o  s h a f t  and . r e j e c t s  t h e  remainder  of t h e  h e a t  t o  t h e  atmos- 

phere .  It  has' n e g l i g i b l e  e f f e c t  on t h e  environment  when o p e r a t i n g  p roper -  

l y .  The c y c l e  can  be o p e r a t e d  u t i l i z i n g  a v a r i e t y  of working f l u i d s ,  t he  

s e l e c t i o n  of which i s  de te rmined  from e x t e n s i v e  s t u d i e s  based on t o x i c i t y ,  

s a f e t y ,  m a t e r i a l s  c o m p a t i b i l i t y ,  performance,  t h e r m a l  s t a b i l i t y  and eco- 

nomics.The optimum f l u i d  would, of  c o u r s e ,  have a l l  of t h e  above charac -  

t e r i s t i c s  i n  t h e  d e s i r a b l e  ranges:The c h o i c e  of t o l u e n e  a s  t h e  bot toming 

c y c l e  sys tem working f l u i d  r e p r e s e n t s  a compromise among t h e  d e s i r a b l e  

c h a r a c t e r i s t i c s  s i n c e  i t  i s  a '  f lammable hydrocarbon and is. c o n s i d e r e d  t o  

be somewhat t o x i c .  Even though t h e  bot toming c y c l e  sys tem is  a c l o s e d  sys -  

tem, i t  must .be assumed t h a t  a component o r  p i p i n g  f a i l u r e  could  r e l e & s e  

some of t h e  working f l u i d  ' t o  t h e  a tmosphere .  T h e , e x t e n t  of t h e  f a i l u r e ,  

methods employed f o r  f a i l u r e  d e t e c t i o n ,  emergency shutdown p r o c e d u r e s ,  e t c . ,  

would a l l  have a n  e f f e c t  on t h e  amount of working f l u i d  r e l e a s e d  t o . t h c  

a tmosphere .  The b a s i c  q u e s t i o n ,  t h e n ,  i s  whether t h e  u s e  of a f lammable,  

somewhat t o x i c  hydrocarbon f l u i d  s u c h .  a s  t o l u e n e  i n  a c l o s e d  bo t  taming 
c y c l e  sys tem p r o p e r l y  d e s i g n e d  and o p e r a t e d ,  c o n s t i t u t e s  a r i s k  t o  t h e  

environment  and mankind which i s  s m a l l  i n  comparison w i t h  t h e  b e n e f i t .  

T h i s  a s sessment  is  a n  a t t e m p t  t o  d e t e r m i n e  whether  t h e  sys tem d e s i g n  i s  

c a p a b l e  of r e d u c i n g  a l l  u n d e s i r a b l e  c h a r a c t e r i s t i c s  t o  t o l e r a b l e  l e v e l s .  



I n  t h i s  s e c t i o n  a pre l iminary  a n a l y s i s  of t h e  environmental  a n d .  

s a f e t y  impacts  of a bottoming c y c l e  system are presen ted .  The bottoming 

c y c l e  components and system des ign  i s  reviewed f o r  c o m p a t i b i l i t y  w i t h  

Fede ra l ,  S t a t e  and Loca l  Codes governing t h e  s e l e c t e d  demonstrat ion sites; 

r e g u l a t i o n s  and codes a r e  examined f o r . p o s s i b l e  c o n f l i c t s  and r e s t r i c t i o n s ;  
' 

p o t e n t i a l  d e s i g n  and o p e r a t i o n a l  problems a r e  d i scussed ;and ,  f i n a l l y ,  con- 

c l u s i o n s  and recommendations a r e  i nd i ca t ed .  

6 . 2  ENVIRONMENTAL AND SAFETY IMPACTS 

Under normal ope ra t i ng  cond i t i ons  t h e  bottoming c y c l e  system d i s -  

charges  'no contaminants  t o  t h e  environment. The system .does,  however, add 

a p o t e n t i a l l y  g r e a t e r  r i s k  t o  t h e  environment and ope ra t i ng  personnel  due 

p r i m a r i l y  t o  t h e  u se  of a hazardous', somewhat t o x i c  f l u i d ,  t o luene ,  a s  t h e  

working f l u i d .  The use  o£  to luene  a s  t h e  working f l u i d  r e s u l t s  i n  a gen- 

e r a l l y  nega t ive  response  t o  t h e  acceptance of . t he  system from t h e  s tand-  

p o i n t  of s a f e t y .  Toluene is a flammable, hydrocarbon wi th  a c lo sed  cup f l a s h  
0 

p o i n t  of 4 0 ' ~  and a u t o i g n i t i o n  temperature  of 997 F (Reference 2 6 ) .  It i s  

somewhat t o x i c  and t h e  proposed OSHA occupa t iona l  s tandard  i s  100 ppm, t i m e -  

weighted average  f o r  a n  8-hour day and a 40-hour week. Maximum a c c e p t a b l e  

c o n c e n t r a t i o n  is 200 ppm. It is one of t h e  more common chemicals  and is  

produced i n  q u a n t i t i e s  of n i n e  b i l l i o n  pounds pe r  yea r .  Large numbers of 

workers  a r e  exposed t o  i t  d a i l y  wi thout  s e r i o u s  problems be ing  r epo r t ed .  

A comparison of Toluene with n a t u r a l  ga s  i s  shown i n  Table  6-1. 

Both hydrocarbon f l u i d s  can be  c l a s s i f i e d  a s  hazardous. The ex- 

p l o s i v e  l h i t s  i n  a i r  f o r .  t o luene  vapor s  a r e  ' s l i g h t l y  less than  n a t u r a l  

ga s .  Au to ign i t i on  tempera tures  a r e  e s s e n t i a l l y  t h e  same. S ince  t h e  vapor 

d e n s i t y  of t o luene  i s  g r e a t e r  than a i r  it w i l l  tend t o  l a y  a t  grouad 

leve l . .  A 32 kW Toluene Rankine system i s  o p e r a t i n g  i n  s p i t e  of t h i s  
e 

c h a r a c t e r i s t i c  of Toluene a t  t h e  Sandia Labora to r i e s  a s  p a r t  of a So la r  

' ' ro ta1  Energy System 'Lest F a c i l i t y .  Natura l  gas ,  being l i g h t e r  ehan a i r ;  

rises and d i s p e r s e s  i n t o  t h e  atmosphere.  A s  i n d i c a t e d  i n  t he  comparison 

t a b l e ,  f i r e  e x t i n g u i s h i n g  methods w i l l  be completely new t o  pumping s t a t i o n  

personnel .  

. According t o  Reference 2 7 ,  a gas  t u r b i n e  modified t o  1ncorpor:rtr: 

a bottoming c y c l e  w i l l  not  be cons idered  t o  be modified or  recon:.;tr~rctod 



. . 
TABLE 6-1 . . 

Flu id  

Synonym 
. . 

Formula . 

Flash  p o i n t ,  Closed Cup 

Open Cup 

Explosive L h i t s  .in A i r  - Lower 

Au to ign i t i on  Temperature 

S p e c i f i c  Gravi ty  (H 0' = 1.) 
2  

Vapor Dens i ty  (Air = 1.0)  

Me1 t ing  Po in t  

Boi l ing  P o i n t  

Water s o l u b i l i t y  

S u i t a b l e  Ext inguish ing  Agents 

Hazard 

Toluene 

Methylbenzene 

'gHsCH3 

40°F 

4 5 ' ~  

1 .3% v o l .  

7.0% vo l .  

9 9 7 O ~  

I n s o l u b l e  

Foam (or  d r y  
Chemical) 

' B y  D y  G y  H 

CODE 

B - Hazardous i n  con tac t  w i th  ox id i z ing  m a t e r i a l  

D - Hazardous when heated 

G - Explosive o r  h igh ly  combustible 

H - May explode i n  f i r e  

Natura l  Gas 

Methane, Marsh Gas 
. . 

C H ~  

Gas . . 

. Gas 

5.3% v o l .  

13.9% vol.. 

, 9 9 9 ' ~  

--- 

-259 '~  

0.05g / m l  

Shut Off 

* Reference 26 



f o r  t h e  purppse  of e s t a b l i s h i n g  whether  i t  i s  a  "new" emiss ion  s o u r c e  

sitlce t h e  a d d i t i o n  of t h e  bot toming c y c l e  does  n o t  i n c r e a s e  t h e  e m i s s i o n s .  

T h e r e f o r e ,  such  a modi f i ed  gas  t u r b i n e  w i l l  n o t  come under t h e  S t a n d a r d s  

ol: IJeriormnance- f o r  New S t a t i o n a r y  Sources  - Gas 't'urbi'ne's. 

SYSrJ'I:M COMPATlBlLl'N WITH REGULATIONS AND CODES b.3 - 

Table  6-2 i n d i c a t e s  t h e  bottdming c y c l e  major components and Codes 

and F e d e r a l  R e g u l a t i o n s  which a r e  a p p l i c a b l e  t o  t h e  d e s i g n  and o p e r a t i o n  of 

t h e  components and t h e  sys tem i n  g e n e r a l .  To a s c e r t a i n  i f  any p a r t i c u l a r  

problems might e x i s t  w i t h  s t a t e  o r  l o c a l  codes  which might  a f f e c t  t h e  

t h r e e  s e l e c t e d  d e m o n s t r a t i o n  si tes,  s u r v e y s  were conducted by e a c h  of t h e  

p a r t n e r  p i p e l i n e  companies .and t h e  r e s u l t s  a r e  a s  f v l l o w s  f o r  e a c h  p i p e l i n e  

company : 

6 . 3 . 1  TEXAS GAS TRANSMISSION CORP. - COVINGTON, TN SITE 

Tennessee ~ e p a r t m e n t  of Economic and Community Development 

may be  c o n s u l t e d  r e g a r d i n g  e x i s t i n g  codes  and r e g u l a t i o n s  

a s  t h e y  app ly  t o  system d e s i g n  
. . 

Isexas  Gas Transmiss ion Corp. - .Envirotunental codes  and '  proce- 

d u r e s  s e c t i o n ,  s e e s  no problems,  no a d d i t i o n a l  e m i s s i o n s  . S t a t e  r e g u l a t i o n s  would n o t  r e q u i r e  l i c e n s e d  b o i l e r  o p e r a t o r .  

Union mighr: j,nsj.st 

e I n s u r i n g  Agency-Hardford Steam B o i l e r  knows of no coun ty  o r  

l o c a l  code t h a t  would t a k e  p recedence  over  s . t a t e ' r e g u l a t i o n s  

S t a t e  r e g u l a t i o n s  w i l l  r e q u i r e  a n n u a l  v a p o r i z e r  . i n s p e c t i o n  
< 

6 .3.2 CO'LUMBIA GULF TRANSMISSION CO. - RAYNE,  LA SITE 

a Con~pli.ancc wi th .  "Louis iana A i r  C o n t r o l  LAW" 

w . B L A L C  'i11d .I.ocal laws ex t remely  f l c ~ r l b l c  

N;I turcs 01: t h e  l a w  makes, p o s s i b l e  problems . d i £ f  i c u l t  t o  

Sorcsct 

(:o~:urnb-icl GulE 'J ' ransri ission Co. ' does  n o t  f a v o r  t o l u e n e  working f l u i d  



TABLE 6-2 

VAPOR GENERATOR - Designed, cons t ruc t ed  and t e s t e d  per  ASME 

B o i l e r  and P re s su re  Vesse l  Code, Sec t ion ,  I 

@ '  CONDENSER - Designed, cons t ruc ted  and t e s t e d  per  ASME Bo i l e r  

and P re s su re  Vesse l  Code, Sec t ion  V I I I  

SURGE./STORAGE TANK - Designed, cons t ruc t ed  and t e s t e d  pe r  

ASME Bo i l e r  and P re s su re  Vessel  Code, Sec t ion  V I I I  

e PIPING - Designed, f a b r i c a t i o n ,  e r e c t i o n  and. i n s p e c t i o n  pe r  

ASME Power P ip ing  Code, ANSI B31.1 

ELECTRICAL EQUIPMENT - Designed .per  Nat iona l  E l e c t r i c  Code - 

Class  I, Div i s ion  I r 

e FLUID HANDLING SYSTEMS - Nat iona l  F i r e  P r o t e c t i o n  'Associat ion 

Flammable and Combustible. Liquid Code 

e SAFETY SYSTEM & GENERAL OPERATION - Occupat ional  Sa fe ty  and 

~ e a i t h  Adrninis t ra t iop Regula t ions ;  Environmental p ro t ec t i on '  

Agency -Regula t ions  
. . 



e Suggest  f u r t h e r  i n v e s t i g a t i o n  of a l t e r n a t e  f l u i d s  

e F u l l  t ime l i c e n s e d  b o i l e r  o p e r a t o r  may be r e q u i r e d  

a Annual i n s p e c t i o n  of v a p o r i z e r  by s t a t e  r e q u i r e d  

Update Air C o n t r o l  Commission Permit  f o r  e x h a u s t  e m i s s i o n s  Q 

a t  t h e  Kayne S t a t i o n  

1 E  a l i c e n s e d  b o i l e r  o p e r a t o r  i s  mandated f o r  a  manned s i te ,  opera-  

t i o n a l  pe rsonne l  would be t r a i n e d  t o  q u a l i f y .  For unmanned .sites i f  a  v a r i -  

a n c e  could  n o t  be o b t a i n e d  t h i s  r equ i rement  would d e t e r  implementa t ion  0.f 

bot toming c y c l e  sys tems .  

6 . 3 . 3  PACIFIC GAS & ELECTRIC CO. - BURNEY, CA SITE 

o C e r t i f i c a t e  of Convenience and N e c e s s i t y  ( R e f .  CAE PUC l.001) 

o County may r e q u i r e  env i ronmenta l  impact r e p o r t  (EIR) f o r  

60 KV t r a n s m i s s i o n  l i n e  

County b u i l d i n g  and g r a d i n g  p e r ~ u i t s  

None of above p r e s e n t  major problems t o  PG&E 

No regul .a . t ions  o r  codes  were d i s c o v e r e d  which would p l a c e  imprac t i -  

c a  I .  o r  urlbear.able r e s t r i c t i o n s  on t h e  d e s i g n ,  c o n s t r u c t i o n  o r  o p e r a t i o n  .of 

a bottoming cyc le  a t  any of t h e  chosen demons t ra t ion  s i t e s .  A s  can  be s e e n  

. from S e c t i o n  6 .3 .2  Columbia Gulf Transmiss ion  Company i s  d e f i n i t e l y  n 'egat ive  

w i t h  r e g a r d  t o  t h e  use  of t o l u e n e  a s  t h e  bot toming c y c l e  working f l u i d .  T h i s  

n e g a t i v e  a t t i t u d e  i s  p r e d i c a t e d  p r i m a r i l y  on t h e  f e a r  t h a t  r e g u l a t o r y  a g e n c i e s  

might  remove t h e  p r o d u c t  from t h e  markc t ,  o r  impose exposure  l i m i t s  SO low 

t h a t  t h e y  cannot  economica l ly  b e  m e t .  

6 . 4  IIESI.CN AND OPERATIONAL PROBLEMS 

N o  m21.j o r  d:esign o r  o p e r a t i o n a l  problems a re  foreseen; hc~wever,  ex- 

t e 1 1 s . i ~ ~  sal 'e ry  p r o t e c t  i o n  r e q u i r e m e n t s  f o r  a  t o l u e n e  o r g a n i c  Rankine c y c l e  

wil .1 bc  ncccocary . Thc i n o u r  i n g  agcno iec  covering t h e  p i p e l i n e  cnmpany s t a -  

t i o n  f a c i l i t i e s  w i l l  have a major i n f l u e n c e  on t h e  d e s i g n ,  c o n s t r u c t i o n  and 

o p e r a t i o n  of , t h e  bot toming c y c l e  system. 1.t i s  q u i t e  p o s s i b l e  they  w i l l  es-  

t a b l i s h  t h e  system p r o t e c t i o n  r e q u i r e m e n t s  and t h e s e ,  of c o u r s e ,  can  v a r y  

between s i t e s  and i n s u r a n c e  a g e n c i e s .  .Any u n c e r t a i n t y  i n  s a f e t y  a s p e c t s  

g e n e r a l l y  r e s u l t s  i n  h i g h e r  c o s t s  f o r  t h e  i n i t i a l  i n s u r i n g  of t h e  f a c i l i t y .  



. . 

Table 6-3 o u t l i n e s  , the  minimum pro tec t ion  requirements o'f a ' p a r t i c u -  
. . 

l a r  insurance company an t i c ipa ted  f o r  a toluene organic  ank kine' cycle. 

system. 

A i r  po l lu t ion  cont ro l  l e g i s l a t i o n ,  .such a s  the  " ~ o u i s i a n a  A i r  .Con- 

t r o l  Law," de f ines  specif ic .methods f o r  the  s torage  of v o l a t i l e  organic  

compounds, includirig the. requirements f o r  tank vent ing  and, vapor recovery 

systems. This is, -of course,  t o  keep. the  vapor r e l e a s e d .  t d  the  ,atmosphere 

t o  a  .minimum. Seals .  used on . ro ta t ing  machinery, e t c .  , a r e  sub jec t  t o  the 

approval of the  Technica l  Secretary of the  l o u i s i a n a  A i r  C o n t r o l  ~ b m m i s -  
. . . . 

sion.  !Abnormal vapor r e l e a s e s  t o  the  atmosphere (vapor genera tor  s a f e t y  

r e i i i f  valve..  t r i p , .  s e a l  f a i l u r e s ,  e t c . )  .must be reported t o  t h e  Commission 

.' immediateljr and a  w r i t  t e n . . r e p p r t .  forwarded t o  the  Commission wi th in .  seven 
. . 

days o f  the  occurrence. ~ e p e a t i d  abnormal. ' r e l ease?  ( f a i l u r e s , '  etc.  ) .  of 

vapor t o  the  .atmosphere ' c a n r e s u l t  'in a  decis ion  'by ' the Commission to :  
. . 

s h u t  ddwil the  .offending f a c i l i t y .  

Design and- opera t ion  of an organic. . Rankine . bottoming 'cycle..'sy$tem , . 

f o r  appl ica t ' ion  t o  gas  turbine  powered gas  'compressors must be i n  accord- 
. . 

ance w i t h  var idus  ~ e d & a l  and s t a t e  r egu la t ions  and codes. s a f e t y  system 

requirements w i l l  b e  d i c t a t e d ,  t o  a  l a r g e  e x t e n t ,  by the  company 
. . ,  

insur ing  . agency and w i l l ;  be . la rgely  dependen.t upon the  sys  tem working 

f l u i d  proper t i e s .  ~ b i m a l  opera t ion  of >he bottoming c y c l e  s y g t e m  w i l l  re- 
. . 

s u l t  i n  no p o l l u t a n t s .  being discharged t o  the  atmosphere .and, theref  o re ,  

have no adver'se e f f e c t s  6n t h e  . . environment. The bot taming' cycie w i l l  have 
. . . . 

no adverse e f f e c t s  6n t he  present  emissions from the  gas tu rb ine  supply- 
. . 

ing the  primary power.' . 

' .During abnormal op,eration o r  i n . t h e  event of a  compone'nt f a i l u r e  

hydrocarbon , vapors .can be re leased t o  the  atmosphere. In,  such'  circumstarices 

the  hazards associa ted  with t h e ,  t o x i c i t y  and 'f lanrmability of .  toluene must. 

be measured aga ins t  the  s a f e t y  systems'meant ' t o  n e u t r a l i z e  them. I n  s p i t e  

of t h e  s a f e t y  systems proposed t h e r e  i s  'somo opposi t ion  t o  the  use  o f .  . 

toluene i n  the  p ipe l ine  industry., Because the  ha 'zards e x i s t  ~ a t i o n a l  I n s t i -  

t u t i o n  fo r  ~ c c u ~ a t i o ~ a l  Safe ty  and . ~ e a l t h ; , ( ~ 1 0 ~ ~ )  , Environmental Protec t ion  
. , .  

Agency (EPA), o r  some o the r  governmental agency, may a t  some time preclude t o  



TABLE 6-3 

TYPICAL MINIMUM PROTECTION REQUIREMENTS FOR 
TOLUENE ORGANIC RAMCINE CYCLE 

~ o c a t e  vapor gene ra to r  ' 50 f e e t  from a l l  o t h e r  s t r u c t u r e s  

provide  emergency r e l i e f  ven t ing  f o r  vapor g e n e r a t o r ' a n d  

condenser 

I n s  t a l l  ' f i x e d  water  spray t o  p r o t e c t  vapor gene ra to r  and 

suppor t s  from ground up t o  10 f e e t  above to luene  

- Automatic a c t i v a t i o n  
- Manual a c t i v a t i o n  

I n s t a l l  CO ex t ingu i sh ing  system p r o t e c t i n g  c o r e  of vapor 2 
gene ra to r  . . 

I n s t a l l  e l e c t r i c  wi r ing  and apparatus f o r  u s e  in C l a s s  I, 

Div i s ion  2 l o c a t i o n  

- Iusldt!  o r  o n . a l f  borroraiilg c y c l e  apparatus 
- Within 5 f e e t  of vapor gene ra to r  
- Within 25 f e e t  h o r i z o n t a l l y  f r o m . a l 1  bottoming 

c y c l c  npparatuo from grade l e v e l  t a  3 feet 

Provide  i n t e r l o c k  t o  shutof f  hea t  sou rce  f o r  l o s s  of 

power t o  condenser f a n s  

Provide i n  accordance w i th  ASME Code f o r  p r e s s u r e  v e s s e l s  

and ANSI B-31 

- - Pip ing  - 
- Valves 
-  fitting^ 
- R e l i e f ,  Valves 

Provide  emergency t rench-type d r a i n  t o  s a f e  l o c a t i o n  f o r  

- Flammable leakage  
- F i r e  p r o t e c t i o n  water 

E s t a b l i s h  c o n t r o l l e d  a r e a  w i t h i n  50 f e e t  r a d i u s  of bottoming 

c y c l e  equipment 

- Limited a c c e s s  
- R e s t r i c t e d  a r e a  si .gns 
- No smoking s i g n s  

Provide  vapor gene ra to r  s t a c k  h e a t  sensor  f o r  fo l lowing  

f u n c t i o n s  

- A c t i v a t e  water  spray  sys , tep 
-., A c t i v a t e  C02 System 
- Shutoff h e a t  source  
- Dump to luene  . to  s a f e  l o c a t i o n  



. . 

u s e  of t o luene  o r  some o t h e r  o rgan i c  w o r k i n g . f l u i d  f o r  bottoming c y c l e s ,  

t hus  r ende r ing  any i n s t a l l e d  appa ra tu s  u s e l e s s . ,  Therefore ,  i t  is  recom- 

mended t h a t  DOE fund a program t o  e v a l u a t e  t h e  haza rds  o f ' t o l u e n e  and 

o t h e r  o rgan i c  working f l u i d s  s o  t h a t  bottoming ~ y c l e  a p p a r a t u s  can be 

made s a f e  and when i n s t a l l e d  n o t  s u b j e c t  t o  subsequent .  shu t  down because  

t h e  haza rds  were n o t - e v a l u a t e d  i n  a  t imely-manner .  





SECTION 7 

TECHNOLOGICAL FEASIBILITY 

'INTRODUCTION 

The o rgan ic  Rankine c y c l e  i s  be ing  developed i n  smal l  s i z e s  (600 

t o  800 HP) (References 28 and 29) by t h e  Of f i ce  of Coal U t i l i z a t i o n  of 

DOE. Working f l u i d s  and des ign  d e t a i l s  vary  appreciably.among t h e s e  sys-  

t e m s .  I n  a s s e s s i n g  t h e  r e s u l t s  of t h e s e  and o t h e r  s t u d i e s  t h a t  have been 

conducted i n  t he  a r e a  of bottoming c y c l e  technology, p re l iminary  conclu- 

s i o n s  have been reached t h a t  Rankine h e a t  recovery c y c l e s  o f f e r  a  c o s t  

e f f e c t i v e  means of ach iev ing  energy conse rva t ion .  The i n t e n t i o n  of t h e  

DOE P i p e l i n e  Bottoming Cycle Demonstration Program i s  t o  a s s e s s  t h e  po- 

t e n t i a l  f o r  widespread commercial izat ion of bottoming c y c l e  h e a t  recovery  

systems. This  program w i l l  make use of e x i s t i n g  a s  w e l l - a s  advanced tech-  

nology r e s u l t i n g  from c u r r e n t  programs of o t h e r  government and p r i v a t e  

sources .  Due t o  t h e  'small s i z e  of c u r r e n t  developmental bottoming c y c l e  

a p p a r a t u s , , t h e  a p p l i c a b i l i t y  of t h i s  technology must be  reexamined f o r  t h e  

p i p e l i n e  a p p l i c a t i o n  where t he  s i z e  i s  of t h e  o rde r  of 3000 HP - 6000 HP. 

Because t h e  exhaust  ga s  temperatures  of most g a s  t u r b i n e s  a r e  below 
0 

1000 F o rgan ic  working f l u i d s  a r e  p r e f e r r e d .  The reason  f o r  t h i s  i s  t h a t  

such working f l u i d s  have s u b s t a n t i a l l y  lower l a t e n t  h e a t s  of v a p o r i z a t i o n  

compared t o ,  water .  This  s i t u a t i o n  r e s u l t s  i n  a  r educ t ion  i n  t h e  unava i l ab l e  

energy compared t o  steam because t h e  vapor gene ra to r  cond i t i on  l i n e  (tem- 

p e r a t u r e  ve r sus  hea t  i npu t )  l i es  c l o s e  K O  t he  gas  t u rb ine  exhaust  ga s  condi- 

t i o n  l i n e  ( tempera ture  v e r s u s  hea t  ou tpu t ) .  Organic 'working f l u i d s  a r e  

d i v e r s e  i n  numbers and p r o p e r t i e s .  Each f l u i d  has  a c e r t a i n  l e v e l  of tox ic -  

i t y  and f lammabi l i ty .  Also each f l u i d  has  a  temperature  a t  which i t  i s  no 

longer  chemical ly  s t a b l e .  F i n a l l y  c e r t a i n  working f l u i d s  o r  t h e i r  p roduc t s  

of chemical breakdown can cause c o r r o s i o n  of t h e  containment m a t e r i a l s .  I t  

i s  a l s o  p o s s i b l e  f o r  t he  containment m a t e r i a l s  t o  c a t a l y z e  decomposition 

of t h e  working f l u i d  i n  c e r t a i n  temperature  ranges.  



The use of o rganic  working f l u i d s  spawns new u n c e r t a i n t i e s  i n  com- 

ponent and system des ign .  ~ l t h d u ~ h  t h e  thermodynamic and t r a n s p o r t  proper- 

t i e s  a r e  g e n e r a l l y  a v a i l a b l e ,  t h e  e f f e c t s  of s c a l e  on hea t  exchangers  and 

turbomachinery must be reckoned wi th .  Also because of t o x i c i t y ,  f l ammabi l i ty  

o r  h igh  c o s t  t h e  leakage  of t h e  working f l u i d  from t h e  containment must be 

e l imina ted  or  a t  l e a s t  min imized . ,This  imposes a  s t r i n g e n t  s e t  of r equ i r e -  

ments upon t h e  d e s i g n  of s h a f t  s e a l s ,  va lve  stems and f l anged  j o i n t s .  It 

a l s o  means t h a t  t h e  containment j o i n t s  made by welding o r  braz ing  must be 

of a  h igher  q u a l i t y  and inspec ted  more thoroughly than  s i m i l a r  such j o i n t s  

f o r  steam appa ra tu s ,  where a  cer ' t a in  l e v e l  of make up is pe rmis s ib l e .  

It i s . t h e n  the  purpose o f ' t h i s  s e c t i o n  of t h e  r e p o r t  t o  e s t a b l i s h  

t h e  degree of t e chno log ica l  f e a s i b i l i t y  of the .bo t toming  cyc l e  when app l i ed  

t o . t h e  conserva t ion  of t h e  waste  hea t  from gas  t u r b i n e s  used t o  pump 

n a t u r a l  g a s  i n  t h e  n a t i o n ' s  p i p e l i n e s .  S ince  t h e  o b j e c t  of t h e  DOE P i p e l i n e  

Bottoming Cycle Demonstr.ation Program is  t o  e . f£ect  a  f u e l  sav ing  i n  t h e  

pumping of n a t u r a l  g a s ,  t he  f e a s i b i l i t y  of t h e .  bottoming c y c l e  appa ra tu s  

must be e s t a b l i s h e d  b e f o r e  p r o j e c t i o n s  of f u e l  s av ings  a r e  made. The degree  

of f e a s i b i l i t y  of t h e  p i p e l i n e  bo t toming .cyc le  w i l l  e s t a b l i s h  any r e s e a r c h  

and development e f f o r t s  t h a t  a r e  needed t o  commercialize.  t h i s  appa ra tu s .  

Based upon t h e  r e s u l t s  of t h e  pre l iminary  des ign  and t h e  environ- 

mental  and s a f e t y  assessment  of t h a t  de s ign  a  d i s c u s s i o n  of  t h e  technolog- 

i c a l  f e a s i b i l i t y  of b u i l d i n g  t h e  demonstrat ion system are presented .  Tho 

working f l u i d  s t a b i l i t y  and c o m p a t i b i l i t y  w i t h  component m a t e r i a l s  and t h e  

a d a p t a b i l i t y  of t h e  bottoming c y c l e  appa ra tu s  t o  t h e  convent iona l  p i p e l i n e  

g a s  compressor prime movers a r e  d i scussed .  An assessment of t h e  component 

r e s e a r c h  and development c u r r e n t l y  being conducted on o rgan ic  Rankine 

cycles  i n  both the p u b l i c  and p r i v a t e  s e c t o r s  i nc lud ing  a  d i s c u s s i o n  of 

t h e  s t a t u s  and the  expected d a t e  when t h e  components w i l l  be a v a i l a b l e  

a r e  provided.  The r e s e a r c h  and development work r equ i r ed  f o r  s p e c i f i c  com- 

ponents  be fo re  t h e  demonstrat ion systems can be b u i l t  a r e  a l s o  i d e n t i f i e d .  

Th i s  s e c t i o n  i n c l u d e s  a  d i s c u s s i o n  of t h e  a v a i l a b i l i t y  of r e sou rce  mater i -  
1 

a l s  r equ i r ed  f o r  t h e  product ion  of bottoming cyc l e  systems. The a v a i l -  

a b i l i t y  of both t he  raw m a t e r i a l s  and t h e  processed m a t e r i a l s  i s  compared 

t o  t h e  expected demand f o r  bottoming c y c l e  systems. 



The s e l e c t e d  working f l u i d , t o l u e n e ,  i s  compared wi th  o t h e r  poss i -  

b l e  working f l u i d s .  These f l u i d s  i nc lude  mixtures  of t r i f l u o r o e t h a n o l  and 

water ,  methylpyridine and water and penta-hexafluorobenzene. 

7.2. WORKING FLUID 

The working f l u i d  must have only  an  a c c e p t a b l e  impact upon the 

environment and s a f e t y .  I n  a d d i t i o n  i t  must be chemical ly  s t a b l e  up t o  a 

temperature  which w i l l  n o t  be exceeded i n  t h e  system a n d . i t  must be  com- 

p a t i b l e -  wi th  t h e  containment ma'ter, ials.  

7 .2 .1  ENVIRONMENTAL IMPACT 

The one a s p e c t  o f '  t h e  bottoming c y c l e  system which causes  some con- 

c e r n  regard ing  environmental  impact i s  t h e  choice of ' to luene  a s  t h e  work- 

i n g  f l u i d .  Although i t  was known t h a t  to luene  i s  flammable and t o x i c  i t  was 

,chosen a s  t h e  working f l u i d  f o r  s e v e r a l  reasons .  Toluene i s  s t a b l e  t o  
0 

700 F and i s  compatible  wi th  o rd ina ry  m e t a l l i c  containment m a t e r i a l s .  

Although to luene  i s  t o x i c ,  i t  i s  one of t h e  more common chemicals.  L a r g e :  

numbers of workers a r e  exposed t o  i t  d a i l y  without sek ious  problems. Re- 

c e n t l y ,  a bottoming c y c l e  system w i t h  t o luene  a s  working f l u i d  was t e s t e d  

a t  Sandia Laboratory (Reference 30).  

Because of t h e  concern about  t o luene ,  the s e l e c t i o n . o f  .working 

f l u i d  was recons idered .  The f l u i d s  l i s t e d  i n  Table 7-1 have been s e l e c t e d :  

by o t h e r s  a s  a r e s u l t  of t h e i r  eva lua t ions .  F l u o r i n o l  is  asworking f l u i d  

s e l e c t e d  by the  Thermo E lec t ron  Corporat ion f o r  a bottoming cyc l e  system 

they a r e  deve lap ing ,  The o t h e r  two f l u i d s ,  RC1 and RC2, were s e l e c t e d  by 

t h e  Monsanto Research Corp. a f t e r  a comprehensive s tudy  t o  i d e n t i f y  o p t i -  

mum working f l u i d s  f o r  automotive Rankine engines .  

A l l  of t he se  f l u i d s  a r e  t o x i c  t o  some e x t e n t  and t h e i r  t o x i c i t y  l e v e l s  

a r e  reproduced i n  Table 7-2. Most of  t h e  d a t a  on t h e  t o x i c i t y  l e v e l s  

were g iven  i n  t he  NIOSH Regis t ry  of Toxic E f f e c t s  (Reference 1 3 )  but  some 

va lues  were taken from Reference 12 and Reference 14 .  It i s  d i f f i c u l t  

t o  f i n d  comparable t o x i c i t y  d a t a  f o r  a l l  t h e  f l u i d s  so  a comparative 

procedure was used.. The f i r s t  column, which is  t h e  l e t h a l  o r a l d o s e  

f o r  50 percent  of  t h e  mice', i n d i c a t e s  t h a t  F luo r ino l  i s  more t o x i c  



TABLE 7-1 

ADDITIONAL FLUIDS CONSIDERED 

' Fluorinol 50 50 mol% ' 222 Trifluoroethanol - ' 

50 mol% Water 

RC2* 35 mol% . 2  Me thylpyridine ,. , 

65 mo3.% ., Water . . 

RCl* 60 mol% Pentafluorobenzene 

40 mol% Hexaf luorobenzene 

. .. 

TABLE 7-2. 
TOXICITY RANKING (DESCENDING ORDER) 

Toluene 
. , 

Freon 22 . 

o r 1  mus El150 ihl rat LC50 
- - 

ihl rat LC 'Lo 



than py r id ine .  The second column, which i s  the  lowest  r epo r t ed  l e t h a l  con- 

c e n t r a t i o n  f o r  i n h a l a t i o n  by r a t s ,  i n d i c a t e s  t h a t  to luene  and p y r i d i n e  a r e  
. .  . 

e q u a l l y  t o x i c .  The t h i r d  column, whi,ch .is the  l e t h a l  concen t r a t i on  f o r  50 

percent  or  rar:s hy i .nha.latiou, indicates crom Keference 14 t h a t  P:l.uorinol 

i.s more tox.Lc than I{CJ. and from KcLcrencc 12 t h a t  RC2 is  more t o x i c  t h i ~ n  

KC]. . 
.According t o  Reference 15 a l t h o u g h ' t o l u e n e  i s  l i s t e d  ' i n  Suspected 

Carcinogens,  Reference 31, t h a t  does n o t  au toma t i ca l l y  mean t h a t  i t  must 

be avoided.  I n  f a c t  many subs tances  which a r e  common i n  everyday l i f e  

and a r e  i n  n e a r l y  every household i n  t h e  United S t a t e s  a r e  s o  l i s t e d .  

L i s t i n g  o c c u r s " i n  two circumstances:  (1)  i f  .a subs tance  h a s  r epo r t ed  

neop la s t i gen i c  (tumor-forming) o r  ca rc inogen ic  e £ f e c t s '  o r  (2 )  i f  a  sLb- 

s t a n c e  i s  merely of onco log ica l  (tumor s tudy)  i n t e r e s t .  It should be 

emphasizkd t h a t  no neop la s t i gen i c  nor  ca rc inogen ic  . e f f e c t s  a r e  l i s t e d  

f o r ~ t o l u e n e ,  implying t h a t  t o luene  is  l i s t e d  merely'  f o r  o n c o l o g i c a l . i n -  

t e r e s t .  Reactant  grade to luene  is s p e c i f i e d  f o r  t he .p ropdsed  system.. 

Such a grade of to luene  c o n t a i n s  less than  0.01% benzene, a  carc inogen .  

The Occupat ional  Sa fe ty  and Heal th  Adminis t ra t ion  has  promulgated an  

8-hour time-weighted average exposure l i m i t  of 1 ppm of benzene vapor .  The 

8-hour maximula a l lowable  cqncen t r a t i on  of t o luene  -corresponds t o  a concen- 

t r a t i o n  of benzene of less than  0 .01  ppm, a  va lue  t h a t  is 1% of t h e  pro- 

mulgated benzene s t anda rd .  Therefore ,  to luene  can be considered. s a f e  ca r -  
. . 

c i n o g e n i c a l l y  if' t h e  .&hour time-weighted-average concen t r a t i on  is  kept: be- 
. . 

low 100 ppm, Iteference 15. 
.. * 

Shown in Table  7-3 i s  a  comparison of ' the fou r  working f ' luids:  The 

perfo'rmance is  c , lose '&nough t h a t  i t  should n o t  be t h e  p r i n c i p a l  f a c t o r  

i n  rh; f l u i d  : i e l ec t i bn .  Toluene and R C 1  appear t o  b e  most compat ible  w i t h  

coriventional containment m a t e r i a l s .  RC2 f a i l e d '  the .  m a t e r i a l s  c o m p a t i b i l i t y  

t e s t  i n  t h e  Monsanto eva lua t ion ,  and some pro'blems have been r epo r t ed  w i t h  
. " 

, F ~ u o r i n o l ,  alchough Thermo Elec t ron .  has  been using t h i s  f l u i d  , fo r  s e v e r a l  
0 

yea r s .  A l l  t.he f l u i d s  a r e . s t a b l e  t o  over  625 F and a r e  t h e r e f o r e  s u i t a b l e  

f o r  t h i s  a p p l i c a t i o n .  Toluene i s  t h e  most flammable and RC1 i s  ' the only one 

t h a t  i s  nonflammable. F l u o r i n o l  and RC2 a r e  .mixture& of chemicals  and 

water  and a l though they w i l l  burn i n  t he  presence  of a  flame they a r e  n o t  

considered a s  flammable a s  to luene .  According t o  t he  ranking i n  Table  7-2, 

F l u o r i n o l  i s  most t o x i c ,  R C 1  i s  l e a s t  t o x i c ,  and to luene  and RC2 ar.e about  

ha l f  a s  t o x i c  a s  F luo r ino l .  From t h e  l a s t  row, which compares f l u i d  c o s t s ,  

to luene  and RC2 a r e  inexpensive and RC1 and F l u o r i n o l  a r e  expensive..  
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TABLE 7-3 

FLUID EVALUATION 

Performance 

Toluene F-E.0 

506: HP , 4796 HP 

Mate r i a l s  CcmpatibFlity good good i n  absence 
of a i r  

Thermal S t a k i l i t y  > 750°F > 62S°F 

Sa fe ty  flammable i g n i t a b l e  

Toxic i ty  100 ppm TWA t o x i c  
200 ppm max. 

0.10' 7. now 
< 3. f u t u r e  

RC- 2 RC- 1 

incompatible 
w i t h  A 1  o r  
s t e e l  

i g n i t a b l e  

coxcparable 
t o  to luene  

good 
t e s t e d  i n  4130 
.s t e e l  

nonflammable 

l e a s t  t o x i c  

30. now 
< 5. f u t u r e  



7.2.2 SAFETY ASPECTS 

A bot toming c y c 1 e . i ~  a sys tem of c o n v e n t i o n a l  components,  h e a t  ex- 

c h a n g e r s ,  pumps, t u r b i n e ,  v a l v e s ,  p i p i n g  and c o n t r o l s .  I t  t a k e s  h e a t  from 

a w a s t e  h e a t  s o u r c e ,  such  a s  a  g a s  t u r b i n e  e x h a u s t ,  c o n v e r t s  some of  i t  

i n t o  s h a f t  power and r e j e c t s  t h e  r e s t  of t h e  h e a t  t o  t h e  a tmosphere .  S i n c e  

i t  i s  a  c l o s e d  c y c l e ,  i t  h a s  n e g l i g i b l e  e f f e c t  on t h e  environment  when i t  

i s  o p e r a t i n g  p r o p e r l y .  However, i n  any mechan ica l  sys tem,  t h e r e  i s  a lways  

t h e  p o s s i b i l i t y  of  f a i l u r e  of some component. I f  t h e r e  i s  a  l e a k  i n  t h e  

h e a t  exchanger  t u b e s , . t u r b i n e ,  o r  o t h e r  sys tem p i p i n g ,  some of t h e  working 

f l u i d  w i l l  b e  d i s c h a r g e d  i n t o  t h e  a tmosphere  u n t i l  t h e  sys tem is  s'hut down 

and t h e  f a u l t  c o r r e c t e d .  

Toluene must be  handled l i k e  o t h e r  f lammable l i q u i d s .  V e n t i l a t e d  

a r e a s  a r e  r e q u i r e d  away from e x c e s s i v e  h e a t  and i g n i t i o n  s o u r c e s .  How- 

e v e r ,  i t  i s  f e l t  t h a t  t h e  s a f e t y  h a z a r d s  can b e  reduced t o  a c c e p t a b l e  

l e v e l s  by p r o p e r  d e s i g n  p r a c t i c e s  and o p e r a t i n g  p rocedures .  

Sunds t rand  was t o  p l a c e  f i v e  Rankine c y c l e  sys tems  u s i n g  t o l u e n e  

i n  t h e  f i e l d  t h i s  y e a r ,  i n c l u d i n g  t h r e e  bo t toming  c y c l e s  f o r  r e c i p r o c a t i n g  

e n g i n e s  and two f o r  i n d u s t r i a l  w a s t e  h e a t  a p p l i c a t i o n s .  - The o p e r a t i n g  

e x p e r i e n c e  w i t h  t h e s e  u n i t s  shou ld  be  u s e f u l  i n  t h e  e v a l u a t i o n , o f  p o s s i b l e  

s a f e t y  and e n v i r o n m e n t a l  problems i n  u s i n g  t o l u e n e  a s  a    an kine sys tem 

working f l u i d .  

E a r l y  i n  t h e  s t u d y ,  w a t e r  was c o n s i d e r e d  a s  a  working f l u i d ,  b u t  

t o l u e n e  was s e l e c t e d  because  i t  cou ld  p roduce  22% more bo t toming  c y c l e  

p o w e r . t h a n  s team f o r  t h i s  a p p l i c a t i o n .  Water i s  used a s  t h e  bo t toming  

c y c l e  f l u i d  i n  STAG p l a n t s ,  and s e v e r a l  g a s l s t e a m  combined c y c l e s  a r e  

o p e r a t i n g  i n  p i p e l i n e  a p p l i c a t i o n s .  

The b a s i c  q u e s t i o n  i s  whether  t h e  implementa t ion  of  t h e  Rankine 

bo t toming  c y c l e  w i l l  have a  s i g n i f i c a n t  a d v e r s e  e f f e c t  o n  t h e  human en- 

v i ronment .  Although t h e  working f l u i d  i s  t o x i c  and ~ l a m m a b l e ,  t h e  bottom- 

i n g  c y c l e  i s . a  c l o s e d  sys tem and w i t h  p r o p e r  d e s i g n  and o p e r a t i n g  pro- 

c e d u r e s  t h e  r i s k  b f  a n ' a c c i d e n t a l  s p i l l  shou ld  b e  s m a l l .  The f i v e  Sunds t rand  

u n i t s  b e i n g  i n s t a l l e d  a t  v a r i o u s  s i t e s  shou ld  p r o v i d e  a  p r a c t i c a l  t e s t  o f  

whether  t o l u e n e  i s  a n  a c c e p t a b l e  working f l u i d .  The f a c t  t h a t  t h e y  a r e  

h e i n g  i - n s t a l l e d  i s  a  good i n d i c a t i o n  of  t h e i r  t e c h n o l o g i c a l  f e a s i b i l i t y .  
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7.2.3 THERMAL STABILITY 

' ~ o l u e n e  i s  thermal ly  s t a b l e  up t o  a temperature of 750°F. The thermal 

s t a b i l i t y  tempera tures ,  of ." the o ther .  f l u i d s  cons idered  a r e  shown. below': 

Toluene , 

Penta-hexafluorohengene 

2 ~ e t h y l p y r i d i n e  

' ~ r i f l u o r o e t h a n o l  

F o r . t o l u e n e . t h e  thermal s t a b i l i t y  temperature is  ,about t h e  same a s  o r  

h i g h e r  than t h e  exhaust  temperature from t h e  . . gas t u r b i n e  (713-740°F). 

The system c o n t r o l .  'must s ense  the  vapor gerleratur e x i t  ' te t i~perature and 

a c t u a t e  the,  t u r b i n e  flow contr,oi. va ive  s o  t h a t  ampie flow i,s a v a i l a b l e  

t o  prec lude  t h i s  temperature from ever  approaching.  t he  thermal s t a b i l i t y  

l i m i t .  'I'he thermal  s t a b i l i t y  temperatures  f o r  the ' remainder  of t h e  working 

f l h d s  a r e  lower than toluene.  The measured working' f l u i d  temperature 

a t  t h e  e x i t  of t h e  vapor gene ra to r  f o r  a 600'KW . ~ l u o r i n o l - w a t e r  bottoming 

c y c l e  i s  600°??, 'only,  2 5  degrees lower than the. s t a b i l i t y  temperature.  

7.2.. 4 MATERIALS COMPA'fIBILITY 

Toluene i s  n o t  r e a c t i v e  wi th  o rd ina ry  m a t e r i a l s .  S ince  i t  is an ex- 

c e l l e n t  s o l v e n t ,  t h e r e  i s  a p o s s i b l e ,  r e a c t i o n  wi th  nonmeta l l ics  such as 
. . 

i n s u l a t i o n ,  p l a s t i c s ,  p a i n t  and a spha l t .  Penta-hexafluorobenzene i s  pre- 

sumed t o  be compatible with containment m a t e r i a l s ;  i n  t e s t s  repor ted  i n  

~ e ' f ~ r e n c e  12 i t  h a d . &  adverse e f f e c t  upon 4130 s t e e l , .  a .low a l l o y  prod- 

uc t .  F luo r ino l  doe's no t  . r e a d i l y  r e a c t  wi th  conta inment .mater ia l s ' ,  how- 

e v e r ,  i n  t h e  presence  of a i r  i t  may be  s l i g h t l y  cor ros ive .  Addit ives  

a l s o  can cause the  F luo r ino l  t o  be more cor ros ive .  Methylpyridine i s  no,t 

compatible wi th  aluminum and s t e e l .  

7 . 3  ASSESSMENT OF CURWNT ORCANIC MNKIWE CYCT,K R A n  

The Department of Energy (DOE) i s  c u r r e n t l y  sponsoring f o u r  Rankine 

bottoming cyc le  system developments and t h e r e  a r e  o t h e r s  under p r i v a t e  

development, t o r  example S o l a r  Div is ion  of ~ n t e r n a t i o n a l .  Harvester .  The 

., General  E l e c t r i c  Company a l s o  has been involved wi th  Rankine bottoming 



c y c l e  systems f o r  Steam and Gas Turbine (STAG) p l a n t s ,  t o t a l  energy systems 

and locomotive d i e s e l  engines .  

The fol lowing d i scus s ion  is  d i r e c t e d  toward a  d e s c r i p t i o n  of t h e  Rankine 

bottoming cyc l e  t echno logy . ava i l ab l e  f o r  use  i n  t h e  program. The DOE 

sponsored Rankine bottoming cyc l e  systems' under development by Thermo 

~ l e c t r b n  co rpo ra t i on ,  Mechanical ~ e c h n o l o ~ ~  ~ n c o r ~ o r a t e d  and ~ u n d s t r a n d  

a r e  d i scussed  along wi th  a  d e s c r i p t i o n  of a  p r i v a t e  i n d u s t r y  development 

by The,il:a Technology Incorpora ted  and So la r  Div is ion  of I n t e r n a t i o n a l  

Harves te r .  

7  1 THERMO ELECTRON CORPORATION 
. . 

DOE is  suppor t ing  t h e  demonstrat ion of a  combined d iese l -organic  

  an kine cyc l e  power p l8n t .  The Organic Rankine Cycle System (ORCS), be ing  

developed a t  Thermo E lec t ron  Corporat ion (TECO) w i l l  be  i n s t a l l e d  on a  

2500 KW d i e s e l  engine power p l a n t  a t  t h e  New England E l e c t r i c  System sub-' 

s t a t i o n  i n  Lynn, Massachusetts.  The ORCS w i l l  'provide a d d i t i o n a l  power 

of -440 KW (590 H P ) , a n  18  pe rcen t  increase .  The demonstrat ion phase of 

t h e  programwasscheduled t o  s t a r t  dur ing  l a t e  1979. A schematic  c y c l e  

diagram ,is shown i n  F igure  7-1: 

The working f l u i d  s e l e c t e d  f o r  t h i s  a p p l i c a t i o n  i s  Fluorinol-85,  a 

mixture  of '85 mole percent  t r i f l q o r o e t h a n o l  and 15 mole pe rcen t  water. . 

Thermo E lec t ron  has  been t e s t i n g  o rgan ic  Rankine cyc l e  systems. w i th  

F l u o r i n o l  85 and o t h e r  f l u o r i n a t e d  a l coho l s  f o r  s i x  yea r s ,  a n d . h a s  demon- 

s t r a t e d  thermal s t a b i l i t y  of t he  f l u i d  wi th  b o i l e r  o u t l e t  t empera tures  t o  

600°F, compa t ib i l i t y  wi th  inexpensive' m a t e r i a l s  of c o n s t r u c t i o n ,  and con- 

f i r m a t i o n  of t h e  thermodynamic and phys i ca l  p r o p e r t i e s  of t h e  f l u i d .  

The vapor gene ra to r  is  a  once-through, 3 p a r a l l e l  pa s s ,  fo rced  con- 

v e c t i o n  u n i t  wi th  tubes  f inned  on the  gas s i d e .  Once-through b o i l e r s  can .  

have lower c o s t s  b e c a u s e . t h e r e .  a r e  no drums, and t h e  working f l u i d  in -  

.ven tory  can be reduced. There i s  a  p o t e n t i a l  problem of p a r a l l e l  chan- 

n e l  flow i n s t a b i l i t y  bu t  t h i s  can be handled by p u t t i n g  an o r l f i c e  a t  

' t h e  en t r ance  of each tube  w i t h . a  p r e s s u r e  drop g r e a t e r  than t h e  two-phase 

p re s su re  drop i n  t h e  b o i l e r  tubes.  The working f l u i d  cond i t i ons  a t  t h e  

e x i t  o f , t h e  vapor genera tor  a r e . 7 0 0  p s i a  and 550°F. . . 



Figc re  7-1. Thenno E lec t ron  co rpo ra t i on  Combined ~ i e s e l - C k g a n i c  Rankine c y c l e  
'Engine Wrth Cooling Tower. 
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The t u r b i n e  f o r  t h i s  system i s  a  s i x  s t a g e  a x i a l  des ign  wi th  a  de- 

s i g n  speed of 12,500 RPM and a  p red i c t ed  e f f i c i e n c y  of 81  pe rcen t .  Leakage 

a r o u n d . t h e  s h a f t  i s  prevented wi th  low speed double f a c e  s e a l s  and ba lance  

p r e s s u r i z a t i o n  of t h e  s e a l i n g  f l u i d .  The is a  commercially a v a i l -  

a b l e  gear  r educ t ion  wi th  a  speed r a t i o  o f  3.47. 

A r egene ra to r  is used t o  t r a n s f e r  some of t h e  h e a t  from t h e . t u r b i n e  

exhaust  i n t o  t h e  p re s su r i zed  l i q u i d  be fo re  i t  enters t h e  vapor gene ra to r .  

This  reduces t h e  amount of  hea t  t o  be r e j e c t e d  i n  t h e  condenser , , and  a l s o  

reduces t h e  h e a t  added t o  . the  working f l u i d  i n  t h e  b o i l e r  and i n c r e a s e s  

t h e  e f f i c i e n c y  of t h e  power conversion system. The r egene ra to r  a l s o  . r a i s e s  

t h e  vapor generat;r temperature a t  t h e  low temperature  end t o  minimize 

ac id .  c o r m *  inn .  The r egene ra to r  i s  of s h e l l  and' tube c o n s t r u c t i o n  w i t h  

s t a i n l e s s  s t e e l  tubes  and t h e  s h e l l  is  f a b r i c a t e d  from low carbon s t e e l .  

To prevent  l eakage  t h e  tubes and r e t u r n s  a r e  furnace  brazed i n  a hydrogen 

atmosphere. Welded cons t ruc t ion  is s p e c i f i e d  f o r  t h e  s h e l l .  

The condenser i s  water  cooled and is  of s h e l l  and tube  cons t ruc t ion .  

A h o r i z o n t a l  b a f f l e  s e p a r a t e s  t h e  desuperhea t ing  and condensing s e c t i o n  

from t h e  lower subcool ing sec t ion .  The water  headers  a r e  made of low 

carbon s t e e l  and t h e  tubes  and a l l  o t h e r  p a r t s  a r e  of s t a h l e s s  s t e e l .  

The ORCS w i l l  d r i v e  an i nduc t ion  gene ra to r ,  which i s  e s s e n t i a l l y  an  

i nduc t ion  motor d r iven  'above synchronous speeds.  When . the  t u r b i n e  pro- 
. \ 

duces n e t  power t h e  genera tor  e l e c t r i c a l  ou tput  w i l l  i n c r e a s e  from ze ro  

a t  3600 RPM t o  f u l l  load a t  about 3630 RPM. Synchronizing equipyent  is  

n o t  r equ i r ed  w i th  an induct ion,  gene'rator.  

I n  a d d i t i o n  t o  t h e  combined d i e s e l  o rganic  Rankine c y c l e  power 

p l a n t  f o r  a  municipal  power p l a n t  Thermo E lec t ron  Corporat ion is  under 

DOE c o n t r a c t  t o  develop a  d i e s e l  o r g a n i c  Rankine compound engine f o r  

long-haul t r u c k s  ( ~ e f e r e n c e  32) .  The organic  Rankine c y c l e  system has  

been i n s t a l l e d  i n  a  ?lack F-model s l e e p e r  cab. This  r equ i r ed  p r e p a r a t i o n  

of t h e  Znnkine bottoming c y c l e  subsystem f o r  v e h i c l e  i n s t a l l a t i o n  modifi-  

c a t i o n  of t h e  f i r s t  p ro to type  t r u c k  and i n s t a l l a t i o n  of bottoming c y c l e  

subsystem i n t o .  t he  t ruck .  A s ing l e -veh ic l e  t e s t  program was t o  be com- 

p l e t ed  w i th in  1979. This  program was t o  i nc lude  system f u n c t i o n a l  check 



- o u t  tests, c a l i b r a t e d  d i e s e l  engine t e s t s  w i th  t h e  o rgan ic  bottoming 

c y c l e  subsystems bypassed, compound engine  b a s e l i n e  system t e s t s  w i th  , 

chassis-mounted dynamometer and road test  checkout a t  Thermo E lec t ron  

Corporat ion.  Included a l s o  i n  t h e  s ing l e -veh ic l e  test  program a r e  

f u n c t i o n a l  checkout of c h a s s i s ,  d r i v e a b i l i t y ,  b rak ing  and handl ing ;  

dynamometer t e s t i n g ;  n o i s e  e v a l u a t i o n ;  and f u e l  economy e v a l u a t i o n  

a t  Mack Truck. 

7.3.2 MECHANICAL TECHNOLOGY I N C .  

DOE i s  a l s o  suppor t i ng  t h e  development of a steam/Freon b i n a r y  c y c l e  

by Mechanical Technology Inc.  (MTI). The system was i n s t a l l e d  i n  

the  municipal  power p l a n t  a t  Roclcvillc Ccnt re ,  New York i n  1970 and w i l l  

uoc t h c  c~rhauoe  h c a t  f r o m  one a s  both  i r1  cwu d l e s e l  e u g l l ~ e s ,  eacl~ rated 

a t  7675 BHP. The bottoming c y c l e  p rov ides  500 KW (670 HP). 

The b i n a r y  c y c l e  ' is shown schema t i ca l l y  i n  F igure  7-2. D i e s e l  exhaust  

ga s  a t  520°F i s  ducted i n t o  a low p r e s s u r e  waste  h e a t  b o i l e r .  Steam 

genera ted  a t  430°F and 40 p s i g  i s  expanded i n  a s i n g l e  s t a g e ,  r a d i a l  in- 

f low t u r b i n e  and is  exhausted .at 1 ps ig .  The low p r e s s u r e  steam vapor i ze s  

Freon i n  a s h e l l  and tube  vapor genera tor .  The Freon vapor a t  190°F and 

75 p s i g . i s  expanded through a second s ing l e - s t age ,  r a d i a l  in f low t u r b i n e  

t o  a p r e s s u r e  of 2 p s i g .  A s i n g l e ,  i n t e g r a t e d  gearbox couples  bo th  t u r -  , 

b i n e s  t o  a convent iona l  1800 W M  synchronous gene ra to r .  

The two f l u i d s  , steam and Frcon , ' a re  inexpens ive ,  r e a d i l y  a v a i l a b l e ,  

nonflammable, '. cbmpati 'ble w i t h  most m a t e r i a l s ,  and c a r r y  'no l l p ~ y ~ h ~ i o g i c a l "  

b a r r i e r s  t o  ready acceptance .  Cons idera t ion  may have t o  be  g iven  t h e  

e f f e c t  of Freon l eakage  o n ' t h e  ozone l a y e r  should a l a r g e  number of 

systems become o p e r a t i o n a l .  Otherwise Freon is  h ighly  acceptabl( :  s.i.ncc 

i t  i s  widely used i n  domest ic  r e f r i g e r a t o r s  and a i r  c o n d i t i o n e r s .  'I'he 

water-Freon b i n a r y  c y c l e  'has  thermo-dynamic f l e x i b i l i t y  which a l l ows  
0 t h i s  c y c l e  t o  be a p p l i e d  t o  exhaust  h e a t  systems o f  1000 F and h igher  

wi thout  t h e  problem of f l u i d  s t a b i l i t y .  The upper Freon loop i n  Figure 

7-2 can be added t o  recover  some of t h e  low tempera ture  hea t  i n  t h e  

exhaus t  s t a c k  a t  t h e  p r i c e  of a d d i t i o n a l  complexi ty .  

  he .s team g e n e r a t o r  u n i t  is of extended s u r f a c e ,  f inned  tube con- 

s t r u c t i o n .  Forced g i r c u l a t i o n  i s  u t i l i z e d  and the  u n i t  imposes a .back 

p r e s s u r e  of about  fou r  inches  of water  on t h e  d i e s e l  exhaust  manifold.  
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The h e a t  exchanger sk id  con ta ins  t h e  steam condenser/Freon vapor i ze r  

and t h e  Freon condenser. The steam condenser r ece ives  s l i g h t l y  super- 

hea ted  steam t u r b i n e  exhaust  a t  t h e  s h e l l  s i d e  f lange .  The tube  s i d e  of 

t h i s  exchanger comprises a  forced c i r c u l a t i o n  evapora tor  and vapor separa-  
, '  

t o r  t o  provide s a t u r a t e d  Freon a t  t h e  s e p a r a t o r ' d i s c h a r g e .  The condenser 

u t i l i z e s  convent ional  r e f r i g e r a t i o n  design p r a c t i c e  and is  water-cooled. 

.The r a d i a l  in f low steam t u r b i n e  ope ra t e s  a t  42,200 RPM near  optimum 

s p e c i f i c  speed and t h e r e f o r e  good e f f i c i e n c y . .  The steam t u r b i n e  output  

is  speed reduced t o  9540 RPM and combined a t  t he  Freon t u r b i n e  output  

s h a f t .  The gea r ing . a l lows  both  t u r b i n e s  t o  be independent ly optimized a t  

maximum aerodynamic e f f i c i ency .  The , t u r b i n e  r o t o r s  a r e  mounted on o i l  

f i l m  bear ings .  The steam t u r b i n e  has 5 shoe preloaded pivoted pad bear ings  

and t h e  Freon t u r b i n e  has 4-axial-groove bearings.  

7 .3 .3  SUNDSTRAND CORPORATION 

Another Rankine bottoming cyc le  system i s  being developed by ~ u n d s t r a n d  

Corp. which .genera tes  600 KW (800 HP) using. waste  h e a t  a s  t h e  energy source.. 

Toluene is  t h e  working f l u i d  f o r  t h i s  bottoming cyc le ,  and was s e l e c t e d  

because of i t s  good. thermodynamic p r o p e r t i e s  and Sundstrand 's  experience 

wi th  t h i s  f l u i d .  The system is  shown schemat ica l ly  i n  Figure 7-3. ~t con- 

t a i n s  a  vapor i ze r ,  a . t u r b i n e ,  two pumps, a  r egene ra to r  and a  water  cooled 

condenser. 

The vapor i ze r  is  an  e x i s t i n g  h e a t  recovery b o i l e r  des ign  and uses  
' 

a  c e n t r i f u g a l  s e p a r a t o r  t o  remove l i q u i d  from the  vapor s t ream a t  t h e  

o u t l e t  of i t s  n a t u r a l  c i r c u l a t i o n  b o i l e r .  A smal l  supe rhea t e r  is  included 

t o  provide c o n t r o l  margin; t h e  bulk of t h e  'hea t  ' t r a n s f e r  a r e a  is  i n  t h e  

pret leater  o r  economizer. 

The r egene ra to r  is of a low cos t  d e s i g n  meeting the American 

Soc ie ty  of Mechanical Engineers Code but  n o t ' r e q u i r i n g  c l ean ing  o r  t h e  

a b i l i t y  t o  withstand phys i ca l  damage because i t  i s  sea led  i n t o  t h e  sys-  
. 

tern. The condenser i s  a l s o  of low c o s t  des ign  and sha re s  the  same s h e l l  

wi th  t he  r egene ra to r  and t h e  hotwel l .  

The t u r b i n e  i s  a  s i n g l e  s t a g e  supersonic  impulse design .and runs :it 

10,100 RPM. I t  i s  supported by jou rna l  bear ings  t h a t  a re  luhr1(:aterJ by 
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t h e  working f l u i d .  A double carbon f a c e  s e a l  is  used on t h e  t u r b i n e  

s h a f t .  The s e a l a n t  f l u i d  i s  l i q u i d  to luene .  The feed  pump is a two- 

s t a g e  c e n t r i f u g a l  des ign  mounted on t h e  t u r b i n e  s h a f t .  The t u r b i n e  was 

s e l e c t e d  because i t  is simple mechanically,  inexpensive,  and t a k e s  ad- 

vantage of t h e  noncondensing p r o p e r t i e s  of t h e  o rgan ic  f l u i d  by ope ra t ing  

a t  a p re s su re  r a t i o  of 100 t o  1. The disadvantage of t h i s  type  of tu r -  

b i n e  i s  t h a t  i t  is  n o t  p a r t i c u l a r l y  e f f i c i e n t .  

The development u n i t  has  been checked out  and i n i t i a l  performance 

d a t a  have been obta ined .  The development u n i t  h a s  over 3800 hours  of oper- 

a t i o n .  A s  p a r t  of a f i e l d  t e s t  program t h r e e  u n i t s  were t o  have been in-  

stalled as bottoming c y c l e  systems f o r  d u a l  f u e l  o r  d i e s e l  engines  i n  mu- 

n i c i p a l  power p lan t s ;  two a d d i t i o n a l  u n i t s  w e r e  t o  have been i n s t a l l e d  i n  

i n d u s t r i a l  waste  h e a t  a p p l i c a t i o n s .  

7.3.4 THERMA TECHNOLOGY I N C  , 

Therma Technology Inc. o f f e r s  Rankine bottoming cyc le  appara tus '  t o  

t h e  petroleum, chem3cal and n a t u r a l  gas  i n d u s t r i e s .  Yhey have several 

h e a t  exchanger companies and working arrangements wi th  a system engineer-  

i n g  company and a turboexpander company. They have designed a bottoming 

system o r  power recovery package which uses  e i t h e r  normal butane o r  pro- 

pane a s  t h e  working f l u i d .  

Shown i n  Figure 7-4 is  a schematic  diagram of t h e  power recovery sys- 

t e m  o f f e r e d  by Thenna Technology Loc. It consists of t h e  same cuupunents 

seen  i n  o t h e r  Rankine bottoming cyc les .  The bottoming cyc le  components 

a r e  claimed n o t  t o  b e  new; a l l  t h e  components of t h e  hydrocarbon system 

are claimed t o  have been proven by years of experience.  It is claimed 

t h a t  t he  Western Div is ion  makes tube and s h e l l  h e a t  exchangers s i m i l a r  

t o  t he  vapor gene ra to r  and the  r ecupe ra to r  and t h a t  Happy Divis ion  makes 

air-cooled h e a t  exchangers l i k e  the  condenser. These hea t  exchangers,  

i t  is  claimed, a r e  made f o r  t h e  r e f i n e r y ,  petrochemical  and gas  t r ans -  

mission i n d u s t r i e s .  The r a d i a l  in f low t u r b i n e  Ls c l a i u ~ e d  t o  be s i m i l a r  

t o  those  provided by Mafi-Trench Corp. t o  t h e  gas process ing  i n d u s t r y  

i n  t h e  middle 60 's  t o  reduce t h e  p re s su re  and temperature of f l u i d s  with- 

o u t  wast ing t h e  energy. Seve ra l  hundred u n i t s  a r e  claimed t o  be  i n  

opera t ion .  



Fig.ure 7-4. Therma Technology Inc. .Power Recovery Package. 



The Rankine bottoming system t h e  S o l a r  Div is ion  has  beendeveloping  uses  

a  two-pressure l e v e l  steam system r a t h e r  than an organic  Rankine system. . 
The two-pressure l e v e l  system amel iora tes  one o b j e c t i o n  t o  steam, namely, 

t h a t  because of , t he  l a r g e  t a t e n t  h e a t  of vapor i za t ion  of water  t h e  condi- 

t i o n ' l i n e  f o r  t h e  steam i n  t h e  vapor gene ra to r  l i e s  too  f a r  away,from t h e  

exhaus t  gas cond i t i on  l i n e  r e s u l t i n g  i n  a  l a r g e  amount of unava i l ab l e  energy. 

The second o b j e c t i o n  t o  steam, namely, t u r b i n e  e f f i c i e n c y  va lues  i n  t h e  

range of 67 t o  77% i n  t h e  power range of 1900 t o  4100 HP w i l l  be  amel iora ted  

by des igning  new high-pressure and low-pressure steam tu rb ines  f o r  optimized 

t h r o t t l e  cond i t i ons  us ing  t h e  l a t e s t  turbomachinery flow path des ign  ~ e c h -  

nology. The ~ w o  t u r b i n e s  have d i f f e r e n t  r o t a t i v e  speeds s o  as t o  oprimlze 

each t u r b i n e  design.  The high-pressure t u r b i n e  has two a x i a l  s t a g e s  and 

t h e  low-pressure,  s ix .  

A once-through vapor genera tor  i s  used on the  bottoming cyc le  t o  

e l i m i n a t e  t h e  s team drum and l e v e l  con t ro l .  A once-through b o i l e r  re- 

q u i r e s  very  pure water .  So la r  i n t e n d s  t o  u se  s t a i n l e s s  s e e e l  for a l l  

containment,  reduce makeup t o  a minimum and u s e  a p a i r  of low c o s t  de- 

i o n i z i n g  u n i t s  int ,erchangeably i n s t e a d  of a  convent ional  h igh  c o s t  water  

t rea tment  system. To h e l p  reduce makeup water  t h e  performance of t h e  

s h a f t  s e a l s  on t h e  t u r b i n e  w i l l  be  improved. 

The condenser w i l l  be  water  cooled and have s p e c i a l  f e a t u r e s  LU avoid 

contaminat ion of t h e  condensate. A double tube  s h e e t  w i l l  be  used wi th  

t h e  tub ing  running through it.  Thus, i f  t h e r e  a r e  l eaks  a t  t he  s a l t  water  

end t h e  coolant  w i l l  n o t  l e a k  o u t s i d e  t h e  containment. S o l a r  Div is ion  

expected t o  d e l i v e r  t h e  f i r s t  u n i t s  i n  1980 f o r  use on p i p e l i n e s ,  o f f s h o r e  

p la t forms,  marine, and small  e l e c t r f c  u t i l i t y  base load a p p l i c a t i o n s  (kefcr -  

ence  3 3 ) .  

7.3.6 GENERAL ELECTRIC COMPANY 

The General E l e c t r i c  Co. has developed a  s e r i e s  of gas  t u r h i n e l ~ a n k i n e  

c y c l e  h e a t  recovery systems commonly r e f e r r e d  t o  as combined cyc lcs .  Genara,, 

E l e c t r i c  has  chosen t h e  acronym, STAG, (Steam And Cau t r~rhinc?)  lor c h l ~  

combined cyc le  s i n c e  steam has been the  Rankine cyc le  working f l u i d .  An 

example of a  simple-cycle gas  t u rb ine  combined with a steam turbine is  

shown schemat ica l ly  i n  Figure 7-5.. GE STAG power systems are o f f e r e d  I n  
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t h r e e  b a s i c  s i z e s :  STAG 100, 400, and 600. STAG. systems o f f e r  e x c e l l e n t  

h e a t  r a t e s  and r e l i a b i l i t y  w i th  s imple nonex t r ac t i on  steam t u r b i n e s  and 

s i n g l e  low-pressure cyc l e s .  Bypass s t a c k s  a r e  included t o  provide  f l e x i -  

b i l i t y  and maximum hea t  recovery steam gene ra to r  r e l i a b i l i t y .  

The STAG cyc l e  has  t h e  unique c a p a b i l i t y  t o  o p e r a t e  a t  a  gkea t ly  re-  

duced load whi le  s u s t a i n i n g  e x c e l l e n t  h e a t  r a t e  c h a r a c t e r t s t i c s .  The 

STAG power systems'  h e a t  r a t e  of 8100 BtuIKWhr can be .main ta ined  a c r o s s  

t h e  load range.  By vary ing  t h e  ope ra t i on  of each o f . t h e  s e v e r a l  gene ra to r  

components, i t  i s  p o s s i b l e  t o  o p e r a t e  over a  wide load range w i t h  on ly  

minor changes i n  p l a n t  e f f i c i e n c y .  This  i s  shown by t h e  dashed l i n e  on 

the STAG 406 parr load perfu~ulance curve shown i n  F igurc  7-6. 

The,combined cyc l e  has  been accepted n o t , o n l y  f o r  producePon o f '  

e l e c t r i c i t y ,  but  a l s o  f o r  a p p l i c a t i o n s  such . . a s  n a t u r a l  gas  pumping. Shown 

i n  Figure 7-7 is  a  schematic  diagram o f  t he  second u n i t  i n s t a l l e d  a t  t h e  

Ceredo, W .  V i r g i n i a  s t a t i o n  of t h e  Columbia Gas Transmission Corp. Th i s  

p l a n t  .has a combined c y c l e  e f f i c i e n c y  of 3 5 . 1 2  (Kefeverlce 3 2 ) .  Ialpruvr- 

ments a r e  be ing  made i n  gas t u r b i n e  performance and r ecen t  c a l c u l a t i o n s  

i n d i c a t e  t h a t  a  modern gas l s team combined c y c l e  would have an e f f i c i e n c y  

of about  40% (Reference 34) .  There have been over  50 STAG systems in-  

s t a l l e d  i n  e l e c t r i c  u t i l i t i e s .  

For a p p l i c a t i o n s  wi th  an exhaust  gas temperature  lower than 1000°F 

some of  t h e  o rgan ic  f l u i d s  a r e  a t t r a c t i v e  a s  bottoming c y c l e  working 

f l u i d s ;  A schematic  diagram of a Rankine bottoming cyc l e  (RBC) is  shown 

i n  F igure  7 -8 .  T h e c y c l e , i n c l u d e s  a  vapor gene ra to r  o r  b o i l e r ,  a  t u r b i n e  

or  expander,  a  condenser,  a  .ump and poss ib ly  a  r egene ra to r ,  i f  t h e  f l u i d  

i . s  sr~perheared a f t e r  t h e  expansion process .  Except f o r  the. d i f f e r e n t  

working f l u i d  and sma l l e r  s i z e ,  Rankine bottoming cyc l e  systems a r e  very 
.k 

s i m i l a r  t o  t h e  STAG systems. 

) Many of the  drasigrl prohl.cms ~ h ~ t  llnve been solved for .  steam a r e  ag- 

p l i c a b l e  t o  o r g a n i c  f l u i d s .  ~ e c h a n i c a l  des ign  of t h e  hea t  recovery  b o i l e r  

and t h e  condenser can be based on t h e  technology developed f o r  STAG p l a n t s .  

Although t h e  f l u i d  des ign  of t h e  t u r b i n e  i s  d i f f e r e n t  f o r  o rgan ic  working 

f l u i d s ,  t h e  des ign  p r i n c i p l e s  a r e  t h e  same and t h e  mechanical des ign  of 

bea r ings ,  s h a f t s ,  d i s k s  and cas ings  can a l l  be  based on steam t u r b i n e  
- 

* General E l e c t r i c  Trademark: Steam and Gas Turbine 
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F i g l i r e  7-8. Schematic Diagram of a Rankine Bottoming Cycle. 



experience. Any problems due t o  f lammabil i ty  o r  t o x i c i t y  of t h e  organlc  

f l u i d s  can be minimized by good des ign  p r a c t i c e s .  

One of t he  organic  Rankine systems developed by ~ e n e r a l  E l e c t r i c  was 

a t o t a l  energy system and another  w a s  a low temperature Rankine system f o r  

s o l a r  energy conversion. The f i r s t  provided e l e c t r i c  power, hea t ing  and 

a i r  condi t ion ing  f o r  a motor home. It h a s . a n  expander, condenser, pump, 

a u x i l i a r y  equipment and a f i r e d  b o i l e r .  It used py r id ine  water  mixture 

a s  t h e  working f l u i d .  The development of t h i s  organic  Rankine system 

included assembly and t e s t  0.f a prepro to type ,  pro to type  and preproduc- 

t i o n  models. Product ion of t h i s u n i t  w a s  curbed by t h e  onse t  of t h e  cur- 

r e n t  world f u r ? l  s i t u a t i o n .  The schematic diagram f o r  t h e  low temperature 

Rankine system i s  shown i n  F i g u r e 7 - 9 . I t  was b u i l t  and t e s t e d  d r i v i n g  

an a i r  condi t ion ing  system, Af t e r  s e v e r a l  thousand hours of t e s t  and 

eva lua t ion  the  system is  s t i l l  ope ra t ing  s a t i s f a c t o r i l y  on s o l a r  energy. 

This system was the  forerunner  of systems now i n  development t o - r u n  t h r e e  

and ten  ton a i r  condi t ion ing  systems f o r  use  wi th  s o l a r  c o l l e c t o r s .  

7.4 STATUS.OF:RANKINE'BOTTOMING CYCLES 
- 

The th ree '  bottoming cycles .  being developed under DOE c o n t r a c t s  have 

been d iscussed  above and a r e  summariz.ed i n  Table 7-4. Thepower l e v e l s  of 

t hese  systems, 600 t o  800 HP., a r e  much smal le r  than  t h e  5000 HP systems 

tha t .would  be 'u sed  t o  bottom p i p e l i n e  g a s ' t u r b i n e s .  However t h e  technology 

is  a p p l i c a b l e  but  needs t o  be sca l ed  up t o  l a r g e r  s i z e s .  'AS shown i n  

Table.7-4,  t h e s e  t h r e e  systems a r e  t o  be o p e r a t i o n a l  i n  1979, i n  demon- 

s t r a t i o n  t e s t s . . t h a t  w i l l  be r u n - t h i s  year .  

Some companies t h a t  s e r v e  t h e  chemical and petroleum i n d u s t r i e s  are 

proposing t o  use t h e i r  technology i n  h e a t  exchangers and r a d i a l  in f low 

expanders fo r ' bo t toming  cyc le  systems of t h e  s i z e  r equ i r ed  f o r  p i p e l i n e  

gas t u rb ines .  Petro-chemical p l a n t s  use l a r g e  hydrocarbon h e a t  exchangers 

f o r  hea t ing ,  cool ing,  evaporat ing and condensfng. They use  expansion t u r -  

binco to recover erirrgy from high p re s su re  gas and t o  provide r e f r i g e r a -  

t i on .  Butane . o r  propane is  recowended by them as the xorking 

f l u i d ;  a bottoming cyc le  us ing  these  working f l u i d s  would produce 
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TABLE 7- 4 

Elanuf a c t u r e r  

Working F l u i d  

Power, HP 

Turbine  I n l e t  Cond. p s i a I C F  

Turbine  

B o i l e r  

Load 

S e a l  Type 

A v a i l a b l e  

DOE BOTTOMING CYCLE RESEARCH AND DEVELOPMENT 

Sundstrand Thermo E l e c t r o n  

Toluene 

10,100 RPM 12,500 RPM 
1 Stg.  Superson ic  6 Stg .  A x i a l  

N a t u r a l  C i r c u l a t i o n  ' Once-through 
Forced Convection 

Genera to r  Genera to r  

Double Face S e a l s  Double Face S e a l s  

F i e l d  T e s t  1979 Demonstra t ion 1979 

MTI 
/ 

42,200 RPM R a d i a l  
- ' r a d i a l  , 4 5 4 0  RPM 

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

Genera to r  

I n s t a l l a t i o n  1978 
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abou t  .14% less power o u t p u t .  t h a n  t h e  t o l b e n e  c y c i e ,  b u t  some p r a c t i c a l  

advan tages  are c la imed  f o r  i t ,  such  a s  s m a l l e r  d i s c h a r g e  p i p e  s i z e .  

.. It  i s  a l s o  proposed by o t h e r s  t h a t  t h e  bo t toming  ' c y c l e  u s i n g  pro- 

pane o r  b u t a n e  b e  o p e r a t e d  s u p e r c r i t i c a l l y  u s i n g  a  once-through vapor  

g e n e r a t o r .  The vapor  g e n e r a t o r  i s  a  s t a n d a r d  w a s t e  h e a t  u n i t  i n  u s e  f o r .  

twenty  y e a r s .  S i m i l a r  u n i t s  a r e  used i n  t h e  pe t ro -chemica l  i n d u s t r y  t o  

r e c l a i m  w a s t e  h e a t  i n  a h e a t e r  o r  v a p o r i z e r .  The m a t e r i a l s  of  c o n s t r u c -  

t i o n  a r e  ca rbon  s t e e l s .  

The e x p a n d e r s  f o r  propane o r  bu tane  sys tems  may have s m a l l  enough p res -  

s u r e  r a t i o s  s o  t h a t  a  s i n g l e - s t a g e  r a d i a l  i n f l v w  ~ u r L i n e  w i l l  s u f f i c e .  

E ~ ~ i c i r ~ l c i e s  a r e  i n  t h e  r a n g e  of Rn t o  8 4 X a c c o r d i n g  t o  one wanu1acLurer.  

S i m i l a r  t u r b i n e s  a r e  used i n  ' t h e  pe t ro -chemica l  i n d u s t r y  and a r e  known 
. . 

a s  t u r b o e x p a n d e r s  o r  g a s  expanders  ( R e f e r e n c e s  35 and 3 6 ) .  Such t u r b i n e s  

a r e  used f o r  t h e  expans ion  of hydrocarbon f l u i d s  f rom h i g h e r  p r e s s u r e s ,  

g e r i r r a t i n g  power from energy t h a t  would o t h e r w i s e  be  was ted .  An example 
0 

i s  c h i l l i n g  hydrocarbons ,  such  a s  p ropy lene  from 125 p s i a  and 100 F t o  20 
0 

p s i a  and -35 E. Other  examples i n c l u d e  s e p a r a t i o n , p r o c e s s e s  f o r  - e thane  

and propane o r  methane and e t h a n e .  The.  turboexpander  may a l s o  b e  used i n  

t h e  l i q u e f a c t i o n  of n a t u r a l  g a s -  S e a l s  have been produced f o r  s u c h  t u r -  

b i n e s  u s i n g  a  s,eal.ant g a s  o r  l i q u i d  and Llle L e a r i n g s  a r c  . o i l  l u b r i c a t e d :  

A number of s e a l  a r rangements  a r e  shown . i n '  ~ e f  e r e n c e  3 7 .  

The  estiuated .eLk.icicncy t o r  t h e  p l p e l i u e  bot toming c y c l e  (5UUlJ tn  . 

6000 HI?) t u r b i n e  i s  86%. T h i s  r e p r e s e n t s  ' t he  v a l i e  expec ted  when t h e  L U Y -  

b i n e  becomes a  mature  p r o d u c t  i n  p r o d u c t i o n .  To a s s u r e  t h i s  e f f i c i e n c y  

v a l u e  t h e  t u r b i n e  w i l l  be s u b j e c t e d  t o  a  we l l -ba lanced  aerodynamic d e s i g n  of 

t h e  b l a d i n g  c o n s t r a i n e d  o n l y  by r o t o r  s t r e s s e s  due t o  s t e a d y  and v i b r a t o r y  

l o a d s .  The number o t  stages ciivstll~ w i l l  Lc ndcqunta  to permit mntlerate 

ae roc lynamir ' lna? ing  on t h e  b l a d i n g ,  which i s  conducive  t o  h igh  e f f i c i e n c y , '  

and d r a c e  ul: alia11111~-n.rr.a growth commens~~rat .e  w i t h  moderate  r a t e s  of 

d i f f u s i o n  on t h e  b l a d i n g .  The b l a d e  chords  s e l e c t e d  i n  t h e  f r o n t  s t a g e s  

w i l l  be a d e q u a t e  f o r  c l o s e  t o l e r a n c e s  on b l a d e  p r o f i l e s  t o ' m i n i m i z e  - f low 

s e p a r a t i o n  and e r r o r s  i n  f l o w  i n c i d e n c e  a n g l e s  and t o  p r o v i d e  a d e q u a t e  

b l a d e  Reynolds numbers t o  minimize p r o f i l e  d r a g .  Also  c o n s i d e r e d  i n  b lade-  

c h o r d  s e l e c t i o n  w i l l . b e  s u f f i c i e n t l y  h i g h  a s p e c t  r a t i o s  t o  l i m i t  s econdary  



flow losses. In the last stages the chords will be selected to provide 

adequate section .modulus to prevent excessive vibratory stress levels. Sur- 

face roughness will be controlled to minimi'ze profile drag. The blade height 

will be selected to minimize the turbine leaving loss within stress limita- 

tions. Consideration will be given to the use of an exit 'diffuser to reduce 

further the turbine leaving loss. The blading will be designed taking the 

three dimensionality of the flow into account,.resulting in twisted nozzle 

vanes and buckets throughout. In this way the incidence angles will be opti- 

mum for all'radial positions..The blading profiles will be generated using 

two dimensional design methods, resulting in the minimization of diffusion 

losses on the blading. Bucket covers will be used on all stages where the 

resulting stresses permit to minimize tip clearance losses. Interstage 

seals will be placed at the minimum possible diameter and utilize the best 

tooth configuration to minimize interstage leakage. 

In contrast the turbine selected for the bottoming cycle demonstra- 

tion will.'have an .efficiency of 77% so as to minimize, the time and cost 

associated with the demonstration program. .It is felt that this level 0'5 

efficiency will be adequate to demonstrate the attractiveness of the pipe- 

line bottoming cycle. This is true because the economics of the bottoming 

cycle with a production turbine can be obtained by adjusting the results 

obtained for the demonstration turbine for the correct efficiency and 

cost of the production version. As the market develops the level of 

the turbine efficiency will rise, improving bottoming cycle output. 

The demonstration turbine will be adapted from available steam tur- 

bine designs. This will shorten the design and fabrication time for the 

demonstration turbine and reduce the cost. Such a turbine will be adequate 

for demolls~rating the technological feasibility of the bottoming cycle 

system. In addition in approxfmately one year's running time all operational 

problems can be identified and corrected. Ija.ta can 3 1so bc: (:oIII~L.J (:(I O I ) . '  

reliability and maintainability . of .the bottomfnl; cy cJ.c: t i y ~ ~ e r n ,  1r1cl .nd lng 

the turbine. 

The recuperator in a propane or butane bottoming cycle would be a 

standard tube-in-shell heat exchanger made from carbon steel. The air 

cooled condenser .is similar to units tiow used to. cool 'natural gas after 

compression. These could be supplied by a number of domestic companies 

and' made of %carbon steels. . . 



7.5 REQUIRED RESEARCH AND DEVELOPMENT 

No component r e s e a r c h  and development i s  r e q u i r e d  b e f o r e  a  p i p e l i n e  

bot toming c y c l e  demons t ra t ion  can be accomplished.  n e s i g n  v e r i f i c a t i o n  

tests may b e ,  r e q u i r e d  on t h e  b e a r i n g s  and s e a l s .  A 1 1  hea.t  exchanger  com- 

ponen ts  c a n  be  puGchased from 'vendors  a s  s p e c i a l  d e s i g n s  - o f  equipment 

t h a t  t h e y  p r e s e n t l y  manufacture .  

' s i n c e  no 5000 W ,  5 0 0 ' ~  o r g a n i c  Rankine bottoming c y c l e  f o r  a  g a s  

t u r b i n e  h a s  been b u i l t ,  t h e  ' demons t ra t ion  system w i l l  v e r i f y  component 

matching,  e s t a b l i s h  i n t e g r a t e d  sys tem performance and supp ly  i n f o r m a t i o n  

on o p e r a t i n g  problems,  r e l i a b i l i t y  and maintenance r e q u i r e m e n t s .  

7.6 ADAP'I'AblLITY OF CONVENTIONAL EQUIPMENT TO BOTTOMING CYC1,ES 

Most of t h e  bot toming c y c l e  cnmponents can  be o b t a i n e d  from a v a i l a b l e  

commercial sources. Energy IJsers News l i s t s  98 h e a t  exchanger manu- 

f a c t u r e r s ,  many of which could  d e s i g n  and manufac tu re  vapor  g e n e r a t o r s .  

The same s o u r c e  l i s t s  29 condenser m a n u f a c t u r e r s ,  of which many cou ld  

produce a i r - c o o l e d  condensers .  ~ e f k n e r y  equipment s u p p l i e r s  scuck uulurrous 
. . 

models of hydrocarbon pumps. The pumps f o r  t h e  bot toming c y c l e  w i l l  have 

t o  b e  p rov ided  w i t h  c a v i t a t i o n  p r o t e c t i o n .  Toluene is .a pe t ro leum de- 

r i v a t i v e  which is  produced commerciaIly i n ' l a r g e  q u a n t i t i e s .  

Turboexpanders f o r  hydrocarbon f l u i d s  a r e  a v a i l a b l e  trom several 

s o u r c e s .  Some m a n u f a c t u r e r s  make r a d i a l  i n f l o w  expanders  w i t h  v a r i a b l e  

i n l e t  vanes  f o r  u s e  i n  ehe peLruleum and chcmicnl i n d u s t r d e 9  and afsu 

f o r  low t e m p e r a t u r e  propane power sys tems  t h a t  e x t r a c t  power from geo- 

" the rmal  h e a t  s o u r c e s .  The l a r g e s t  i n s t a l l e d  power is i n  t h e  hydrocarbon 

p r o c e s s  i n d u s t r y  where t h e  expanders  d r i v e  compressors.  Both r a d i a l  in -  

f low machines and a x i a l  f l o ~  expanders  are made c o m c r c i a l l y  i n  v a r i n l l ~  

s i z e s  by more than  one manufac tu re r .  

7 . 7  ADAPTABILITY -- OF -- BOTTOMING .--.- CYCLES -- TO PIPELINE GAS TURBINES 
- 

The o r g a n i c  bot toming c y c l e s  a r e  des igned  t o  match che a v a i l a b l e  

l e v e l s  of gas  t u r b i n e . e x h a u s t  gas  t empera tu res .  P r e v i o u s l y  i n  Table  4-12 

i t  was shown t h a t  h e a r  r a t e  iu~pruveiiient v a l u e s  g r e a t e r  than  25% a r e  r e a d i l y  

a t t a i n a b l e  on s i m p l e  c y c l e  g a s  t u r b i n e s .  There a r e  a  v a r i e t y  of ways t o  u s e  



t h e  a d d i t i o n a l  power genera ted  by t h e  bottoming cyc l e .  The gas t u r b i n e  can 

b e  run a t  p a r t  load o r  s m a l l e r ,  l e s s  e f f i c i e n t  prime movers can be s h u t  

down; i n  each ca se  t h e  pumping i s  done w i t h  less f u e l  consumption. Some 

p i p e l i n e s  a r e  p a r t  of an e l e c t r i c  u t i l i t y  system, i n  which ca se  i t  may 

be f e a s i b l e  t o  gene ra t e  e l e c t r i c i t y  w i th  t h e  bottoming cycle .  The i d e a l  

c a s e  is  when the  p i p e l i n e  wants t o  i n c r e a s e  i t s  pumping capac i ty ;  then 

the  bottoming cyc l e  can provide a d d i t i o n a l  pumping power w i t h  t he  same 

f u e l  r a t e  a s  before .  Each i n s t a l l a t i o n  requir .es  a ' r e s o l u t i o n  of t h e  

most advantage0.u~ way t o  use t h e  a d d i t i o n a l  power. 

7.8 MATERIALS AVAILABILITY 

The m a t e r i a l s  t h a t  would be used f o r  t h e  bott'oming cyc le .  components 

a r e  shown i n  Table 7-5,Very l i t t l e  h igh  a l l o y  stee.1 i s  r equ i r ed  and most 

of t h e s e  m a t e r i a l s  a r e  r e a d i l y  a v a i l a b l e .  I n  t h e  event  t h a t  t h e  bottom- 

i n g  'cycle  i s  g e n e r a l l y  app l i ed  t o  t h e  p i p e l i n e  i n d u s t r y  i t  must be de- 

termined whether t h e  r a w  m a t e r i a l s  needed f o r  t h e  bottoming c y c l e s  w i l l .  

c o n s t i t u t e  a d r a i n  on t h e  a v a i l a b l e  raw m a t e r i a l s  o r  p rocess  ma te r i a l s ;  

I n  o rde r  t o  o b t a i n  an e s t i m a t e  of  t h i s ,  t h e  t o t a l  amount of t h e  horse-. 

power which would be p o t e n t i a l l y  a v a i l a b l e  f o r  bottoming c y c l e s  was 

determined. Prom t h e  m a t e r i a l s  r equ i r ed  f o r  t h e  p i p e l i n e  bottom- 

i n g  cyc le  r epo r t ed  i n  t h e  pre l iminary  des ign  t a s k  r e p o r t  (Reference 38) ,  

t he  a c t u a l  amount of m a t e r i a l s  f o r  t h e  bottoming c y c l e s  were es t imated  

based on the  t o t a l  amount of bottoming c y c l e  horsepower. It is  es t imated  

t h a t  i f  a l l  t he  a v a i l a b l e  g a s  t u r b i n e s  i n  t h e  p i p e l i n e  i n d u s t r y  were bot- 

tomed t h e r e  would be 1,855,000 i n s t a l l e d  HP i n  bottoming c y c l e  equipment. 

Shown i n  Table 7-6 a r e  t h e  elements  p re sen t  i n  t h e  m a t e r i a l s  of which t h i s  

bottoming cyc l e  equipment would he  m a d e ,  Also ohown.arr the r equ i r ed  weights  

i n  s h o r t  t ons  of t h e  m a t e r i a l s  f o r  t h e  t o t a l  p o t e n t i a l  bottoming cyc l e s .  

The U.S. p roduct ion  of t h e s e  elements  is  shown i n  t h e  next  column a long  

w i t h  t h e  world r e sou rces  and t h i s  was taken  f r o m ' ~ e f e r e n c e  39 .  F i n a l l y ,  - 

t he  last column shows t h e  percent  of t h e  U.S. p roduct ion  of t h e s e  e lements  

which would be neceosary i u  order  t o  manufacture t he  bottoming cyr:les f o r  

a l l  p o t e n t i a l  s i t e s  i n  t h e  U.S. T h e r ~  are two excepLlons i n  t h e  l a x t  co lumn,  

i n d i c a t e d  by no te  3 , i n  which the  U.S. product ion was xo smnl I. that t t t ~ : !  

imports  would have t o  be  included.  Looking a t  t h e  va lue  shown i n  t h e  . 

l a s t  column most of  t h e  m a t e r i a l s  t h a t  are r equ i r ed  f o r  t h e  bo t t rming  



TABLE 7- 5 

COMPONENT MATERIALS 

Turb ine  and Pumps 

Casing and S t a t o r s  

Wheels  and Blades  

,Vapor  G e n e r a t o r  

Tubes,  F i n s  

Tube S u p p o r t s  

Headers 

Casing 

Condenser 

Tubes 

F i n s  

Box 

2.25 Cr-Mo S t e e l  

B5F5 Wrought Steel  A l l o y  

SA178A 

A36 

snloeb. 
Carbon S t e e l  

SA214 

Aluminum 

SA5 1 5  



. .ESTIMATED WEIGHTS OF STRATEGIC MATERIALS IN 
PIPELINE BOTTOMING CYCLE SYSTEMS 

ASSLPIIXG ALZ, POSSIBLE BOTTOMING CYCLE POWER (1,855,000 HP) IS INSTALLED 

, Required U.S. World 
Weight Production ( 38) Resources (38' ~erc'ent of 

Element Short Tons Short Tons Short Tons U.S. Prod. 

Ehgnesiun 

Manganese 

Eblybdsnuz 

Nickel 

Vanadiun 

Motes 

(a) No dozsstic production since 1961. imports in 1970; 1,500,000 short tons. 
(b) Very little domestic production. Imports in 1970; 2,000,000 short tons. 

(c) Persezt of imports. 



cyc le  a r e  i n  g r e a t  enough supply a s  n o t  t o  be  a f f e c t e d  by t h e  i n s t a l l a -  

t i o n  of bottoming cyc le  appara tus  on p ipe l ines .  However, t h e r e  a r e  two 

except ions  t o  t h i s  gene ra l  s t a t emen t ;name ly , the  amount of aluminum and 

n i c k e l  r equ i r ed .  Tt appears  t h a t  t he  expor t s  from f o r e i g n ' c o u n t r i e s  

would have to '  be included i n  t h e  source  supply i n . o r d e r  t o  make t h e  per- 

cen t  of t he  a v a i l a b l e  resources  a  smal l  enough number so, a s  no t  t o  i m -  

pact  upon the  a v a i l a b l e  m a t e r i a l s  ' i n  t h e  a r e a  of aluminum and n i cke l .  

7.9 CONCLUSIONS 

Toluene w a s  s e l e c t e d  f o r  t h e  working f l u i d  i n  s p i t e  of c e r t a i n  

l e v e l s  of t o x i c i t y  and f lammabi l i ty  because to luene  i s  a well-known, wel l-  

documented subs tance  having accep tab le  l e v e l s  of t o x i c i t y  and f lammabil i ty .  

It has adequate  thermal  s t a b i l i t y ,  s u p e r i o r  performance, a  low c o s t  and 

i s  r e a d i l y  a v a i l a b l e .  I n  a d d i t i o n  to luene  i s  being c a r r i e d  along a s  t h e  

working f l u i d  i n  one of t h e  drganic   ank kine systems being developed by 

the DOE. 

Organic Rankine systems of l e s s  than  900.HP a r e  being developed by 

Thermo E lec t ron ,  ~ u n d s t r a n d ,  ~ e c h a n i c a l  Technology, Inc.  , and o t h e r s .  A 
. " 

number of t hese  sma l l e r  systems h a v e  o r  s h o r t l y  w i l l  be demonstrated i n  

power p l a n t s  arld i ndus t ry .  . 

. . It  i s  i n  conncct ion wi th  these  s ~ l l e r , s y s t e m s  t h a t  research  and 

development i s  be5ng c a r r i e d  o u t ;  .There  i s  no organic bottoming cyc le  

research  and development known t o  be i n  progress  i n  sizes a s  l a r g e  as 

5000 HP. There a r e ,  however, steam bottoming c y c l e s  i n  ope ra t ion  i n  

l a r g e  s i z e s  i n  both p ipe l ine .  compressdr s e r v i c e  and i n  power p lancs .  

The f i r s t  steam b'ottoming c y c l e s  of l a r g e ' s i z e  went i n t o  s e r v i c e  i n  

1968 on bo th  power p l a n t s  and on p i p e l i n e s .  

Mush of thc appnrAt11.s needed fui . l v ~ g ~  tilac organic bottoming cycles: 

i n  s e r v i c e  i n  petrochemical  p l a n t s  i n  ' the  f  o m  of hydrocarbon process  

equipment. For t h i s  r ea sonmo r e s e a r c h  and development is requ i r ed .  How- 

e v e r ,  des ign  v e r i f i c a t i o n  t e s t i n g  may be needed fo r  t h e  t u r b i n e  bear ings  

and s e a l s .  These need t o  be t e s t e d  i n  f u l l  s i z e ,  i t  expected speeds and 

under t he  expected ope ra t ing  cond i t i ons .  



Since  much of t h e  kind of appara tus  needed f o r  t h e  o r g a n i c  bottom- 

ing  cyc l e  i s  i n  g e n e r a l  use  i n  t h e  petrochemical  f i e l d ,  t h i s  appa ra tu s  

can be adapted t o  use i n  l a r g e  organic  bottoming cyc l e s .  I n  t h e  demon- 

s t r a t i o n  system an o rgan ic  t u r b i n e  w i l l  be designed u t i l i z i n g  steam t u r b i n e  

technology,  adapted t o  o rgan ic  use by employing new bear ings  and s e a l s .  I t  

i s  e s t ima ted  t h a t  t h i s  t u r b i n e  w i l l  have an e f f i c i e n c y  of 77%. It repre-  

s e n t s  t h e  most t imely and lowest  c o s t  approach t o  t h e  demonstrat ion.  By 

t h e  t i m e  t h e  bottoming cyc l e  is  i n  f u l l  p roduct ion  an  e f f i c i e n c y  of  86% 

w i l l  have been achieved.  Where economically f e a s i b l e ,  c o n s i d e r a t i o n  could  

be  g iven  t o  r e p l a c i n g  t h e  low-ef f ic iency  t u r b i n e s  by t h e  h ighe r - e f f i c i ency  

t u r b i n e s  a s  they  become a v a i l a b l e .  

The. i n s t a l l a t i o n  des igns  f o r  t h e  t h r e e  s i t e s  s t u d i e d  brought t o  l i g h t  

no insurmountable  problems. Therefore., t h e  bottoming cyc l e  can be adapted  

t o  gas  t u r b i n e s  i n  t h e  f i e l d  wi thout  much d i f f i c u l t y .  Heat r a t e  r e d u c t i o n  

exceeded t h e  DOE t a r g e t  of 20% on a l l  t h r e e  'sites by 3 0 X o r  more. 

Because t h e  1 a r g e . s i z e  o rgan ic  bot toming cyc l e  o p e r a t e s  a t  1o.w t e m -  

p e r a t u r e ,  no h igh  temperature  a l l o y s  a r e  r equ i r ed .  A l l  e lements  needed f o r  

t h e  component p a r t s  a r e ' p roduced  i n  l a r g e  q u a n t i t i e s  domes t i ca l l y  except  

chromium and manganese. H i s t o r i c a l l y ,  t h e s e  two elements  have been i m -  

por ted  i n  s u f f i c i e n t  q u a n t i t i e s  f o r  domeitic use .  The amounts of e lements  

needed f o r  t h e  bottoming cyc l e  a r e  smal l  i n  comparison t o  c u r r e n t  produc- 

t i o n  o r  imports  ( i n  t h e  case  of chromium and- manganese) except  n i c k e l .  

Bottoming cyc l e s  may r e q u i r e  up t o  2 .4% of product ion .  





OPERATIONAL RELIABILITY AND MAIN.TAINN3ILlTY 

8 .1  INTRODUCTION 

syst&m r e l i a b i l i t y  and m a i n t a i n a b i l i t y  a r e  major.' f a c t o r s  i n  t h e .  

d e s i g n  and o p e r a t i o n  o.f a  bot toming c y c l e  a p p l i e d  t o  a  p i p e l i n e  pumping 

s t a t i o n .  These f a c t o r s  can have a  major  i n f l u e n c e ,  on t h e ,  economics.  o f  . . 

i n i t i a l  i n s t a l l a t i o n  and o p e r a t i o n  of  . t h e  bo t toming  c y c l e  sys tem and,  

t h e r e f o r e ,  b e  d e c i d i n g  f a c t o r s  when p i p e l i n e  companies are f a c e d  w i t h  t h e  

d e c i s i o n  a s  t o  a p p l y  o r  n o t  a p p l y  such  a  sys tem t o  a  p a r t i c u l a r  pumping 

s t a t i o n .  

I t  shou ld  be n o t e d ,  b e f o r e  p r o c e e d i n g ,  t h a t  b o t  tomi& cyc l .<s (o r  

combined c y c l e s  a s  they  a r e  sometimes c a l l e d )  a r e  n o t  c o m p l e t e l y  new t o  

t h e  p i p e l i n e  i n d u s t r y .  Four combined c y c l e  (s team) sys tems  were  i n s t a l l e d  

on p i p e l i n e s  be'tween 1968 and 1 9 7 0 , -  two a t  one  s i t e  and two a t  a n o t h e r .  . A l -  

t hough  some i n i t i a l  d e s i g n  and o p e r a t i n g  problems were e n c o u n t e r e d  w i t h  t h e  

f i r s t  u n i t  i n s t a l l e d  on one s i te ,  s u c c e s s f u l ,  r e l i a b l e  o p e r a t i o n  was o b t a i n e d  

f o r  t h e  two u n i t s  on t h e  s i t e  t h r o u g h . t h e  u s e  of improved components and 

c o n t r o l s  ( R e f e r e n c e s  40 and 4 1 ) .  

Obvious ly ,  t h e  combined c y c l e  d r i v e  sys tem i s  more c o m p l e x . t h a n  

t h e  s t a n d a r d  g a s  t u r b i n e / c o m p r e s s o r  system. T h i s  f a c t o r  i n h e r e n t l y  i n -  

d i c a t e s  a  p o t e n t i a l  d e c r e a s e  i n  t h e  combined c y c l e  rcl  l a h l  l ' l ty.  I t 'iurtl,,:t- 

i n d i c a t e s  t h e  p o t e n t i . a l  f o r  inc reased .main tenancc :  of' a pl.:inned ; ~ n d  un- 

p lanned n a t u r e .  These n e g a t i v e  f e a t u r e s ,  a l o n g  wit11 o t h e r  p.ros' a n d  cons  

f o r  t h e  bot toming c y c l e ,  must b e  c a r e f u l l y . e v a l u a t e d  by a  Gas Transmise ion  
\ 

Company b e f o r e  d e c i d i n g  t o  i n s t a l l  t h e  bot toming c y c l e  s y s t e m . a t  a  p a r t t c -  

u l a r  pumping s t a t i o n .  

I n  t h i s  s e c t i o n  r e l i a b i l i t y  and a v a i l - a b i l i t y  v a l u e s  f o r  t h e  g a s  

t u r b i n e s / c o m p r e s s o r  u n i t s  p r e s e n t l y  b e i n g  c o n s i d e r e d  f o r  bo t toming  c y c l e  

d e m o n s t r a t i o n s  a r e  i n d i c a t e d  and d i s c u s s e d .  R e l i a b i l i  t i e s  o f  s i m i l a r  



t y p e s  o f  Rankine c y c l e  sys tems  a r e  reviewed. ~ o t e n t i a i  r e l i a b i l i t y  prob- 

lems w i t h  t h e  proposed bot toming c y c l e  d e s i g n s  a r e  e v a l u a t e d  and t h e  s t a t u s  

of r e s e a r c h  on t h e s e  problems p r e s e n t e d .  An e s t i m a t e  o f  t h e  bot toming 

c y c l e  sys tem a v a i l a b i l i t y  i s  prov ided  and t h e  g e n e r a l  o v e r a l l  sys tem ac- 

cep t a b i l i t y  from a r e l i a b i l i t y  s r a n d p o i n t  , i n d i c a t e d .  Es t imated  maintenance 

r e q u i r e m e n t s  f o r  t h e  bot toming c y c l e  sys tem a r e  p r e s e n t e d  and a  comparison 

between t h e s e  r e q u i r e m e n t s  and t h e  r e q u i r e m e n t s  w i t h o u t  a bo t toming  c y c l e  

made. The s e v e r i t y  o f  new maintenance problems,  s i t e - s e n s i t i v e  problems,  

a n d / o r  p r o c e d u r e s  a r e  d i s c u s s e d  and t h e  g e n e r a l  a c c e p t a b i l i t y  o f  t h e  bottom- 

i n g  c y c l e  sys tem from a  maintenance s t a n d p o i n t  reviewed. F i n a l l y ,  g e n e r a l  

c o n c l u s i o n s  and recommendations i n  t h e  a r e a s  o f  r e l i a b i l i t y  and maintain: 

a b i l i t y  a~ r e g a r d s '  t h e  bo t toming  c y c l e  S ~ S L ~ I I I  are  l ~ r e s e ~ l t e d .  

8.2 RELIABILITY OF EXISTING G A S  C O b W E S S O R  PRIME MOVERS 

S i n c e  t h e  bo t toming  c y c l e  sys tem is  dependent  upon t h e  gas  t u r b i n e  

t o  which i t  i s  a p p l i e d  f o r  i t s  energy  i n p u t  i n  a p i p e l i n e  compressor s t a -  

t i o n ,  i t  seems a p p r o p r i a t e  t o  f i r s t  de te rmine  t h e  r e l i a b i l i t y  o f  t h e  g a s  

t u r b i n e l g a s  compressor  sys tem.  S i n c e  t h e  g a s  t u r b i n e  and n a t u r a l  g a s  com- 

p r e s s o r  a r e  coupled t h e  r e l i a b i l i t y  o f  t h i s  sys tem must b e  examined. Data  

t a k e n  from turbocompressor  o p e r a t i o n  a t  pumping s t a t i o n s  o p e r a t e d  by Texas 

Gas Transmiss ion  Company, Columbia G u l f ,  and P a c i f i c  Gas and E l e c t r i c  Com- 

pany a r e  shown i n  T a b l e s  8-1, 8-2 and 8 - 3 , r e s p e c t i v e l y .  I n  o r d e r  t o  f u l l y  

u n d e r s t a n d  t h e  d a t a  p r e s e n t e d  i n  t h e s e  t a b l e s  a d e f i n i t i o n  o f  terms i s  

n e c e s s a r y .  

R e l i a b i l i t y  P r o b a b i l i t y  t h a t  a u n i t  ( s y s  tem) w i l l  f u n c t i o n  

f o r  a p e r i o d  of t ime  under  s p e c i f i c  c o n d i t i o n s .  

A v a i l a b i l i t y  , F r a c t i o n  if a  g iven  p e r i o d  of t ime t h a t  a  u n i t  

c.an f l inc t ion  (whether  i t  does o r  n o t ) .  

Uti l ization F a c t o r  R a t i o  runn ing  h o u r s  d i v i d e d  by t o t a l  i n s t a l l e d  

h o u r s  f o r  a  machine.  

A l l  of  t h e  above a r e  normal ly  expressed  a s  a pe rcen tage .  Keli- 

a b i l i t y  does  n o t  normal ly  i n c i u d e  planned o u t a g e s  f o r  i n s p e c t i o n  and main- 

t e n a n c e  work and i s  based on f o r c e d  o u t a g e s .  A v a i l a b i l i t y  i n c l u d e s  f o r c e d  

and planned o u t a g e s .  P i p e l i n e  companies m a i n t a i n  r e c o r d s  o f  d a t a  on a 

8-2 



TABLE 8-1 

TURBINE UNIT RELIABILITY'DATA 

. . 
Site: ~ovington, TN 

Pipeline : Texas Gas Transmission Company 

Year . .. Averase Reliability % Average Availability % 

Aircraft.derivati.ve gas turbine unit 

Standby spare units available 

8 hours for camp-ete unit change 

Frequency of changes: 1-2 times per year 

Planned.outage: Nil 

No field overhauls 

Uti l i za t ion  Factor % 



TABLE, 8-2 

Year - 

TURBIKE UNIT RELIABILITY DATA 

S i t e :  Rayne, LA 
P i p e l i 2 e :  Columbia Gulf Tr.3nsmission Company 

Average R e l i a b i l i t y  - % Average A v a d f a b i l i t y  %, . ~ t i l ~ z a t i o n  Factor % 
- .  - 

A i r c r a f t  d e r i v a t i v e  gas  turbine u n i t .  

Standby u n i t s  a v a i l a b l e .  

16 hours f o r  complete u n i t  change. 

Factory o v e r h a u l s .  



TABLE' 8-3 

. TURBINE UNIT . RELIABILITY 'DATA 

Site': Burney , CA 
Pipeline: Pacific Gas and Electric Co. 

Year - Average Reliability % Average ~vailibilit~ % * Utilization Factor. % 

1974 .97.6  93.2 82.0 

Aircraft derivative gas, turbine unit ( ~ ~ 1 5 0 0 )  

Gas generator removed for factory overhaul 

Pcwer turbine and c,ompressor maintenance at site 



, ' 
monthly b a s i s  and average t h i s '  d a t a  f o r  y e a r l y  va lues .  A v a i l a b i l i t y  i s  

of  t h e  g r e a t e s t  importance t o  t h e  equipment u s e r  s i n c e  i t  can have a  l a r g e  

e f f e c t  on economics. 

Table 8-1, based on d a t a  from t h e  Texas Gas Transmission Company, 

Covington, Tennessee compressor s t a t i o n ,  i s  t y p i c a l  of gas t u r b i n e l g a s  com- 

p r e s s o r  u n i t s  i n  which t h e  gas  t u r b i n e  i s . o f  t h e  a i r c r a f t  d e r i v a t i v e  type. 

There a r e  no planned outages  and s t a t i o n  overhaul  work on t h e  gas t u r b i n e  i s  

1 .  I f  an  o p e r a t i n g  problem is  encountered, t h e  complete gas  gene ra to r  

and power t u r b i n e ,  i f  n e c e s s a p ,  a r e  removed and rep laced  wi th  a  s p a r e  

u d i t .  The removed u n i t  it-i then r c tu rned  t o  the manufacturer 's  uverhaul  

depot  f o r  r cpa i ro .  Removal and iustallatiull  wurk Is accvmplished in an 
8-16 hour per iod .  This  f a s t  turnaround r e s u l t s  i n  t h e  h igh  ' a v a i l a b i l i t y  

i n d i c a t e d  i n  Table 8-1. 

Table 8-2 w a s  compiled from d a t a  obta ined  from Columbia Gulf ,  Rayne, 

~ b u i s f a n a  compressor s t a t i o n  and- i n d i c a t e s , a g a i n  the  h igh  r ' e l i a b i l i t y  and 

a v a i l a b i l i t y  obta ined  from t h e  a i r c r a f t  d e r i v a t i v e  u n i t s .  The low u t i l i z a - I  

t i o n  f a c t o r  i s  due t o  t h e  decrease  i n  gas s u p p l i e s  a v a i l a b l e  a t  t h i s  p a r t i c -  

u l a r  s t a t i o n  and t h e , n e e d  t o  o p e r a t e  only one of t h e  t h r e e  a v a i l a b l e  tur -  

b ines .  The horsepower demand a t  t h i s  l o c a t i o n  r e q u i r e s  only one of t h e  

t h r e e  a v a i l a b l e  u n i t s  t o  opera te .  With t h e  i n s t a l l a t i o n  of ,  a  bottoming 

c y c l e  on one of t h e s e  u n i t s  t h e  u t i l i z a t i o n  f a c t o r  would be  expected t o  

i n c r e a s e  t o  96-982. 

Table 8-3 i n d i c a t e s  d a t a  obta ined  from P a c i f i c  Gas and E l e c t r i c  

Company f o r  t h e i r  Burney, C a l i f o r n i a  compressor s t a t i o n .  The t u r b i n e  com- 

p r e s s o r  r e l i a b i l i t y  i s  somewhat l e s s  and t h e  a v a i l a b i l i t y  cons iderably  

l e s s  when compared t o  t h e  two previous  compressor s t a t i o n s .  The d i f f e r e n c e  

i n  planned outage  times f o r  i n s p e c t i o n s  i s  the major reason f o r  the d i f f e r -  

ence i n .  a v a i l a b i l i t y .  

Table 8-4 i s  based on d a t a  taken a t  t h e  Texas Gas Transmission 

Corpora t ion ' s  Lake Cormorant compressor s t a t i o n  where two recupera ted  

i n d u s t r i a l  gas  t u r b i n e s  a r e  employed t o  d r i v e  gas compressors. . This  t a b l e  

c l e a r l y  p o i n t s  o u t  t h e  d i f f e r e n c e  i n  a v a i l a b i l i t y  between i n d u s t r i a l  and 

a i r c r a f t  d e r i v a t i v e  gas t u rb ines .  The decrease  i n  a v a i l a b i l i t y  of t h e  



TABLE 8-4 
- 

. . 

. . 

S i t e  : Lake Cormorant  
'Pipe 1  i n e  :  exa as Gas T ransmis s  i o n  Company 

A .  G e n e r a l  ~ l e c t i i c  Model N3912R, ~ r a m e  3 ,  Recupe ra t ed  Gas ~ u r b i n e  

Year -- Average R e l i a b i l i t y  % Average A v a i l a b i l i t y  % 

. . 
Three-Year Average 99 .97  88 .26 .  

B .  Gene ra l  ' E l e c t r i c  Model M3112R, Frame 3 ,  Recupe ra t ed  Gas T u r b i n e  

Three-Year Average 9 9 . 8 5  8 9 . 1 3  

Average 
U t i l i z a t i o n  F a c t o r  % 



i n d u s t r i a l  gas  t u r b i n e s  is  due t o  t h e  p lanned  o u t a g e s  f o r  i n s p e c t i o n s  and 

o v e r h a u l s  made i n  t h e  f i e l d .  

8.3 RELIABILITYOFSIMILARRANKINE SYSTEMS 

S i n c e  bo t toming  c y c l e s  a p p l i e d  t o  p i p e l i n e  compressor s t a t i o n s .  and 
, 

employing o r g a n i c  Rankine c y c l e  components a r e  n o n e x i s t e n t  a t  t h i s  t ime ,  . 
. 

r e l i a b i l i t y  d a t a  i s  n o t  a v a i l a b l e .  However, some i n s i g h t  i n t o  what r e l i -  

a b i l i t i e s  a r e  p r a c t i c a l l y  o b t a i n a b l e  can b e  ach ieved  by l o o k i n g  a t  similar 

s y s  terns.. 

I n  1967, t h e  Uni ted F u e l  Gas Company, now t h e  Columbia Gas Trans- 

m i s s i o n  Co., i n s t a l l e d  a 10,500 HP g a s  t u r b i n e / s t e a m  t u r b i n e  combined c y c l e  

(Uni.t #8) as a  compressor d r i v e  i n  t h e i r  Ceredo, We,st V i r g i n i a  s t a t i o n .  

I n  1970 a  , s y s t e m  of improved--design ( u n i t  #9) ' and  r a t e d  a t  12,500 HP was 

i n s t a l l e d  i n  t h e  same s t a t i o n .  The improved d e s i g n  f o r  Uni t  # 9 . h a s  r e -  

s u l t e d  i n  p r a c t i c a l l y  t r o u b l e f r e e  o p e r a t i o n  s ' ince  s t a r t u p  i n  1970 ( ~ e f -  

e r e n c e s  40 and 4 2 ) .  The u n i t  i s  p r e s e n t l y  used , f o r  peak ing  s e r v i c e .  R e l i -  

a b i l i t y  and '  a v a i l a b i l i t y  d a t a  is n o t  r e a d i l y  a v a i l a b l e  b u t  o p e r a t i n g  person- 

n e l  a r e  w e l l  s a t i s f i e d  w i t h  b o t t o m i n g ' c y c l e  component performance.  

A STAG cvrnblrled c y c l e  power systetu o f  Genera l  E . l e c t r i c  Coupany 

u t i l i z e s  a  b.ottoming c y c l e  , to  g e n e r a t e  e l e c t r i c a l  power and,  a l t h o u g h  t h e  

working f l u i d  i s  w a t e r  ( s t eam) ,  . t h e  Rankine c y c l e  components a r e  similar 

t o  t h o s e  proposed t o  d r i y e  a  g a s  compressor.  T a b l e  8-5 i n d i c a t e s  t h e  

f o r c e d  ou tage  r a t e ,  o u t a g e  h o u r s  and a v a i l a b i l i t i e s  f o r  s u c h  a 

sys tem (Refe rence  4 3 ) .  The g a s  t u r b i n e  h a s  a  lower a v a i l a b i l i t y  p e r c e n t -  

age  t h a n  t h e  a i r c r a f t  d e r i v a t i v e s  shown i n  T a b l e s  8-1 and 8-2. The p l a n t  

a v a i l a b i l i t y  v a l u e s  i n  Tab le  8-5 a r e  abou t  t h e  same as f o r  i n d u s t r i n l ' g a s  

t u r b i n e s  a s  shown i n  'l 'able 8-4 and s i g n i f i c a n t l y  1owr:r ' ~ t l a n  ttrr.: ; , J r c . r ; ~ l  1. 

d e r i v a t i v e  g a s  t u r b i n e  . i n  T a b l e s  8-1 and 8-2. I t  is e v i d e n t  from t h i s  

d a t a  t h a t  t h e  Rankine cycle systqms have i n f e r i o r  a v a i l a b i l i t y  p e r c e n t ' n q * ~  

compared t o  t h e  a i r c r a f t  d e r i v a t i v e  g a s  t u r b i n e s .  

Tab le  8-6 p r o v i d e s  s t a t i s t i c s  on a t y p i c a l  f o s s i l .  f l rcd  R t e n n ~  p l a n t ,  

(Refe rence  4 2 ) .  T h i s  d a t a  i n d i c a t e s  t h a t  t h e  b o i l e r  i s ,  b y  f a r ,  the m o s t  

u n r e l i a b l e  component i n  t h e  Rankine system. Th is  is very  l i k e l y  t o  h e  

t r u e  a l s o  i n  t h e  proposed p i p e l i n e  pumping bot toming c y c l e  system. 



TABLE 8-5 

Component 

Gas Turbine 

STAG COMBINED POWER PLANT AVAILAB.ILITY 
(FUEL #2 DISTILLATE) 

Forced Outage Rate (Hours),. . . . 

Steam Generator 

Steam Turbine 

Gas Turb2ne ~vailabilit~ 

. Plant Availability 

Planned Outage (Hours ) 

217.9 

During GT Outage 

During GT Outage 

Based on 8760 ~ o u r s l ~ e a r  



TABLE 8-6 

TYPICAL DATA 
FOSSIL FIRED STEAM PUNT - EDISON ELECTRIC INSTITUTE SURVEY 1966-1975 

Forced Outage Operating 
Rate - L Availability 

1.. Turbine Availability 1.3% 92.3% . 

2. Condenser Availability 

3 .  Boiler Ava.ilability 

4. Genzrator Availability 

5.. C t h e r  Equipment 0.4% . 96.8% 

Gverall Plant Availatliliity 
(We ighted ~verages) 



8.4 PROPOSED BOTTOMING CYCLE SYSTEM RELIABILITY 

A r e l i a b i l i t y  diagram f o r  t h e  combined system i s  shown i n  

F igure  8-1. As can be  s een  from t h i s  diagram t h e  r e l i a b i l i t y  o f  a system 

is  t h e  product  of t h e  r e l i a b i l i t i e s  of i t s  p a r t s  and t h e  .system r e l i a b i l i t y  

is che product  of  t h e  component r e l i a b i l i t i e s ,  ( ~ e f e r e n c e  44). The addi- 

t i o n  of  a bottoming cyc l e  t o  a gas  t u r b i n e  prime mover which d r i v e s  a gas  

compressor p r e s e n t s  some p o t e n t i a l  r e l i a b i l i t y  problems and reduces t h e  

r e l i a b i l i t y  and a v a i l a b i l i t y  of t h e  p a r t i c u l a r  u n i t  t o  which i t  i s  ap- 

p l i e d .  Even though the  bottoming c y c l e  system can be diirorced f r o m , t h e  

gas t u r b i n e  v i a  t h e  gas  d i v e r t e r  va lve ,  t h e  d i v e r t e r  va lve  has  become a 

p a r t  of t h e  gas  turbine/compressor  system and, t h e r e f o r e ,  adds ano the r  

f a c t o r  i n  t h e  r e l i a b i l i t y  express ion .  

To i n s u r e  t h a t  t h e  bottoming cyc l e  system w i l l  n o t  p l a c e  a p e n a l t y  

on t h e  o r i g i n a l  system t h e  d i v e r t e r  va lve  must possess  a h igh  degree of  

r i l i a b i l i t y .  From. t h e  s t andpo in t  of des ign  t h e  va lve  must be  rugged. 

Oxidat ion and co r ros ion  from t h e  h o t  gas  environment, a long  wi th  thermal  

d i s t o r t i o n  produced by c y c l i c  ope ra t i on ,  must be thoroughly i n v e s t i g a t e d  

i n  t h e  des ign  s t ages .  V ib ra t i on  c r ea t ed  by mechanical o r  a c o u s t i c a l  

sou rces  can produce meta l  f a t i g u e  f a i l u r e s  i n  a very  s h o r t  t i m e .  The 

source  of  power f o r  a c t u a t i o n  should be  from a h igh ly  r e l i a b l e  sou rce  o r  

redundancy provided. The gas leakage  r a t e  through t h e  va lve  must be kep t  

t o  a minimum s o  t h a t  maintenance can be  performed on t h e  vapor gene ra to r  

whi le  t h e  t u r b i n e  cont inues  t o  opera te .  D ive r t e r  v a l v e s  of t h e  r equ i r ed  

s i z e  a r e  commercially a v a i l a b l e .  

The vapor  gene ra to r  ope ra t e s  a t  t h e  h i g h e s t  . temperature  and pres -  

s u r e  of a l l  t h e  bottoming cyc l e  system components and can be sub jec t ed  

t o  thermal  shock (p r imar i l y  a t  s t a r t u p )  and many thermal  c y c l e s  depending 

on system opera t ion .  An ex t ens ive  amount of tube-to-header welded j o i n t s  

must be  made dur ing  t h e  u n i t ' s  f a b r i c a t i o n .  'The l a r g e  number of j o i n t s  

coupled wi th  thermal  cyc l ing  o p e r a t i b n  o r  thermal shocks makes t h e  po- 

t e n t i a l  f o r  vapor o r  l i q u i d  l e a k s  high. I n  a steam g.ener'ator some amom-t .. 

of leakage is' permiss ib le  and always occurs .  With an o rgan ic  working 

. f l u i d  such a s  to luene  t h i s  i s  n o t  permiss ib le .  Therefore ,  t h e  vapor 

gene ra to r  des ign  must be  thoroughly analyzed from t h e  s t andpo in t  of thermal  

expansion,  thermal  and preosurc  s t r e s s e s ,  and thermal  c y c l i c  f a t i g u e .  

8-11 
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COMBINED 
SYSTEM 

0 CDNTROLS 0 CONTROLS NO REDUNDANCY 

BLADES 

SEALS . BUNDLE ' 

BOTTOMING CYCLE 0-1 
GAS TURBINE 

COMPOW ENT RELIABILITY 

R1 = R 1 A x  R1Bx R1CxR1D 
d A - - 

COMBINED SYSTEM RELIABILITY B/C 

R u l = R l  x R 2 x R 3 x R 4 x R 5 x R 6  
GAS TURBINE 

C3NTROLS 

GAS TURBINE SYSTEM RELIABILITY 

Ru2 = R7 x R8 

Figure 8-1. Rel iabi l i ty  Diagram. 



Qua l i ty  c o n t r o l  of m a t e r i a l s  and j o i n i n g  (welding) must su rpas s  

normal steam b o i l e r  cons t ruc t ion  p r a c t i c e s .  P rov i s ions  f o r  normal and 

emergency d r a i n i n g  of t h e  working f l u i d  from t h e  u n i t  t o  a ho ld ing  tank 

must be provided. Problems r e s u l t i n g  i n  forced  outage w i l l  r e q u i r e  longer  

downtimes f o r  r e p a i r s  than a normal steam system s i n c e  a f l u i d  such a s  

to luene  w i l l  r e q u i r e  system d ra in ing  and purging p r i o r  t o  making weld 

j o i n t  r e p a i r s ,  e t c .  Planned outages should inc lude  an annual  b o i l e r  in-  

s p e c t i o n  by a l i censed  in spec to r .  

R e l i a b i l i t y  ob ta inab le  from t h e  condenser,  compressor and/or  genera- 

t o r  i s  expected t o  be  r e l a t i v e l y  high and no p o t e n t i a l  problems a r e  fo re -  

seen  wi th  t h e s e  components. 

The o rgan ic  vapor t u r b i n e  wi th  t h e  p o s s i b l e  except ion  of s h a f t  

s e a l s  is  expected t o  have r e l i a b i l i t i e s  equa l  t o  a steam tu rb ine .  

Other miscel laneous components such a s  t h e  b o i l e r  . . feed  pump, valv-  

ing ,  p ip ing ,  c o n t r o l  components, e t c . ,  w i l l  be  c o m e r c i a l l y  a v a i l a b l e  

equipment. S p e c i a l  a t t e n t i o n  must, however, be pa id  t o  pump s h a f t  s e a l s ,  

va lve  stem packing m a t e r i a l s  and gasketed j o i n t s  t o  i n s u r e  c o m p a t i b i l i t y  

wi th  t h e  working f l u i d  a t  t h e  system ope ra t ing  temperature and pressure .  

High r e l i a b i l i t y '  i n  t h e  a r e a  of system s e a l s  w i l l  be obta ined  by us ing  

t h e  same type of pump s h a f t  s e a l ,  va lve  s tem,packing  and f l a n g e  gaske t s  

a s  used i n  r e f i n e r i e s  f o r  to luene  and by welding a l l  p ipe  j o i n t s  except  

those  t o  be opened f o r  maintenance. 

A s  a p a r t  of t h e  s a f e t y  c o n t r o l  system,sensors  capable of de t ec t -  

i ng  l i q u i d  o r  vapor l eaks  t o  t h e  atmosphere w i l l  be necessary.  This  w i l l  

b e  p a r t i c u l a r l y  t r h e  i n .  the  vapor gene ra to r  and t h e  senso r s  must be capable 

of wi ths tandin*  t h e  ho t  gas environment of t h i s  u n i t .  . T h e i r  r e l . i a b j l i t y  

w i l l  be of prime importance t o  proper  ope ra t ion  of t he  bottoming cyc le  

s y s  tem, 

The a p p l i c a t i o n  of a bottoming cyc le  t o  gene ra t e  e l e c t r i c a l  power 

f o r  use  on a u t i l i t y  g r i d  poses p o t e n t i a l  problems with t h e  r e l i a b i l i t y  

of t he  e l e c t r i c a l  g r id .  The a b i l i t y  of t he  bottoming cyc le  t o  gene ra t e  

o r  n o t  genera te  power would no t  be expected t o  c r e a t e  any major problem 

t o  the  u t i l i t y .  However, t h e  f a i l u r e  of p r o t e c t i v e  e l e c t r i c a l  switch- 

gea r  t o  remove t h e  bottoming cyc le  e l e c t r i c a l  system from t h e . g r i d  i n  

t he  event  of s h o r t  c i r c u i t s  o r  o t h e r  f a i l u r e s  which could overload sec- 



t i o n s  o f ,  t h e  u t i l i t y  g r i d  w i l l  be of concern t o  t h e  u t i l i t y .  ' The neces- 

s a r y  c o n t r o l s  a r e  a v a i l a b l e  on the  commercial market;  however, des ign  must 

emphasize r e l i a b i l i t y  from a c o n t r o l  component and s y s  tem s tandpoin t .  

Because of t h e  s i z e  of t he  p i p e l i n e  bottoming cyc le  system,the f i r s t  

exper imenta l  v e r i f i c a t i o n . o f  p o t e n t i a l  r e l i a b i l i t y  problems w i l l  be  ob- 

t a ined  i n  t h e  demonstrat ion t e s t s .  However, some a p p l i c a b l e  d a t a  i s  ex- 

pected f r o m ' t e s t s  of t h e  t h r e e  Rankine bottoming cyc le  systems be ing  spon- 

so red  by DOE, e s p e c i a l l y  t h e  s d k t r a n d  u n i t  because i t  uses  to luene  a s  

t h e  workfng f l u i d .  These t h r e e  systems, however, a r e  an o rde r  of magni- 

t u d e  sma l l e r  i n  s i z e .  To supplement t he  a v a i l a b i l i t y  d a t a  of t h e  t h r e e  

s m a l l  u n i t a ,  a f a u l t  and c r i t i c a l i t y  aualys is  . w i l l  be a p a r t  of t h e  f i n a l  

dcoign. An es tfulale uE the bottoming cycle Component avai.1 a h i l - i t i e s  based 

o n  planned and forced  outages which appear reasonable  when compared t o  

o t h e r  s i m i l a r  types of Rankine c y c l ~  systems i s  ind ica t ed  i n  Tohle 8-7. 

A v a i l a b i l i t i e s  f o r  t h e  bottoming cyc le  system and t h e  combined systems 

a r e  a l s o  ind ica t ed .  

8.5 MAINTENANCE REQUIREMENTS 

The es t imated  gene ra l  maintenance requirements  f o r  t he  bottoming 

c y c l e  system a r e  i n d i c a t e d  i n  Table 8-8. The r equ i r ed  maintenance t imes 

and pe r iods  were based on comparisons of bottoming cyc le  components wi th  

s i m i l a r  equipment u t i l i z e d  i n  gas  compressor s t a t i o n s .  These r equ i r e -  

ments do n o t  i nc lude  the maintenance tlormally performed on the gas tur -  

b i n e  o r  gas compressor. 

The gas t u rb ine Igas  compressor maintenance depends t o  a l a r g e  ex- 

t e n t  on t h e  gas t u r b i n e  u t i l i z e d .  A i r c r a f t  d e r i v a t i v e  u n i t s  a r e  removed 

and rep laced  a s  a u n i t ,  major maintenance work i s  conducted a t  an over- 

h a u l  depot.  A s p a r e  u n i t  is  kept  a t  o r  near  the  compressor s t a t i o n  so  

t h a t  replacement can be made quickly.  Removal and replacement is normally 

made i n  8-16 hours. The i n d u s t r i a l  gas t u r b i n e  u n i t s ,  however, a r e  in- 

spec t ed  and overhauled i n  t h e  f i e l d .  These u n i t s ,  t h e r e f o r e ,  r e q u i r e  

planned outages  f o r  i n s p e c t i o n s  and r e p a i r s .  Major i n spec t ions  a r e  

normally conducted a t  30-40,00U hour i n t e r v a l s  and r e q u i r e  planned out- 

ages  of 3-4 weeks d u r a t i o n ,  (Reference 45) .  The gas compressor r e q u i r e s  

cons iderably  l e s s  maintenance than  the  gas t u r b i n e  and i n s p e c t i o n s  and 

maintenance a r e  performed dur ing  gas t u r b i n e  changeover o r  planned outages.  

8-14 



TABLE 8-7 

ESTIMATED PIPELINE BOTTOMING CYCLE AVAILABILITY FOR MATURE PRODUCT - - 

Forced Planned ?laint . Operating 
Outage Hrs. - Outage Hys-.- - Outage Hrs. Availabil- - 

Cause FFP(~) PLBC'~) FFP (a XIC (b ) FFp (a 1 pL3C (b ) FFP (a ) . PLBC (b ? 

Turbine 9 7 7 2 417 

Vapor  ener era tor 298 200 519 . 

Condenser 7 25 . 

Genera tor 22 25 
(Compressor) 

Other 
03 
I Unit 
u .  

ESTIMATED AVAILABILITY OF GAS TURBINE PLUS BOTTOMING CYCLE 

Gas Turbine Bottoming Cycle Combined 
Availability Availability 'Availability - - 

. . 

Aircraft Gas Turbine, % 99'. 0 89.7 88.7 

78.4 Industrial Gas ~urbine; % 88.7 89.7 

(a'~ossil fired plant for generating electricity with a steam turbine. 1976 EEl data for 200-389 MW plants. 

(b)~ipeline bottoming cycle estimates. 



TABLE 8-8 

VAPOR GENERATOR Annual inspection of tube bundle by, 
state licensed inspector, 1 week 

VAPOR TURBINE 

CONDENSER FIN-FAN UNIT 

Daily routine checks, lube systems, 
bearing temperatures,  seals,, vibration 
'sensors, controls, etc.,  . l  hourlday. 
Annual 8000 hour disassembly and 
inspection, replacement of seals ,  etc. , 
1 week 

Daily routine checks. of fan motors, 
gear boxes, fil ter screens,  etc. , 

. . 1 12 houriday. Annual inspection fan 
blades tube bundle, etc. , 2 days 

VAPOR GENERATOR FEED PUMP Daily routine check. Shaft seal,  drive 
motor, pressure  and flow annual 
inspection impellor, ace1 . ~ c p l a c c m e n t ~  
etc. , 2 days 

TURBINE GEARBOX AN.D DRIVE TRAIN Daily routine check lube system, . . 

bearing temperatures and vib sensoru, 
1 / 2 hourlday. Annual inspection gear  
teeth, shafts, bearings, 3 days 

DIVERTER VALVE Daily routine check of actuation system 
components, pe riodic system actuation 

FIRE PROTECTION SYSTEMS Daily routine inspections, 1 hourlday; 
periodic system actuation a s  prescribed 
by insuring agency,. 1 hour16 months 



. . 

The bot toming c 'ycle sys tem working . f l u i d  w i l l  have a  major  i n -  

f l u e n c e  on maintenance and r e p a i r  p r o c e d u r e s  p a r t i c u l a r l y  where t h e  work- 

i n g ' f l u i d  sys tem must b e  opened t o  t h e  atmosphere t o  e f f e c t  r e p a i r s .  Be- 

c a u s e  t o l u e n e  is flammable and somewhat t o x i c ,  t h e  p o r t i o n  o f  t h e  sys tem 

t o  b e  worked on w i l l  b e  cooled down, d r a i n e d ,  i s o l a t e d  v i a  v a l v i n g  from 

t h e  rest of t h e  sys tem,  and purged w i t h  n i t r o g e n  b e f o r e , r e p a i r s  a r e  i n i -  

t i a t e d .  C a r e f u l  p l a n n i n g  w i l l  a s s u r e  t h a t  t h e  method of  d r a i n i n g  t h e  

t o l u e n e  i n t o  a  s t o r a g e  t a n k  and t h e  method of purg ing  t h e  sys tem w i l l  

r e s u l t  i n  t h e  'minimum r e l e a s e  of con tamina t ion  t o  t h e  a tmosphere . .  

8 .5 .1  VARIATIONS I N .  MAINTENANCE PROCEDURES 

The bot toming c y c l e  sys tem coupled t o : a  gas  t u r b i n e l g a s  compressor 

w i l l ,  o f  c o u r s e ,  r e q u i r e  more maintenanc,e than t h e  prime system by i t s e l f .  

S i n c e  t h e  a i r c r a f t  d e r i v a t i v e  gas t u r b i n e s  r L q u i r e  v e r y  l i t t l e  main tenance ,  

i n s t a l l a t i o n  of a  bot toming c y c l e  a t  a  s i t e  which h a s  on ly  a i r c r a f t ' d e r i v -  

a t i v e  g a s  t u r b i n e s  can mean an a p p r e c i a b l e  inc re ' a se  i n  o n s i t e  maintenance 

f o r  t h e  combined system. I f  t h e  compressor s t a t i o n  h a s  i n d u s t r i a l  gas  

t u r b i n e s  a n d / o r  r e c i p r o c a t o r s ,  i n  a d d i t i o n  t o  t h e  a i r c r a f t  d e r i v a t i v e  g a s  

t u r b i n e s ,  t h e  s i t e  maintenance work f o r c e  w i l l  p robab ly  b e  l a r g e r  and t h e  
0 

a d d i t i o n a l  maintenance work r e q u i r e d  by t h e  bot toming c y c l e  sys tem can 

b e  o f f s e t  by s h u t t i n g  d o w n . l e s s  e f f i c i e n t  t u r b i n e s  o r  r e c i p r o c a t o r s  .and 

a p p l y i n g  t h e  maintenance work normal ly  r e I q u i r e d  on. t h e s e  u n i t s  t o  t h e  

bo t toming  c y c l e  system. With r e g a r d  t o  t h e  t y p e s  o f  maintenance s k i l l s  . 

r e q u i r e d ,  t h e  commercially a v a i l a b l e  equipment,  upon which t h e  bo t toming  

c y c l e  sys tem d e s i g n  i s  p r e d i c a t e d ,  shou ld  e n s u r e  t h a t  no new maintenance 

c r a f t  s k i l l s  a r e  r e q u i r e d .  C e r t a i n  bot toming c y c l e .  .equipmen.t w i l ' l ,  n o t  . 

be f a m i l i a r  wi t 'hout  t r a i n i n g  f o r  t h e  maintenance p e r s o n n e l  ; however, 

s e r v i c i n g  t echn iques  w i l 1 , b e  a c q u i r e d  w i t h  t r a i n i n g .  The p rocedures  

and s a f e t y  p r e c a u t i o n s  r e q u i r e d  when working on t h e  n a t u r a l  gas  sys tems 

i n  t h e i r  s t a t i o n s  a r e  s i m i l a r  t o  t h o s e  t h a t  must b e  t aken  when working .. 

on t h e  bot toming c y c l e  sys tem due p r i m a r i l y  t o  t h e  f l a m m a b i l i t y  o f  t h e  

f l u i d .  Some v a r i a t i o n s  i n  maintenance and s a f e t y  p r o c e d u r e s ,  however, 

w i l l ' b e  r e q u i r e d  s i n c e  t h e  b o t t o m i n g . c y c l e  sys tem working f l u i d  i s  a  

l i q u i d  i n  some p o r t i o n s  o f  t h e  sys'tem and vapol' i n  o t h e r s .  Th i s  i s  

n o t  e x p e c t e d  t o ,  be . a . s e v e r e  problem.; however, s a f e t y  t r a i n i n g  programs 

s h o u l d  be  conducted on t h i s  s u b j e c t .  



The bo t toming  c y c l e  sys tem w i l l  r equ i . r e  a t  l e a s t  one planned o u t a g e  

f o r  approx imate ly  one week each y e a r  d u r i n g  which t ime t h e  v a p o r i z e r  w i l l  

b e  i n s p e c t e d .  G a ' s . t u r b i n e  i n s p e c t i o n  and g e n e r a l  a n n u a l  i n s p e c t i o n s  and 

r e p a i r s  of a l l  o t h e r  components o f  t h e  bot toming c y c l e  s y s t k m  can b e  made 

. .at t h i s  t ime. During t h i s  t ime t h e  gas  t u r b i n e l g a s  compressor can a l s o  

be shutdown and p lanned  maintenance work conducted o r  t h e  g a s  t u r b i n e '  

may be  a l lowed t o  o p e r a t e  w i t h  t h e  d i v e r t e r  v a l v e  i n  t h e  bypass  p o s i t i o n .  

S i n c e  planned o u t a g e s  f o r  t h e  a i r c r a f t  d e r i v a t i v e  gas  t u r b i n e s  w i l l  b e  

of s h o r t  d u r a t i o n ,  t h e  d i v e r t e r  v a l v e  would p e r m i t  t h e  g a s  t u r b i n e  t o  

o p e r a t e  b e f o r e  t h e  bot toming sys tem i s  ready t o  s t a r t .  Although t h e r e  

may be some d i f f e r e n c e s  i n  maintenance p r o c e d u r e s  between t h e  complete  

sys tem and t h e  gas  t u r b i n e  a l o n e ,  p r i m a r i l y  due t o  t h e  t o l u e n e  i n  the 

bot toming c y c l e  sys tem,  more maintenance w o r k  w i l l  h e  n e c e s s a r y .  it is 

n o t  expec ted  t h a t  t h e  d i f f e r e n c e  w i l l  b e  l a r g e .  

G e n e r a l l y  s p e a k i n g ,  t h e  a c c e p t a b i l i t y  o f  t h e  bot tqming c y c l e  from 

a maintenance s t a n d p o i n t  w i l l  be  l a r g e l y  dependent  upon t h e  a c c e p t a n c e  

of t o l u e n e  a s  t h e  working fLuid by t h e  i n d u s t r y .  The f a c t  t h a t  a i r  

p o l l u t i o n  con t ro l .  laws have p laced  d e f i n i t e  l i m i t s  (Refe rence  46) on t h e  

hydrocarbon v a p o r s  which can be  d i s c h a r g e d  t o  t h e  a tmosphere  w i l l  p l a c e  

an e x t r a  l o a d  on ' the  maintenance depar tment  when a sys tem c o n t a i n i n g  

t o l u e n e  o r  o t h e r  o r g a n i c  f l u i d  is  i n s t a l l e d .  

8.6 CONCLUSIONS 

A bot toming  cycle app l i ed  t o  a p l p t t l i u e  gas Lui -L ine  cl~'iviiPt~g a gas 

compressor can b e  d e s i g n e d ,  c o n s t r u c t e d  and opera ted  i n  a  manner which- 

p r o v i d e s  h i g h  r e l i a b i l i t y  and a  minimum of maintenance.  The type  o f  g a s  

t u r b i n e  t o  which t h e  bo t toming  c y c l e  i s  a p p l i e d  ( a k r o - d e r i v a t i v e  o r  land-  

based  u n i t ) ,  t h e  d e t a i l  des ign  o f  t h e  bot toming c y c l e  components and sys-  

tem, and t h e  working f l u i d  u t i l i z e d  a r e  major f a c t o r s  i n  d e t e r m i n i n g  t h e  

r e l i a b i l i t y  and main ta inab i1 : i ty  o f  t:he combi.r.,ed c y c l e .  The combined 

c y c l e  i s  i n d i r e c t l y  l e s s  r e l i a b l e  than  t h e  prime system and more main- 

t e n a n c e  problems can be  e x p e c t e d ,  r e s u l t i n g  i n  a lower sys tem a v a i l a b i l i t y .  

The r e l i a b i l i t y  s f  t h e  d i v e r t e r  v a l v e  :is c r i t i r a ! ,  t o  m a i n t a i n i n g  g a s  

t u r b i n e / c o m p r e s s o r  re3 Lab i l i  t i e s  a t  t l l e t r  C U ~ T P : ~ ~  l e v e l s .  S i n c e  s team 

bo t toming  c y c l e  equipment f o r  t h e  most p a r t  i s  commercia l ly  a v a i l a b l e  



and, to some extent,  s imllar t o  equipment now employed on pipeline pumping 

stat ions , .  no new maintenance s k i l l s  appear to  be reqdred.  Depending on 

the pumping s ta t ion  to  which the bottoming cyc le  is applied and its method 

of operation, maintenance work may increase or stay approximately 'the same. 
. . 
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SECTION 9 

INDUSTRIAL POTENTIAL ASSESSMENT 

INTRODUCTION 

The t echno log ica l  f e a s i b i l i t y  s e c t i o n  concluded t h a t  t h e  bottoming 

c y c l e  is a t echno log ica l ly  f e a s i b l e  system and components such as h e a t  ex- 

changers ,  pumps and expanders could be  ob ta ined  from e x i s t i n g  manufacturers .  

The economic assessment concluded t h a t  t h e  bottoming cyc l e  is a competi- 

t i v e  investment a l t e r n a t i v e  f o r  c e r t a i n  a p p l i c a t i o n s .  

The purpose of t h e  i n d u s t r i a l  p o t e n t i a l  assessment  is: 

1. To i d e n t i f y  t h e  p o t e n t i a l  market f o r  bottoming cyc l e s  on gas  

t ransmiss ion  p i p e l i n e s .  

2. To provide a  p r o j e c t i o n  t o  t h e  y e a r  2000 of bottoming c y c l e  

use w i t h i n '  t h e  i ndus t ry .  

3. To p ro j ec t  t h e  p o t e n t i a l  energy sav ings  from t h e  use  of bottom- 

ing  cyc l e s  i n  t h e  p i p e l i n e  i n d u s t r y  by t h e  y e a r  2000. 

I n  t h i s  assessmexit e s t i m a t e s ,  a r e  made of  t h e  p o t e n t i a l  gas  s av ing  

t h a t  could be r e a l i z e d  through t h e  y e a r  2000 by adopt ion of  bottoming 

cyc l e s .  The es t imated  p o t e n t i a l  ga s  sav ing  depends upon t h e  p r o j e c t i o n s  

of ga s  p r i c e s ,  power requirements ,  and gas  supply. The e s t i m a t e s  a r e  made 

f o r  two n a t u r a l  gas  supply p r o j e c t i o n s .  For t he  low ~ u p p l y ~ p r o j e c t i o n  t h e  

est imated '  throughput i n  t h e  year  2000 does  no t  exceed the  p re sen t  c a p a c i t y  

of t h e  system. Two c a s e s  were cons idered .  In' t h e  f i r s t  c a s e  no a d d i t i o n a l  

power was i n s t a l l e d .  I n  t h e  second c a s e  50% of  t h e  d i f f e r e n c e  between the  

i n s t a l l e d  power'hnd t h a t  a c t u a l l y  used i n  1978 was i n s t a l l e d  on new sites, 

assuming t h a t  some new equipment w i l l  be requi red  t o  reach  new gas  s u p p l i e s .  

For ' t he  h igh  supply p r o j e c t i o n ,  i t  was e s t ima ted  t h a t  a d d i t i o n a l  
6 d pumping power of '3.1 x  1 0  HP would. be  r equ i r ed  between 1983 and 2000. \. 

Two growth opt fons  were considered;  one i n  which a l l  t h e  growth is  on 

new s i t e s '  and the  o t h e r  i n  which h a l f  of t h e  growth is on e x i s t i n g  sites. 



GAS SUPPLY. PROJECTIONS . 

P r e d i c t i n g  t h e  f u t u r e  supply of n a t u r a l  gas is  n o t  easy  s i n c e  t h e  

t r a n s p o r t  of n a t u r a l  gas h a s  been a no growth bus ines s  . f o r  s e v e r a l  y e a r s  

and some sou rces  p r e d i c t  l i t t l e  o r  no growth f o r  t he  fu tu re .  However, 

some t r a d e  p u b l i c a t i o n s  i n d i c a t e  increased  a c t i v i t y  i n  t h e  n a t u r a l  gas  

i n d u s t r y ,  a s  i l l u s t r a t e d  by t h e  examples i n  Table 9-1. The American Gas 

A s s o c i a t i o n  has  made two p r o j e c t i o n s  f o r  t he  n a t u r a l  gas  i n d u s t r y ,  based 

on a  low-supply scena r io ,  and a  high-supply scena r io  (Reference 47) .  The 

assumptions used f o r  i ts  p r o j e c t i o n s  a r e  given i n  Table 9-2. A summary of 

t he  d a t a  on p re sen t  gas  product ion  and p r o j e c t i o n s  f o r  t h e  year  2000 a r e  

in Table 9-3, and were. nhtninrd from t h e  fiotlrces l i s t e d .  The values 
" t h a t  were used f o r  t h i s  s tudy  a r e  shown a t  t h e  r i g h t  hand s i d e ,  and a r e . 1 9 . 2  

3 ~ c f / y r  (1012 f t  l y r )  f o r  1978 gas  product ion,  23 T c f l y r  f o r  1978 system 

capac i ty  and 32.5 Tc f /y r  f o r  t h e  h igh  supply s c e n a r i o  b y ' t h e  yea r  2000. 

The annual  n a t u r a l  gas  low-supply p r o j e c t i o n  used i n  t h e . p r e s e n t  s tudy  

is  shown i n  F igure  9-1 and was ex t r apo la t ed  t o  22.9 ~ c f / y r  by the  yea r  2000 

us ing  the  d a t a  of Reference 48. For t h i s  p r o j e c t i o n  the  supply  never  ex- 

ceeds the  p re sen t  system capac i ty  of 23 Tcf./yr. The annual  high-supply pro- 

j e c t i o n  used i n  the  p re sen t  s tudy  is i n  Figure 9-2 and was e x t r a p o l a t e d  t o  

32.5 Tc f /y r  by the  year  2000, us'ing the  d a t a  of Reference 49. Th i s  pro- 

j e c t i o n   exceed,^ the. p re sen t  system capac i ty  i n  1983. 

9.3' POWER REQUIREMENTS 

The r e l a t i o n s h i p  between p i p e l i n e  throughput and i n s t a l l e d  power 

is shown i n  F igure  9-3. T h e ' p o i n t s  shown a t  t h e  l e f t  s i d e  of t h e  p l o t  

a r e  based on d a t a  f o r  1955 through 1973, taken from the  l i s t e d  re ference .  

From previous  surveys  of . t h e  p i p e l i n e  i n d u s t r y  descr ibed  i n  Sectiofi  3, 
h 

t h e  amount of i n s t a l l e d  power was es t imated  a t  1 3  x  10  HP and from the 

previous  subsec t ion  t h e  throughput capac i ty  w a s  es t imated  a t  23 Tcf /yr .  

From the  i n t e r s e c t i o n  of t h e s e  two va lues  t he  r e l a t i o n s h i p .  of throughput 

t o  inshtalled power w a s  ex t r apo la t ed  t o  32.5. Tc f /y r  us ing  elre ? lope  of t he  
6 

r e l a t i o n s h i p  from 1962 t o  1970. The power requirement '  of 16.1 x 10 HP 
6  

i n  t he  y e a r  2000 i n d i c a t e s  t h a t  a d d i t i o n a l  power of  3.1 x 10 HP w i l l  need 

t o  be  i n s t a l l e d  from 1983 t o .  2000. 

. . 9-2 



INDICATIONS OF INCREASED ACTIVITY I N  THE NATURAL G f i  INDUSTRY 

* 
(50) 1979 US Gas P i p e l i n e  Mileage Le t  by Diameter 

(50). US Gas P i p e l i n e  Mileage Let  by Unident i f ied  .Diameters 266 - 
(50) T o t a l  

(51) F ro j  ec t ed  1979 US P i p e l i n e  Completion, Miles 3027 . . 

(51) 
. , 

1979 ~ n c r e a s e s  i n  PA1 P i p e l i n e s  Over 1978, % - 4 4 -  .: 

(52) Frac t ion . 'o f  New Wildcat Completions of das  and O i l  

Well ~ x ~ l o r a t i o n :  

(52) "The Number of Gas Well Completions Has Never Been Higher. . . 11 

(47) "To Transpor t  p r e sen t  e n d  Future  Discoveries  t o  Market ,--Two ~ u l l ~  Looped P i p e l i n e  

Sys tems .a re  N e c s s s ~ r y , "  (By t h e  year  2000) (Looping Refers  t o  P u t t i n g  i n  P a r a l l e l  

P i p e l i n e s  a l l  Pumped wi th  t h e  same Gas compressors t o  Inc rease  Capaci ty  by bowering. 

P re s su re  Drop Between S t a t i o n s )  

p r e sen t  t o  1990 F i r s t  Looped Alaskan P i p e l i n e  

S imi l a r  P r o j e c t  1993 ' t o  2000 

* Numbers i n  paran theses  d e s i g n a t e  r e f e r ences  a t  t h e  end of t h i s  r e p o r t  



TABLE '9-2 

AGX 3C13NoMl.z DEMAND W O R .  .ASSUMPTIONS* 

a Demand Based on Pr ice 'Compet i t ioa  h a n g  Fuels  

a I n f l a t i o n  5.5% Per  Year, 1978 t c  1990 

a O i l  P r i c e  I n f l a t i o n  7% Per  Year, 1978 t o  1990 

a No Gas U s e  in E n t i r e l y  New Gas Markets,  Before 1990 

8 Gas P r i c e s  at Wel'lhead Simulated According t o  NG Pricin,g Act, Deregula ted  i n  1985 

a Lov Supply scena r io :  Conventional . ~ a t b r a l .  Gas Product ion P lus  Supplemental Suppl ies  from t h e  Following: 

- Canada . . 

. - - Mexico 

- SNG . .  , 

- .LNG 

8 High Supply Scenario:  Same a s  Low Supply Scenario P lus  Supplement Silpplies from the, Following: 

- Coal G a s i f i c a t i o n  

. - New T e c ~ ~ n o l o g i e s  . . 

Devonian S h a l e .  . 

Tight  sands  . ' 

Biomass,: : ' .  

Geopressured Gas 

Gas from Cosl  S-s 

Gas fro& ~ i o l o ~ i c a l  Waste 

P e a t ,  G a s i f i c a t i o n  
. . 

p. - Alaska 



TABLE 9-3 

ITEM - 
1978 Gas Product ion:  

P re sen t  System Capaci ty:  

AGA NATURAL GAS SUPPLY PROJECTION DATA 

\O Supplemental Product ion from 
I 
wi 

New Technologies by 2000: 

Supply by 2000: 

DATA 
20 - t n . 8  Tcf /yr  . . 

VALUE USED 

32.5 Tcf / y r  ,.. 

30 t o  36 Tcf /yr  

31 t o  35 , ' ~ c f / ~ r  . 

. . * Numbers i n  paren theses  des igna t e  r e f e r ence  a t  t h e  end o f .  t h i s  r e p o r t .  







Figure 9-2.. Assumed ~ e l ' a t i o n  Between Throughplt and Installed Power. 



9.4 OPTIONS FOR LOW-SWPLY PROJECTIONS 

For t h e  low-supply p r o j e c t i o n  i t  is  es t imated  t h a t  t h e r e  p r e s e n t l y  
. . 6 

. is  about  4.7 x  10  HP n o t  being used because of lower than capac i ty  through- 

put .  This  i s  based. on an e s t ima ted  throughput of 19.8 Tcf compared t o  a  

capac i ty  of 23  Tcf. I n  the. f i r s t  c a se  i t  is  assumed t h a t  no a d d i t i o n a l  

i n s t a l l e d  power i s  requi red .  However, gas can be  conserved by i n s t a l l -  ' 

i n g  bottoming cyc l e s  on,  t h e  e x i s t i n g  powerplants  and ope ra t i ng  t h e  power- 

p l a n t s  a t  a  reduced power s e t t i n g  a t  which the.power of t h e  combined sys-  

t e m  equa l s  t h e  power of t he  gas  t u r b i n e s  o r  r e c i p r o c a t i n g  engine  wi thout  

t h e  bottoming cyc l e .  For t h e  second c a s e  it i s  assumed t h a t  one h a l f  t h e  
6. 

p r e s e n t l y  unused 4.7 x 1 0  HP i s  suppl ied  by b u i l d i n g  new sites and us ing  

equipment a s  descr ibed  f o r  t h e  h i g h , s u p p l y  p r o j e c t i o n ' i n  which 50% of growth 

i s  on new s i t e s  and 50% of g r 0 w t h . i ~  on e x i s t i n g  si tes.  

The op t ions  a v a i l a b l e  i n  t h e  1 .0~-supply  p r o j e c t i o n  wi th  no a d d i t i o n a l  

' power .(the f i r s t  case)  a r e  t o  bottom t h e  e x i s t i n g  powerplants ,  namely,re- 

c i p r o c a t i n g  engines ,  recupera ted  gas  t u r b i n e s  o r  simple-cycle gas  t u rb ines .  

Using a  computer code t h a t  was developed f o r  t h e  economic assessment ,  i n -  

c rementa l  c o s t  of s e r v i c e  c a l c u l a t i o n s  were made f o r  t h e  t h r e e  op t ions .  

This  code i s  desc r ibed  i n  t h e  Economic Assessment Sec t ion  and t h e  main 

f e a t u r e s  of t h e  code a r e  presen ted  aga in  i n  Table  9-4. Important  i n p u t s  t o  t h e  

code a r e  t h e  c a p i t a l  c o s t  of ' the bottoming c y c l e ,  t h e  amount of gas  saved 

by t h e  bottoming cyc l e  and t h e  va lue  of t h e  gas saved. 

The c a p i t a l  c o s t s  of  t h e  bottoming cyc l e s  were es t imated  by s c a l i n g  

. t h e  c o s t  of  one of t h e  systems descr ibed  i n  t h e  pre l iminary  des ign  Sec- 

Cioi~ 4. Fur t h e  r e c i p r o c a t i n g  engines  t h e  average s i t e . p o w e r  was e s t i -  

mated t o  be  8000 HP and a  bottoming c y c l e  system would be  about  1120 HP 

a t  f u l l  load  o r  985 f o r  t h e  t h r o t t l e d  a p p l i c a t i o n .  The c o s t  of a  985 HP 

bottoming cy,cle system was s c a l e d  from t h e  c o s t  of t h e  l a r g e r  system 
6 

us ing  t h e  power law w i t h  an exponent of 0.6. The c o s t  i s  $1.04 x 10  . 
S i m i l a r l y  t h e  s i z e  of t h e  recupera ted  gas  t u r b i n e  was taken a s  8640 HP 

which i s  a  t y p i c a l  s i z e  t o r  t h e  recupera ted  gas t u r b i n e s  on the  s i tes  

examined i n  Sec t ion  4. The bottoming cyc l e  power f o r  t h e  t h r o t t l e d  condi- 

t i o n  f o r  t h i s  appk ica t ion  was e s t ima ted  t o  be 1870 HP. The c a p i t a l  c o s t  
6  

is  $1.53 x 10 . For t he  s imple cyc l e  gas  t u r b i n e  t h e  t y p i c a l  s i z e  was 



TABLE 9-4 

MAJOR ELEMENTS I N  COST OF SERVICE CALCULATIONS 

Cost of S e r v i c e . =  Return on Rate Base 

1 . + Operating 6 ~ a i n t m a n c e  . . 

Enpel~setl (111~1udl11g Fuel 
Used) 

. . + ~ e ~ r e c i a r i o n  ':(~inanc;ial) 
+.  Property Taxes 

+ Federal  Taxes 

+ S t a t e  Taxes 

For Rankine Bottoming Cycle, the  cos t  of s e r v i c e  

is. balanced by t h e  f u e l  saving or  revenue 'from 

s a l e  o f  . e l e c t r i c i t y .  

I f  the '  sav i~ lgs  o r  revenue. . . is less. than. the cos t  

of  s e r v i c e ,  . the  ' customer must pay more ' for  gas. 

I f  the  savings o r  revenue is g r e a t e r ,  than t h e .  - ' 

c o s t  of s e r v i c e ,  the  customer may,get  a r a t e  

reduction.  

In all cases, the 'company earns i ts allowed r a t e  
. . 

of re turn .  



taken t o  be 12500 HP, based on t h e  s i t e  s e l e c t i o n  s tudy ,  Sec t ion  3,  and 

t h e  bottoming cyc le  power f o r  t he  t h r o t t l e d  cond i t i on .was  es t imated  t o  
6 be 3050 HP. The c a p i t a l  c o s t  was es t imated  t o  be  $2.05 x 10 . 

The amount of gas  saved pe r  yea r  by t h e  bottoming cyc l e  w a s ' e s t i -  

mated from t h e  d i f f e r e n c e  i n  h e a t  r a t e  of t h e  prime mover, w i th  and with- 

o u t  t h e  bottoming c y c l e , . t h e  t o t a l  power, a n d - t h e  hou r s .o f  ope ra t i on  p e r  

yea r . ,  The d a t a  a r e  t abu la t ed  i n  Table  9-5. The va lue  of  gas  saved was 

taken  a s  new gas p r i c e s ,  a s  descr ibed  i n  t h e  Economic Assessment Sec t ion .  

The va lues  used a r e  p l o t t e d  i n  F igure  9-4. The e s c a l a t i o n  of fue ' l  va lues  

was taken  a s  8%. 

The average incrementa l  c o s t  -of s e r v i c e  was c a l c u l a t e d  over  a  f i v e  

y e a r  pe r iod ,  and t h e  i n s t a l l a t i o n  d a t e  was v a r i e d  from 1980 t o  1995, w i th  

c a p i t a l  c o s t s  e s c a l a t e d  8% pe r  yea r  from 1978 p r i c e s .  The incrementa l  

c o s t  of s e r v i c e  is  the  d i f fe renke 'be tween  the  a c t u a l  c o s t  of owning and 

o p e r a t i n g  new equipment and t h e  s av ings  due t o  t h e  new equipment. A 

p o s i t i v e  va lue  means t h a t  t he  cos t  i s  g r e a t e r  than the  s av ings ,  wh i l e  . a  

nega t ive  va lue  means t h a t  t h e  sav ings  a r e  g r e a t e r  than t h e  c o s t .  The 

average f i v e  year  incrementa l  c o s t  of s e r v i c e  f 0 r . a  system i n s t a l l e d  i n  

1990 (near  t he  middle of t h e  t ime span between now and t h e  end of t h e  

cen tury)  was c a l c u l a t e d  t o  be  $178,000 f o r  a  bottoming c y c l e  on a  r ec ip -  

r o c a t i n g  engine,  $231,000 f o r  a  bottoming c y c l e  on a  recupera ted  gas  t u r b i n e ,  

and $319,000 f o r  a  bottoming c y c l e  on a  s imple c y c l e  gas  t u r b i n e .  For bo th  

t h e  r e c i p r o c a t i n g  engine  and t h e  recupera ted  gas  t u r b i n e  t h e  c o s t  of '  owning 
. . 

and ope ra t i ng  t h e  bottoming c y c l e  i s  p o s i t i v e ,  i.e., g r e a t e r  than t h e  va lue  

of t he  gas  saved,  b u t  f o r  t h e  s imple c y c l e  gas  t u r b i n e  t h e  va lue  is nega t ive ,  

i . e . ,  LIIE va lue  of t h e  gas  saved i s  g r e a t e r  than t h e  cos t .  Therefore  bottom- 

i n g  t h e  simple-cycle gas  t u r b i n e  is  t h e  only op t ion  t h a t  i s  economically 

'. a t  t r a c t i v e  f o r  t he .  low-supply p r o j e c t i o n  when no a d d i t i o n a l  power is i n s t a l l e d .  

OPTIONS FOR HIGH SUPPLY .PROJECTION 9.5 - -..- 

For the  h igh  supply p r o j e c t i o n  i t  was es t imated  t h a t  a d d i t i o n a l  powcr 
6 of 3 . 1  x 1 0  HP would be  r equ i r ed  between 1983 and 2000. This  a d d i t i o n a l  

power could be ob ta ined  by purchasing new gas  t u r b i n e s  'or r e c i p r o c a t i n g .  

engines  o r  by adding bottoming c y c l e s  t o  new o r  e x i s t i n g  equipment. Cost 



* * 
Recip. Engir.2 

*** . 
S.C. Gas Turb ine  

**** 
Recup. G a s  Turb ine  

* 
Bottoming Cycle  

*** 
Simple  Cycle  

TABLE 9-3 
. . 

Heat Rase 
Heat R a t e  With B.I:.* Power Hrs. Operated Gas Saved 

**** 
Recuperated 



YEAR INSTALLED. ' 
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Figure 9-4. Estimated New Gas Prices. 
. . .  



of s e r v i c e  c a l c u l a t i o n s  were made f o r  t h e  va r ious  opt ' ions u s ing  t h e  com- 

p u t e r  code .desc r ibed  prev ious ly .  The r e s u l t s  depend upon t y p i c a l  s i z e s  

s e l e c t e d ,  t h e  c a p i t a l  c o s t s  and t h e  number of hours  of o p e r a t i o n  each y e a r ,  

These da ta .  a r e  p re sen t ed  Tn Table  9-6. S ince  t h e  power genera ted  is i n  

a d d i t i o n  t o  t h e  e x i s t i n g  powersthe " f u e l  saved" i n p u t  va lue  is  t h e  gas  

consumed by t h e  system t o  gene ra t e  t h e  a d d i t i o n a l  power w i t h  a n e g a t i v e  

s i g n  because i t  i s  gas  used and n o t  saved. 

F o r  each op t ion  a' t y p i c a l  s i z e w a s  s e l e c t e d  and a  c a p i t a l  c o s t  es- 

t imated.  These a r e  shown i n  Table  9-6. Then t h e  c o s t  of  service r e s u l t s  

were normalized t o  a  b a s i s  of  d o l l a r s  p e r  thousand cub ic  f e e t  of  ga s  

pumpcd, I n  t h i s  c a l c u l a t i o n  t y p i c a l  e f f i c i e n c y  va lues  were used for t h e  

gas t u rb ine  d r iven  c e n t r i f u g a l  compressors and r e c i p r u c 8 t f n g  engine d r i v e n  

r e c i p r o c a t i n g  compressors ( v i z .  0.83 and 0 .75 , r e spec t ive ly ) .  The r e s u l t s  

a r e  shown i n  Table  9-7 f o r  seven opt ions .  These r e s u l t s  i n d i c a t e  t h a t  f o r  

each type  prime mover i t  is  more economic t o  bottom e x i s t i n g  systems than  

t o  buy a l l  new equipment. The s e l e c t i o n  of t h e  type  of equipment t o  use  

f o r  growth power on any one p i p e l i n e  depends upon- du ty  c y c l e s  expected,  
' 

amount of power r e q u i r e d ,  o f f  des ign  c h a r a c t e r i s t i c s ,  type  of  e x i s t i n g  

equipment a t  a  s i t e ,  e t c .  and on t h e  economics 'of  v a r i o u s  opt ions. .  

Two growth o p t i o n s  were cons idered ;  one i n  which a l l  of t h e  growth 

is on n e w . s i t e s  and t h e  o t h e r  i n  which ha l f  of t h e  growth i s  on e x i s t i n g  

s i t e s .  Undoubtedly, a  s u b s t a n t i a l  p o r t i o n  o f  t h e  growth w i l l  come about  

by l ay ing  new p i p e l i n e s  t o  o r  trom t h e  e x i s t i n g  p i p e l i n e s .  The increased  

. . c a p a c i t j  of e x i s t i n g  p i p e l i n e s  can be  ob ta ined  by adding mor? i n s t a l l e d  

power o r  by l a y i n g  new p ipe  i n  p a r a l l e l  t o  e x i s t i n g  p.ipe wi thout  i n c r e a s i n g  

i n s t a l l e d  power ( l oop ing ) .  . 

For the ae . s~~mpt ion  of a l l  of t he  growth on new s i t e s  t h e  amount of 

power f o r  each op t ion  was s e l e c t e d  i n  p r o p o r t i o n  t o  t h e  i n v e r s e  of t h e  c o s t -  

o f - s e rv i ce ,  and i s  shown i n  Table  9-8. Although the  t o t a l  a d d i t i o n a l  power 

. i s  3,100,000 HP, t h e  amount t h a t  i s  provided by bottoming c y c l e s  is  293,800 HP. 

For t h e  assumption of 50% of t he  growth on ex ' i s t i ng  s i tes  a l l  o f  

t he  o p t i o n s  were used,  t he  amount of powe'r f o r  each op t ion  is  p r o p o r t i o n a l  

t o  t he  i nve r se  of t h e  c o s t  of s e r v i c e  shown i n  Table 9 - 7 .  'I'tie a'rnount o f  

power f o r  each o p t i o n  f o r  50% growth on e x i s t i n g  si tes i s  shown in. ' i 'able  9-9. 



TABLE 9-6 

COST OF OPTIONS FOR GROWTH'POWER 

S i z e  Cgst . ~ r s .  Operated 
.HF' - .  $ x 1 0  fj (1978) Hrs./Xear 

New Gas Turbine 

New Gas Turbine w i t h  B.C. 16770 ' 7.261 , 7446 

New Recip . Engine 8.000 4.84 7446 

, ,New Recip. Engine w i t h  .B. C .  9120 . 5 . 9 5  7446 

E x i s t i n g  S.C. GT w i t h  B.C. 5625* 2.959** *** 
E x i s t i n g  Recip. Eng'. w i t h  B.C. 1120* .1 .12** *** 1 

E x i s t i n g  ~ e c u ~ .  GT wi th  B.C. 2560* 1.846** *A'** 

* S i z e  of Bottoming Cycle 

**.Cost of Bottoming Cycle 

. . 

*** These opt ions,  do n o t  use  a d d i t i o n a l  f u e l ,  . ' . h r s .  of o p e r a t i o n  do 

n o t  apply.  - 



O p t i ~ n s  f o r  Growth 

TABLE 9-7 

COST OF SERVICE 

Cost of  Se rv i ce  $/1000 F t  3 

E x i s t i n g  S.C. Gas Turbine w.ith B.C. 

E x i s t i n g  Recup. G.T. w i t h  B.C. 

New Gas T u r b i n e . w i t h  B.C.' 

New Gas Turbine 

E x i s t i n g  Recip. Engine w i t h  B. C. 

New:Recip. Engine w i t h  B.C., 

N e w  Rec iproca t ing  Engine 



TABLE 9-8 

DISTRIBUTION OF GROWTH POWEK AMONG OPTIONS 

ALL GROWTH ON NEW SITES 

Opt i o n s  . T o t a l  HP Bottoming Cycle  HP 

New Gas T u r b i n e s  w i t h  B . C .  

New Gas T u r b i n e s  

New R e c i p r o c a t i n g  Engines  w i t h  B . C .  

New ~ e c i ~ r o c a t  i n g  Eng ines  



TABLE 9-9 

DISTRIBUTION OF GROWTH POWER AMONG OPTIONS 

50% OF GROWTH ON EXISTING.SITES 

. Opt ions Total HP Bottoming Cycle HP 

Existing S.C. Gas Turbines with B.C. 391,900 391,900 
. . 

Existing Recup. G.T. with B.C. 286,500 286,500 

New Gas Turbines with B.C. 209,200 47 ,OO,O 

. New Gas Turbines 3.88,70(3 . . 

Existing Recip. Engines with B.C. 186,700 186,700 

New Recip. Engines with B.C. 

New Recip. Engines 



Although t h e  t o t a l  power is  1,550,000 HP t h e  f r a c t i o n  t h a t  i s  

bottoming c y c i e s  is  930,000 HP. When e x i s t i n g  systems a r e  bottomed a l l  

of  t h e  a d d i t i o n a l  power is  assumed t o  be  from t h e  bottoming cyc l e s .  There- 

f o r e  t h e  bottoming c y c l e  market is  much l a r g e r  f o r  t h i s  op t ion .  The o t h e r  

50% of  t h e  growth power 'on n e w , s i t e s  is  h a l f  of t h e  va lues  shown i n  Table  

9-8. 

For purposes  of c a l c u l a t i n g  t h e  maximum gas  s av ing  from t h e  adopt ion  
. . 

of bottoming cyc l e s , .  i t  was assumed t h a t  bottoming c y c l e s  would be  i n s t a l l e d  

beginning i n  1983, a f t e r  complet ion of t h e  demons t ra t ion  program, and t h a t  

a l l  of t h e  e x i s t i n g  simple-cycle g a s ' t u r b i n e s  would be bottomed i n  twenty 

y e a r s  o r  by 2003 (100% p e n e t r a t i o n ) .  Af t e r  t h a t  t i m e  c o n s i d e r a t i o n  could  be  

g iven  t o  replacement of equipment. For t h e  low-supply p r o j e c t i o n  gas  .saved 

was c a l c u l a t e d  f o r  two assumptions:  1. wi th  no a d d i t i o n a l  i n s t a l l e d  power 

and 2. newly i n s t a l l e d  power by t h e  year  2000 be ing  50% of t h e  d i f f e r e n c e  

between p r e s e n t l y  i n s t a l l e d  power and p r e s e n t l y  needed power. For t h e  low- 

supply p r o j e c t i o n  wi th  assumption 1, no a d d i t i o n a l  i n s t a l l e d  power, i t  was 

concluded from t h e  incrementa l  cos t -of -serv ice  c a l c u l a t i o n s  t h a t  i t  was 

economical ly  a t t r a c t i v e '  t o  bottom t h e  s imple-cycle  gas  t u r b i n e s  on ly .  It 
6 was e s t ima ted  t h a t  t h e r e  a r e  about  2.6 x 1 0  HP from simple-cycle  gas  t u r -  

b i n e s  on e x i s t i n g  gas  p i p e l i n e s .  I f  t h e s e  were a l l  bottomed a t  reduced 

power t h e  bottoming c y c l e  power was c a l c u l a t e d  t o  be 632,000 HP. The gas  

s av ing  was c a l c u l a t e d  a s  t h e  d i f f e r e n c e  i n  h e a t  r a t e  between t h e  bottomed 

. and t h e  unbottomed systems m u l t i p l i e d  by t h e '  system horsepower and t h e  hours  

of o p e r a t i o n  per  year  which was .taken a s  85% of t h e  maximum o r  7446 hours  pe r  

yea r .  The t o t a l  cumulat ive gas  saved through t h e  year  2000 was c a l c u l a t e d  t o  
6 

be 5 1  x 10 BOE ( b a r r e l s  of o i l  equ iva l en t )  o r  0.296 t r i l l i o n  cub ic  f e e t  

of n a t u r a l  gas .  In  1978 approximately 20 t r i l l i o n  cubic  f e e t  were pumped 

on U.S. domest ic  p i p e l i n e s .  Table  9 1 0  shows t h e  p o t e n t i a l  g a s  s av ing  f o r  

t h e  p r e s e n t  cen tury  by use  of bottoming c y c l e s  under two op t ions .  ', 

For t h e  low-supply p ro , j ec t i on  wi th  assumption 2, 50% of t h e  d i f f e r e n c e  
6 

between p r e s e n t l y  i n s t a l l e d  power (13 x 10 HP) and p r e s e n t l y  used power (8 .3  x 
6 

10  HP) i n s t a l l e d  a s  new power by t h e  y e a r  2000, t h e  t o t a l  cumulat ive 
6 

f u e l  s av ing  is  70 x l o6  BOE ( o r  0.406 ~ c f ) .  The f u l l  5 1  x 1 0  BOE (or  

0.296 Tcf)  i s  saved because cons 'ervat ion on e x i s t i n g  s i t e s  i s  n o t  a f -  



. . . t 

TABLE 9-10 

. '  ' POTENTIAL. GAS SAVED BY USE OF BOTTOMING CYCLES * 

. CUMULATIVE GAS SAVED 
THROUGH 2000 

PROJECTION . l o 6  BOE - TCF 

LOW-SUPPLY 

CONSERVATION ON 'EXISTING. SITES 
5 1 - 0.296 

50% OF DIFFERENTLAL BETWEEN ,1978 

INSTALLED AND ACTUAL POWER NEW SITES 

CONSERVATION ON EXISTING SITES 

HIGH-SUPPLY 

GROWTH .ON NEW SITES, 25 0.145 

CONSERVATION ON EXISTING SITES ' 5 1  - 0.296 

7 6 0.441 

50% GROWTH ON EXISTING SITES 82 0.476 

50% GROWTH ON NEW SITES 12.5 0.072 

CONSERVATION ON EXISTING. SITES 3 2 - . . 0.186. 

,126'5 ' 0.734 

* A l l  e x i s t i n g  simple-cycle gas t u r b i n e s  assumed t o  be bottomed i n  

twenty, yea r s  beginning i n  1983. 



f e c t e d  by the .g rowth  on new sites. I n  a d d i t i o n  t h e  newly i n s t a l l e d  power 
6 saves  19 x 1 0  BOE (0.110. Tcf) i n  a way s i m i l a r  t o  t h a t  expla ined  f o r  t h e  

'h igh-supply p r o j e c t i o n ,  50% of  growth on new sites d i scus sed  below. 

For t h e  high-supply p r o j e c t i o n  gas  saved was c a l c u l a t e d  f o r  two as-. 

sumptions: 1. a l l  of t h e  growth on new sites, and 2. h a l f  of the.  growth on 

e x i s t i n g  s i t e s .  For t h e  high-supply p r o j e c t i o n  wi th  assumption 1, a l l  of t h e  

growth on new si tes,  t h e  amount of each op t ion  used is shown i n  Table  9-8.. The 

growth power was i n s t a l l e d  a t  a c o n s t a n t  r a t e  from.1983 t o  t h e  yea r  2000. The 

gas  saved by t h e  bottoming c y c l e s  was c a l c u l a t e d  as t h e  d i f f e r e n c e  i n  h e a t  

r a t e  between a bottomed and. a n  unbottomed system m i l t i p l i e d  by t h e  power 

and t h e ' h o u r s  of o p e r a t i o n  per  yea r .  For t h e s e  assumptions t h e  gas  saved 

through t h e  yea r  ZOO0 wds c a l c u l a t e d  t o  be  25 x lo6 BOE ( b a r r e l s  of o i l  equiv- 

a l e n t )  o r  0.145 t r i l l i o n  cubic  f e e t .  The e x i s t i n g  s imple-cycle  gas  tu rb ' ines  

could a l s o  be bottomed a t  reduced power t o  ach i eve  an  a d d i t i o n a l  g a s  s av ing  of 
6 .  

51  x 1 0  ROE, f o r  a t o t a l  gas  s a v i n g  of  76 x lo6  'BOE o r  0.441 t r i l l i o n  cub ic  

f e e t .  

For t h e  high-supply p r o j e c t i o n  wi th  assumption 2,  h a l f  of t h e  growth 

i s  on e x i s t i n g  sites, the.amount of each  op t ion  used is  shown i n  Table  9-9. 

Because t h e  amount of bottoming c y c l e  power i s  much l a r g e r  t han  f o r  t h e  o t h e r  

p r o j e c t i o n s ,  i t  was assumed t h a t  one f o u r t h  of t h e  d e s i r e d  y e a r l y  c a p a c i t y  

could be  i n s t a l l e d  i n  t h e  f i r s t ' y e a r ,  one h a l f  could be  i n s t a l l e d  i n  t h e  

second yea r  and t h e  f u l l  c a p a c i t y  i n  t h e  t h i r d  and subsequent  yea r s .  For 

t h e s e  assumptions t h e  gas  saved through t h e  y e a r  2000 was c a l c u l a t e d  t o  be  
6 

82 x 10 BOE. o r  0.476 t r i l l i o n  cub ic  f e e t  f o r  t he  growth on e x i s t i n g  s i t e s .  

For growth on new sites t h e  f u e l  s av ing  is h a l f  oE t h e  v a l u e  when a l l  of 

t he  growth was assumed t o  be on n e w  sites' o r  12.5 x l o 6  BOE o r  0.072 t r i l l i o n  

cub ic  f e e t .  Although t h e  growth.on e x i s t i n g  sites used some of t he  slrnple 

c y c l e - g a s  t u r b i n e s  t o  be bottomed a t  f u l l  power, t h e r e  are  about  62X of t h e  

s imple c y c l e  gas  t u r b i n e s  t h a t  can be bottomed a t  reduced power t o  save 
6 

about  32 x 10  BOE o r  0.186 t r i l l i o n  cub ic  f e e t .  The re lo re  t he  t o t a l  po- 

t e n t i a l  gas  sav ing  through the  year  2000 f o r  t h i s  p r o j e c t i o n  is  126.5 x 1 0  
6 

BOE o r  0.734 t r i l l i o n  cub ic  f e e t .    his i s  equiva len ' t  t o  0.734 x 1015 BTU o r  

. 0 . 1 3 4  quads. 

~ u r i n g  t h e  remainder of  t h i s  cen tury  wh i l e  bottoming c y c l e s  are 

be ing  a p p l i e d  t h e  r a t e  of  f u e l  sav ing  i n c r e a s e s  r ap id ly .  Shown i n    able 
9-11 a r e  e s t i m a t e s  of t h e  fuel. sav ing  r a t e s  p o t e n t i a l l y  a v a i l a b l e  a t  the 

9-21 
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TABLE 9-11 

POTENTIAL FUEL SAVING U T E  IN 'THE YEAR 2000* 
. . 

RATE OF FUEL SAVING. 

BPDE TCFIY 

LOW-SUPPLY 

50% (INSTALLED IK"1378 ACTUAL , ,5800, 9.0123. 
W). NEW , 

CONSERVATION ON EXISTING SITES .- 16900 0.0357 - 

HIGH-SUPPLY , 

GROWTH ON NEW S-ITES 7 600 0.0162 

CONSERVATION.ON EXISTING SITES '16900 0.0357 

50% GROWTH ON EXISTING SITES 26700 0.0565 

50% GROWTH ON NEW SITES 3800 0.0081 . , 

CONSERVATION ON EXISTING STTES 10500 -. - 0.0223 - 

* Assuming capture of entire economically viable bottoming cycle market. 



end of t h e  p re sen t  century  when most o'f t h e  bottoming c y c l e  systems a r e  

assumed t o  be i n s t a l l e d .  Based upon t h e  h i s t o r i c a l  throughput v a l u e s  

from Reference 48 and t y p i c a l  f u e l  usage by t h e  gas p i p e l i n e s  i n  Ref- 

e rence  55 p ro j ec t ed  gas p i p e l i n e  f u e l  consumption va lues  a t  t h e  e n d  of 

t he  cen tu ry  f o r  the, low- and high-supply p r o j e c t i o n  were es t imated  f o r  t h e  

case  without the  bottbming cycle .  . Using, t hese  va lues  of pro jec t ed  f u e l  . 

consumption the  r a t e  of f u e l  saving. a t  t h e  end of t h e  century  f o r  t h e ,  

low-supply p r o j e c t i o n  is  es t imated  t o  l i e  between 4.8 and 6.@. For t h e  

high-supply , p r o j e c t i o n  t h e  f u e l  s av ings  a t  t h e  end of t h e  cen tu ry  w i l l  l i e  

between 4.9 and 8.2%. Reference t o  Table 9-10 i n d i c a t e s  t h a t  f o r . a l 1  

ca ses  s t u d i e d  p u t t i n g  bottoming cycLes on e x i s t i n g  s i t e s  s aves  t h e  most ; 
gas. Except f o r  t h e  c a s e  of 50% growth-on  e x i s t i n g  s i t e s  and 50% growth 

on new s i t e s  conserva t ion  on e x i s t i n g  s i t e  . is t h e  l a r g e s t  p a r t  of t h e  
. . 

gas saving.  For t h e  o t h e r  t h r e e  cases  very l i t t l e  gas is saved compared 

to .  t h e  p o t e n t i a l  on e x i s t i n g  sites because t h e  only  economically . v i a b l e  

r e t r o f i t  bottoming ' c y c l e  is  on 'simple-cycle gas  t u r b i n e s ,  accounting f o r  
6 .  

only i n s t a l l e d  prime mover power of 2.6 x 10 HP compared t o  a t o t a l  of . ' 

6 
1 3  x 10 HP. I f  bottoming cyc le s  could be put  on t h e  remaining 10.4 x . 

6 
10 HP of e x i s t i n g  prime movers economically,  cons iderably  more gas could 

be saved. 

9.7 POTENTIAL BOTTOMING CYCLE MARKET 

The p o t e n t i a l  bottomi'ng c y c l e  market through . the  y e a r  2000 i s  

530,000 HP f o r  t h e  low-supply p r o j e c t i o n ,  . . assuming t h a t  632,000 HP could be 

i n s t a l l e d  i n  twenty y e a r s  beginning i n  1983 and no a d d i t i o n  i n  i n s t a l l e d  

power. I f  a d d i t i o n a l  power is  i n s t a l l e d  the  va lue  becomes 753,000 HP. 
' 

For t h e  high-supply :p ro j ec t ion  294,000 HP could be i n s t a l l e d  f o r  growth on 

new s i t e s ,  f o r  a t o t a l  p o t e n t i a l  market of 824,006 HP of LuLLuhiag cyc le  

power. The p o t e n t i a l  bottoming cyc le  market f o r  t h e  high-supply p ro j ec t ion  

wi th  h a l f  of t h e  growth on e x i s t i n g  s i t e s  is  856,000 HP growth on e x i s t i n g  
. . 

s i t e s ,  147,000 HP growth on new s i t e s  and 331,000 HP i n  the  reduced-power 
. . 

mode on e x i s t i n g .  s i t e s  f o r  a t o t a l  p o t e n t i a l  market of 1,334,000 HP of 

bo'ttoming cyc le  powet. Table 9-12 i l l u s t r a t e s  t he  ~ o t e n t i a l  bottoming 

cyc le  markets under t h e  two d i f f e r e n t  supply p r o j e c t i o n s  and two s e t s  of 

as'sumptions. The number of bottoming c y c l e  u n i t s  of va r ious  power l e v e l s  

v a r i e s  over t h e  .approximate range irom 170 t o  500 f o r  t he  supply  p r o j e c t i o n s  

s tud ied .  



TABLE 9-12 

LOW- SUPPLY 

CONSERVATION ON EXISTING SITES 

BOTTOMING CYCLE POWER,.H.P. 

50% OF DIFFERENTIAL BETWEEN 1978 ' 223,000 . 

INSTALLED AND ACTUAL POWER NEW SITES 

CONSEKVATION ON EXISTING SITES , 530,000 

GROWTH- ON NEW SITES . , 
. . . . . . . . 294,, 000 

CONSERVATION ON EXISTING 'SITES . . 530,000 

50% GR.OWTH ON EXISTING SITES 856,000 

50% GROWTH ON NEW SITES 147,000 

CONSERVATION ON EXISTING SITES 331,000 

1,334,000 

.* All ex i s t ing  simple-cycle gas turbines assumed to be bottomed in ' 

twenty years beginning i n .  1 9 8 4 ,  
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9.8 CONCLUSIONS 

- The p o t e n t i a l  f u e l  ( n a t u r a l  gas) sav ing  by employing bottoming 

cyc le s  on p i p e l i n e  compressor prime movers was determined f o r  t he  

low- and high-supply p r o j e c t i o n s ,  each wi th  two s e p a r a t e  c a s e s .  The 

fo l lowing  conclus ions  based.upon t h e  assumption d iscussed  were obta ined  

du r ing  t h e  s t u d i e s :  

For t h e  low-supply p r o j e c t i o n  f o r  t h e  c a s e  i n  which no. a d d i t i o n a l  

power was added t o  t h e  system (Assumption l ) ,  530,000 HP of bottoming c y c l e  
6 appa ra tus  was i n s t a l l e d ,  r e s u l t i n g  i n  a cumulat ive sav ing .  of 5.1 x 10  b a r r e l s  

of o i l  equ iva l en t  (BOE) o r  0.296 t r i l l i o n  cubic  f e e t  (Tcf) by 2000 A.D. and 
a r a t e  of sav ing  i n  2000 A.D. of 16,900 b a r r e l s  p e r  day equ iva l en t  (BPDE) 

of 0.0357 t r i l l i o n  cub ic  f e e t l y e a r  (Tcf /y)  . 
For t h e  low-supply p r o j e c t i o n  f o r  t h e  c a s e  i n  which one-half t h e  

d i f f e r e n c e  between i n s t a l l e d  and a c t u a l l y  used power i n  1978 w a s  i n s t a l l e d  

on new sites (Assumption 2 ) ,  753,000 HP of bo t toming ,cyc le  appa ra tus  was 
6 ' 

. i n s t a l l e d ,  . r e s u l t i n g  i n  a '  cumulat ive sav ing  o f .  7 0  x 1 0  BOE o r  '0.406 .Tcf by 
. . 

2000 A.D.  and a rate of sav ing  i n  2000 A.D. of 22,700 BPDE o r  0.0480 Tcf/y.  

For t he  high-supply p r o j e c t i o n  f o r  t h e  c a s e  i n  which a l l  growth 

power was pu t  on'new sites (Assumption 1 )  824,000 HP of bottoming c y c l e  

appa ra tus  was i n s t a l l e d ,  r e s u l t i n g  i n  a cumulat ive sav ing  of 76 x lo6  BOE 

o r  0.441 Tcf by 2000 A.D. and a r a t e  of sav ing  i n  2000 A.D. of 24,500 BPDE 

o r  0.0519 ~ c f  /y. 

The high-supply p r o j e c t i o n  f o r  t h e  c a s e  i n  which 50% of t h e  growth 

tmo on ncw sites i i ~ d  50% on old sires (Assumption 2 3 ,  1,334,000 HP of bottom- 
6 

i ng  c y c l e  w a s  i n s t a l l e d ,  r e s u l t i n g  i n  a cumulat ive sav ing  of 126 x 10 BOE 

o r  0.734 Tcf by 2000 A.D. and a rate of sav ing  i n  2000 A.D. of 41,000 BPDE 

o r  0.0869 ~ c f / ~ . '  
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SECTION 10 

DEMONSTRATION PROGRAM PLAN 

10.1 INTRODUCTION 

The o rgan ic  Rankine system, i n  s i z e s  from 500 t o  900 HP, is being de- 

veloped by t h e  Department of Energy t o  save  energy. I n  a n  a t t empt  t o  u t i l i z e  

t h i s  p r i n c i p l e  i n  l a r g e r  s i z e s  t o  save  energy t h e  Department of Energy h a s  

e s t a b l i s h e d  a p i p e l i n e  bottoming c y c l e  r e sea rch ,  development and demonstrat ion 

program which- s t r i v e s '  t o  ach ieve  maximum energy e f f i c i e n c y  and t o  ach ieve  

'optimized p i p e l i n e . a p p 1 i c a t i o n s .  S p e c i f i c  o b j e c t i v e s  of t h i s  program in-  

c lude  t h e  de te rmina t ion  of t h e  v i a b i l i t y  of t h e  bottoming c y c l e  system, 

t h e  demonstrat ion of  t h a t  v i a b i l i t y ,  and t h e  measurement of t h e  energy 

sav ings  a t t a i n a b l e  from such systems, 

So f a r  i n  t h i s  program t h r e e  sites. have been s e l e c t e d  a s  p o t e n t i a l  

s i t e s  f o r  demonstrat ion of t h e  p i p e l i n e  bottoming cyc l e  system a s  mentioned 

i n  .Sec t ion  3. Following t h a t ,  i n  Sec t ion  4 ,  p r e l imina ry  des igns  were made of 

p i p e l i n e  bottoming cyc l e  systems s u i t a b l e  f o r  each of t h e  t h r e e  sites. 

The p i p e l i n e  companies which a r e  h o s t s  t o  t h e s e  si tes then performed. p r e l imina ry  

i n s t a l l a t i o n  s t u d i e s  of t h e  bottoming c y c l e  equipment on each of t h e i r  re- 

s p e c t i v e  sites. Following t h e  pre l iminary  des ign  a series of assessments  

were made concerning t h e  p i p e l i n e  bottoming cyc l e  system. The bottoming 

cyc l e  system was eva lua ted  from an economic s t andpo in t  i n  Sec t ion  5, t h e  

environmental and s a f e t y  a s p e c t s  of t h e  system were s t u d i e d  i n  Sec t ion  6,  

t h e  t e c h n i c a l  f e a s i b i l i t y '  of t h e  p i p e l i n e  bottoming cyc l e  system was as- 

s e s sed  i n  Sec t ion  7 and, f i n a l l y ,  a s t udy  was made of t he  r e l i a b i l i t y  and 

m a i n t a i n a b i l i t y  of t he  'bottoming cyc l e  system i n  Sec t ion  8. Following 

t h i s  t he  i n d u s t r i a l  p o t e n t i a l  f o r  us ing  p i p e l i n e  bottoming s y s  tems was 

assessed  i n  Sec t ion  9. The bottoming cyc l e  which was s t u d i e d  throughout 

t h e  program c o n s i s t e d  of about a 5500 HP o r g a n i c  Rankine system ( t u r b i n e  

e f f i c i ency ,86%)  d r i v e n  from the  waste  heat '  provided by any one of t h r e e  a i r -  

, c r a f t - d e r i v a t i v e  gas  t u r b i n e s  having about  12,000 HP and approximately 



t h e  same f low r a t e  and . exhaus t  gas  temperature.  It is  expected t h a t  t h i s  

t u r b i n e  e f f i c i e n c y  of 86% w i l l  be a t t a i n e d  by t h e  t ime t h e  bottoming c y c l e  

goes i n t o  product ion.  However, t h e  e f f i c i e n c y  of t h e  demonstrat ion system 

t u r b i n e ,  which w i l l  b e  adapted from steam t u r b i n e  des igns ,  w i l l  be 77%. I n  

t h e  pre l iminary  des ign  i t  w a s  determined t h a t  reasonable  des igns  could be 

made f o r  a l l  t h r e e  sites t h a t  had been s t u d i e d .  However, because of t h e  nar- 

row range occupied by t h e  e x i t  temperatures  from t h e  t h r e e  gas  t u r b i n e s  

s t u d i e d  and t h e  sma l l  rang.? of engine 'mass f lows ,  one bottoming c y c l e  de- 

s i g n  would be s u i t a b l e  f o r  a l l  t h r e e  engines.  I n  a d d i t i o n ,  t h e  p re l imina ry  

des ign  i n d i c a t e d  t h a t  i t  was f e a s i b l e  t o  make reasonable  i n s t a l l a t i o n s  on 

t h e  t h r e e  s i t e s .  I n  t h e s e  i n s t a l l a t i o n s  each s i t e  had a d i f f e r e n t  means of 

u s ing  t h e  bottoming cyc le -ene rgy .  I n  t h e ' o n e  s i t e  t h e  bottoming cyc le  drove 

a c e n t r i f u g a l  compressor which was put  i n  p a r a l l e l  w i t h  r e c i p r o c a t i n g  com- 

p r e s s o r s  d r i v e n  by r e c i p r o c a t i n g  gas  engines .  I n  another  s i t e  t h e  bottoming 

cyc le 'was  made t o  d r i v e  t h e  same g a s  compressor as was being d r i v e n  by t h e  

g a s . t u r b i n e  on which t h e  bottoming c y c l e  w a s  p laced .  I n  t h e  t h i r d  i n s t a n c e ,  

t h e  bottoming cycf e drove a 'genera tor  which provided powet' f 6t a nearby 

u t i l i t y  g r i d .  

I n  c a r r y i n g  o u t  t h e  fou r  assessments  on t h e  bottoming cyc le  s t u d i e d  

i n  t h e  p re l imina ry  des ign  i t  was found t h a t  i n  some cases  t h e  bottoming 

c y c l e  was economic now because of t h e  va lue  of  n a t u r a l  gas on t h a t  p a r t i -  

c u l a r  p i p e l i n e  and. t h e  investment c r i t e r i a  u t i l i z e d  t o  determine t h e  v i -  

a b i l i t y  of  a new investment. '  I t  was a l s o  found t h a t  on another  s i t e  t h e  

bottoming'  cyc l e  would be v i a b l e  i n  t h e  m i d - t w l a t e  80 ' s  even though some 

r e c i p r o c a t i n g  engines d r i v i n g  r e c i p r o c a t i n g  gas compressors had t o  be  s h u t  

down to  provide  a b lock  of power t h a t  could be  generated us ing  t h e  bottom- 

n g  cyc le  system. No l a r g e  impediments were d iscovered  i n  s tudying  s a f e t y  

and environmental  a s p e c t s . o f  t he  bottoming c y c l e  except  f o r  t h e  f a c t  t h a t  

t he  s e l e c t e d  f l u i d ,  to luene ,  has  a c e r t a i n  l e v e l  of f l a m a b i l i t y  and 

t o x i c i t y .  The bottoming cyc le  was found t o  be  t e c h n i c a l l y  feasih1.e and t h e  

only  dcoign v c r i f i c a t i o n  t c o t o  rcqui rcd  wcrc of t h e  bearinge ant1 se.2l.s. 

The bottoming cyc le  placed upon a gas  t u r b i n e  was found t o  reduce 

t h e  a v a i l a b i l i t y  of t h e  combination below 'the>very high va lue  a s soc i a t ed  

. wi th  a i r c r a f t - d e r i v a t i v e  gas t u rb ines .  However, i t  was f e l t  t h a t  h i g h  

a v a i l a b i l i t y  could be a t t a i n e d  a f t e r  t h e  appa ra tus  had been i n  t h e  f i e l d  

f o r  awhile  based on t h e  a v a i l a b i l i t i e s  of combined steam and gas  t u rb ine  

power p l a n t s .  - . 



Since t h e  equipment which makes up t h e  bottoming cyc le  was. seen  t o  

be  ava i lab le ,and  s i n c e ,  i n  some in s t ances  s t u d i e d ,  t h e  bottoming cyc le  

would be  v i a b l e  economica.lly i n  t he  19801s, t h e r e  is  a need f o r  a demon- 

s t r a t i o n  bottoming cyc le  system t o  be b u i l t  and demonstrated. -The  r i s k  . 

of u t i l i z i n g  t h e  bottoming cyc le  system i n  the  p i p e l i n e  indus t ry  would be 

reduced i f  a demonstrat'ion under a c t u a l  p i p e l i n e  ope ra t ing  cond i t i ons  
. . 

were made.   he suppor t  of t h e  demonstration of  t he  p i p e l i n e  bottoming 
. . 

cyc le  system by t h e  government would a l s o  reduce t h e - r i s k  t o  t h e  manu- 

f a c t u r e r  of t h e  equipment t o  a l e v e l  where i t  would be f e a s i b l e  t o  c a r r y  

out.. The bottoming cyc le  demonstration would make i t  p o s s i b l e  f o r  both t h e  

p i p e l i n e  indus t ry ,and  t h e  manufacturer t o  a s s e s s  ope ra t ing  problems which 

might a r i s e  a t  the  beginning of ope ra t ion  of t he  bottoming cyc le  system. 

I n  a d d i t i o n  t h e . o p e r a t i o n  of equipment would v e r i f y  t h e  economic v i a b i l i t y  

of the  system and prove out  t he  predic ted ,per formance  f o r  t he  equipment. 

Also, ope ra t ion  of t he  equipment would e s t a b l i s h  whether environmental 

and s a f e t y  r e g u l a t i o n s  app l i cab le  t o  t he  s i t e  and gene ra l ly  a p p l i c a b l e .  . . 

t o  t he  country could be observed i n  t h e  ope ra t ion  of t h e  bottoming c y c l e  

equipment. I n  add i t i on ,  t h e  operaf ion  of t h e  bottoming cyc le  would de- 

termine t h e  r e l i a b i l i t y  of t he  equipment and i t  would provide  informa- 

t i o n  on t h e  maintenance. Since a demonstrat ion of t h e  bottoming cyc le  

equipment seems des i rous  and necessary  t o  o b t a i n  u s e f u l  information about  

t h e  system, a p lan  is  needed t o  c a r r y  through t h e  bottoming cyc le  des ign ,  

de l inea t ed  in '  t he  pre l iminary  des ign ,  t o  hardware development and an 

o p e r a t i o n a l  t e s t .  
. ' 

I n  t h i s  s e c t i o n  recommendations f o r  t he  va r ious  phases of t h e  demon- 

srrarion program a r e  made. Next, s t a t emen t s  of 'work  f o r  each of t he  v a r i -  

ous s t e p s  i n  the  program plan  a r e  provided. The va r ious  t a s k s  which must 

. be accomplished i n  o rde r  t o  c a r r y  out  t h e  demonstration a r e  assembled i n  

a reasonable  schedule and the  c o s t s  of t h e  e f f o r t  t o  c a r r y  o u t  t h e s e  t a s k s  

a r e  est imated.  F i n a l l y ,  recommendations a r e  made a s  t o  t he  means f o r  

program p a r t i c i p a t i o n  by t h e  manufac tu re r , . t he  government and t h e  pipe- 

l i n e  indus t ry .  

10.2 RECOMMENDATIONS FOR DEMONSTRATION 

The t e c h n i c a l  f e a s i b i l i t y  of t he  p i p e l i n e  bottoming cyc le  has  been 

e s t a b l i s h e d  i n  Sec t ion  7. There a r e  no b a r r i e r  component des ign  problems 



which must be  so lved  b e f o r e  t h e  bottoming c y c l e  equipment could be  made. 

Equipment s i m i l a r - t o  t h a t  f o r  petro-chemical p l a n t s  can be adapted t o  pipe- 

l i n e  bottoming c y c l e  h e a t  exchangers and t u r b i n e s ,  though t h e  la t ter  may 

r e q u i r e  des ign  v e r i f i c a . t i o n  . t e s t i n g  of t h e  bea r ings  and s e a l s .  I n  a d d i t i o n  

t o  this, i t  has been seen  i n  Sec t ion  4 t h a t  t h e  bottoming c y c l e  system can. 

reduce tlie hea t  r a t e  of t he  combined gas  t u r b i n e  and bottoming cyc l e  

systems cons iderab ly  more t han  20% a t  f u l l  t h r o t t l e  cond i t i ons  f o r  t h e  

gas  t u rb ine .  This  exceeds t h e  t a r g e t  va lue  t h a t  was s e t  i n  t h e  perfonn- 

ance of t h e  s u b j e c t  c o n t r a c t .    he bottoming c y c l e  was shown t o  have a 

r e l i a b i l i t y  of approximately 90% which i s  somewhat lower than t h e  gas  

t u r b i n e  a l o n e  b u t  i s  i n  t he  range that  would be expected f n r  combined. 

gas and 3 team t u r b i n e  p owcrplantc . . . 

The m a i n t a i n a b i l i t y  of t h e  bottoming cyc l e  equipment w i t h  gas  t u r -  

b i n e  h a s  been shown i n  Sec t ion  8 n o t  t o  be  exces s ive  a s  compared t o  t h e  

gas  t u r b i n e  a lone ,  a l though i t  is  expected t h a t  some a d d i t i o n a l  main- 

tenance may be r equ i r ed .  'I'heitefore, ir .can be  seen  that ::lie , p l p r l l u e  

bottoming c y c l e  system of approximately 5000-6000 HP i s  completely tech- 

n i c a l l y  f e a s i b l e  a t  t h i s  time and', t h e r e f o r e ,  should be demonstrated t o  

provide  t h e  p i p e l i n e  i n d u s t r y  w i th  t h e  kind of in format ion  t h a t  is  re-  

qu i r ed  f o r  them t o  make s e l e c t i o n s  of  t h e  equipment f o r  t h e i r  own use.  

. Two of  t h e  t h r e e  si tes which were s t u d i e d  f o r  t h e  economfc assess -  

ment i n d i ~ a t e d  t h a t  the bottoming cyr;le as a syste.m. wou1.d h e  economically 

v i a b l e  ili t h e  1980's. One s i re  has  been show11 tu be economically ,v iab le  

a t  t h e  p r e s e n t  t i m e  pumping n a t u r a l  gas .  Another s i t e  has  been shown t o  

be  economically b e n e f i c i a l  i n  gene ra t i ng  e l e c t r i c i t y  t o  be  pu t  on t h e  

company's e l e c t r i c a l  g r i d .  There was one s i t e  which was n o t  economically 

f e a s i b l e  a t  t h e  p r e s e n t  time. The reason f o r  t h i s  is  mainly t h a t  e x t r a  

power was n o t  r equ i r ed  a t  t h e  s i t e ,  r a i s i n g  t h e  f u e l  consumption some, 

and t h e  p r i c e  pa id  f o r  t h e  power was too  low t o  make t h e  system econo- 

m i c a l l y  v i a b l e .  Therefore ,  from t h e  s t u d i e s  t h a t  have been made i t  can 

be  seen  t h a t  t h e  p i p e l i n e  bottoming c y c l e  i s  economically v i a b l e  now,. i n  

some in s t ances .  I t .  should he  more v i a b l e  i n  o t h e r  i n s t a n c e s  l a t e r  i n  

t h e  coming decade. S ince  no bottoming c y c l e  i n  t h e  5000-6000 HP range 

u t i l i z i n g  an o rgan ic  f l u i d  a t  a temperature  of approximately 500°F has  

been demonstrated a s  p a r t  of  a gas  t u r b i n e  bottoming cyc l e  system, i t .  i s  



recommended t h a t  a  demonstrat ion be  c a r r i e d  ou t  on such. a  system t o  prove 

i t s  economic v i a b i l i t y .  Although a  demonstrat ion system t u r b i n e  e f f i c i e n c y  

of 77% is  p r e d i c t e d ,  t h i s ' . v a l u e  is  commensurate wi th  minimum changes i n  

t o o l i n g .  To minimize t h e  c o s t  of t he  demonstrat ion appa ra tu s ,  i n  f u l l  pro- 

duc t ion  t h e  va lue  of 86% w i l l  be a t t a i n e d .  Thus, s i n c e  no r e sea rch  and de- 

velopment i s  r equ i r ed  i t  i s  recommended t h a t  t h e  f i n a l  de s ign  of t h e  bottom- 

ing  c y c l e  system be s t a r t e d  a s  soon a s  p o s s i b l e .  

As  is  t o  be  expected,  economically t h e  p i p e l i n e  bottoming cyc l e  

s y s t e m ' i s  s e n s i t i v e  t o  c a p i t a l  c o s t s ,  t h e  v a l u e , o f  f u e l  and t o  t h e  amount 

of u t i l i z a t i o n  t h a t  t h e  bottoming c y c l e  w i l l  s e e  i n  a g iven  year .  Thus, 

t h e  economic a n a l y s i s  makes i t  c l e a r  t h a t  a s i t e  which pumps "new" gas ,  

on a  new p i p e l i n e  and which needs a l l  t h e  power t h a t  can be genera ted  

would be  t h e  most economically v i a b l e  choice  f o r  t h e  bottoming c y c l e  sys-  

t e m .  The p i p e l i n e  i n d u s t r y  i s  expected t o  expand i n  t h e  n e a r  f u t u r e  accord- .  

i n g  t o  References 47,  50, 51, and 52, opening t h e  way f o r  a  number of addi-  

t i o n a l  p i p e l i n e  companies t o  be cons idered  f o r  t h e  demons t ra t ion  s i te .  

  his w i l l  open up a  number of s i tes  f o r  which demonstrat ion .appara tus  

could be  b u i l t .  Although t h i s  may r e s u l t  i n  t h e  demonstrat ion be ing  p u t  

on a  new r a t h e r  than e x i s t i n g  s i t e ,  t h e  .improved econ.omic a s p e c t s  stemming 

from pumping "new", h igher -pr ice  gas ,  t h e  need f o r  a l l  t h e  power t h e  bot-  

toming c y c l e  makes a v a i l a b l e  ,and t h e  e l i m i n a t i o n  of r e t r o f i t t i n g  expense 

w i l l  e a s e  t h e  e s t ab l i shmen t  of t h e  demonstrat ion s i te .  Such a  ,demonstrat ion 

w i l l  b e n e f i t  t h e  p i p e l i n e  i n d u s t r y  i n  t h a t  o p e r a t i o n a l  expe r i ence  under 

a c t u a l  p i p e l i n e  o p e r a t i n g  c o n d i t i o n s  w i l l  be ob ta ined .  The a p p r o p r i a t e  

ad jus tments  i n  t h e  economics w i l l  have t o  be made t o  apply  t h e  r e s u l t s  t o  

r e t r o f i t  a p p l i c a t i o n s .  A s  a  r e s u l t  i t  is  recommended t h a t  a  s tudy  be made of 

those  p i p e l i n e s  and those  s i t e s  which would have t h e  b e s t  economics i n  

l i g h t  of  t h e  p o t e n t i a l  growth o f  t h e  p i p e l i n e  i n d u s t r y  which now seems 

t o  be i n d i c a t e d ' b y  r e p o r t s  of a c t i v i t y  i n  t h i s  i ndus t ry .  

I n  t h e  s tudying  of  t he  economics of  t h e  bottoming c y c l e  f o r  use by 

the  p i p e l i n e  i n d u s t r y  i t  has  been found i n  Sec t ion  5  t h a t  a  number of 

Federal .  Energy Regulatory Commission r u l e s  can a f f e c t . t h e  c o s t  of s e r v i c e .  

of a  bottoming cyc l e  system adverse ly .  One such a r e a  . i s  the  s u b  j c c t  o f  

t a x  c r e d i t s .  According t o  t h e  p re sen t  law a  t a x  c r e d i t  may not he' pa..;t;etl 

on t o  t h e  u t i l i t y ' s  customers ,  and thereby red ' i~cc the c :o : ; t  of' !te;vicc: 1,111. 

must go t o  the  s tockho lde r s  t o  s t i m u l a t e  investment .  l f  n t a x  cretl1.t f o r  
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conse rva t ion  appa ra tu s  were permi t ted  t o  reduce t h e  c o s t  of s e r v i c e  b u t  

n o t  be  passed on t o  t h e  customers ,  t h e  r e t u r n  on investment would be  h ighe r  

f o r  t h e  conse rva t ion  appa ra tu s ,  making t h e  investment more a t t r a c t i v e  t o  t h e  

i n v e s t o r .  S ince  t h e  conse rva t ion  appa ra tu s  investment i s  small compared 

t o  t h e  e n t i r e  p i p e l i n e  t h i s  a c t i o n  would no t  n e c e s s a r i l y  make t h e  r e t u r n  

on t h e  e n t i r e  p i p e l i n e  investment  exceed the  l i m i t  thereby  caus ing  t h e  

p i p e l i n e  t o  lower t h e  u t i l i t y  r a t e .  Not a l l  p i p e l i n e s  a r e  governed by t h e  

Federa l  Energy Regulatory Commission. Some, l i k e  t h e  P a c i f i c  Gas and Elec- 

t r i c  Company, who have been c o n t r i b u t i n g  t o  t h e  s tudy ,  be ing  an i n t r a -  

s t a t e  p i p e l i n e  company a r e  governed by t h e  P u b l i c  U t i l i t i e s  Commission of 

t h e  s t a t e  i n  which they opera te .  It i s  customary f o r  t h e  P u b l i c  U t i l i t y  

Commission t o  permi t  any t a x  c r e d i t  t h a t  i s  g ran t ed  t o  go i n t o  t h e  r a t e  

c a l c u l a t i o n .  Thus, t h e  economic v i a b i l i t y  uf p i p e l i n e  bottoming cycle 

systems can vary  among companies depending upon which f i n a n c i a l  r u l e  a 

company is r equ i r ed  t o  fol low.  Another a r e a  which should be  i n v e s t i g a t e d  

is  t h e  va lue  chargeable  f o r  t h e  f u e l  t h a t  is  used t o  d r i v e  t h e  prime mover. 

For example, t h e r e  a r e  a l lowable  p r i c e s  f o r  so-ca l led  "new" gas  and "old" 

gas .  The former commands a  h ighe r  p r i c e  than t h e  l a t t e r .  However, i n  

e v a l u a t i n g  economics of a  p i p e l i n e  which i s  ope ra t i ng  on o l d  g a s , t h e  sav ing  

of gas by means of a  bottoming cyc l e  system,in e f f e c t , i s  c r e a t i n g  some- 

t h i n g  thal: could b e  c a l l e d  "new" gas. I t  may be b e n e f i c i a l  f o r  t h e  regu- 

l a t o r y  r u l e s  t o  be  changed t o  permi t  t h i s  e v a l u a t i o n  t o  be  pu t  on t h e  gas 

t h a t  i s  saved s i n c e  i t  would i n c r e a s e  t h e  economic v i a b i l i t y  of  a pipe- 

l i n e ' b o t t o m i n g  cyc le .  Two additional items which should be  s t u d i e d  more 

thoroughly a s  t o  t h e i r  impact upon t h e  economic v i a b i l i t y  of t h e  p i p e l i n e  

bottoming c y c l e  system a r e  a  f a s t e r  t a x  d e p r e c i a t i o n  and low c o s t  loans.  

I n  t h e  r e g u l a t o r y  envi ronment , there  is now i n  p l a c e  p r e s e n t  government 

r e g u l a t i o n s  which d e t e r  investment  i n  conse rva t ion  equipment by demanding 

u n r e a l i s t i c a l l y  s h o r t  payback per iods .  A s  a  consequence o f . t h e  adverse  

e f f e c t s  which some of t h e  r e g u l a t o r y  laws have on t h e  economic e v a l u a t i o n  

of conserva t ion  equipment , i t  i s  recommended that  an i n v e s t i g a t i o n .  o f  t h e  

r e g u l a t o r y  impact on p i p e l i n e  bottoming cyc l e  a p p l i c a t i o n s  be  made. I n  

t h e  execut ion  of t h e  p r e s e n t  c o n t r a c t ,  to luene  has  been s e l e c t e d  a s  t h e  

working f l u i d  f o r  t h e  o rgan ic  bottoming cyc l e  f o r  s e v e r a l  reasons .  F i r s t  

of a l l ,  t o luene  g ives  about  t h e  h i g h e s t  performance of any of t h e  o rgan ic  

f l u i d s  s t u d i e d  f o r  gas  t u r b i n e  bottoming c y c l e s ,  which a r e  t h e  s u b j e c t  of 

t h i s  c o n t r a c t .  Some o b j e c t i o n s  have been r a i s e d  t o  t h e  use of t o luene  



because of i t s  t o x i c i t y  and f lammabil i ty .  However, no o rgan ic  working 

f l u i d  exce l s  i n  each one of t h e  s i x  c r i t e r i a  used i n  f l u i d  s e l e c t i o n ;  

namely,performance, thermal s t a b i l i t y ,  f l ammabi l i ty ,  t o x i c i t y ,  c o s t  and 

1 ' 0 l l l l ) i l  1  i 1 1  I 1.1 I Y W  i I l l  t ' O 1 1 1 ' i l  I l1111('11 I Illill ( ' r  1 il 1 i .  ' 1 ' 0  1 1 1 t : l l ( ~  W:l:i ! i t a  1 lbl .~'( ' (1 ~ ) l ' ~ ' i l l l ! 4 1 b  

1.n ucldi.1 ion L O  I t :s  good performance i t  is  w e l l  dc)curnen ted a s  o Low-cos t 

f l u i d  compatible wi th  mater . ia ls  of c o n s t r u c t i o n ,  i t  has accep tab l e  l e v e l s  

of t o x i c i t y  and f lammabil i ty  and i t  has  a  h igh  enough thermal  s t a b i l i t y  

temperature.  Of course ,  some of t h e  p i p e l i n e s  f e e l  t h a t  because o f . t h e  

f lammabil i ty  and t o x i c i t y  of to luene  some governing agency such a s  EPA 

o r  OSHA might remove to luene  from use and thus  make t h e  bottoming cyc l e  

sys tem-des igned  t o  use  t o luene  inoperab le .  This sugges t s  t h a t ,  an i n v e s t i -  

g a t i o n  be'made of thermal  s t a b i l i t y  temperature ,  m a t e r i a l s  c o m p a t i b i l i t y  

c h a r a c t e r i s  t i c s ,  f i r e - s a f e t y  aspec ts ,  h e a l t h  and environmental  a s p e c t s ,  

c o s t ,  and performance of  a  number of o rgan ic  f l u i d s  f o r  p o s s i b l e  use i n  

o rgan ic  systems. I t  is 'recommended t h a t  an e v a l u a t i o n  of  o r g a n i c  working 

f i u i d s  f o r  a  n a t u r a l  gas  p i p e l i n e  Rankine bottoming cyc l e  i n s t a l l a t i o n  be . 
' 

made e a r l y  in  t h e  demonstrat ion program of  t h e  bottoming c y c l e  system. 

A t  p r e sen t  many of t h e  p i p e l i n e s  have i n s t a l l e d  appa ra tu s  i n  exces s  

of p r e sen t  needs due t o  reduced throughput .  The p i p e l i n e s  need t o  be a b l e  

t o  i n s t a l l  appa ra tu s  i n  exces s  of power requirements  which w i l l  conserve 

f u e l  . 

Since  t h e  s e l e c t e d  working f l u i d  has  a  c e r t a i n  l eve l .  of f lammabi l i ty  

and t o x i c i t y  i t  w i l l  b e  necessary  t o  provide  s e a l s  on t h e  bottoming cyc l e  

system which w i l l  v i r t u a l l y . k e e p  any to luene  from l eav ing  t h e  system. 

The sea l img 'problem becomes much l e s s  d i f f i c u l t  i f  t o luene  is a l s o  used 

f o r  t h e  bear ing  l u b r i c a n t ,  A l l  of t h e  technology e x i s t s  f o r  s e a l i n g  t h e  

to luene  bea r ings  and s e a l s  a s  has  been demonstrated by t h e  ope ra t i on  of 

a to luene  system a t  Sandia  Labora to r i e s  according t o  Reference 4 7 .  How- 

eve r ,  i t  is necessary  t o  make s u r e  t h a t  t h e  a c t u a l  des ign  of t h e  bea r ings  

and s e a l s  f o r  t h e  bottoming cyc l e  system w i l l  be s e r v i c e a b l e  under t h e  

ope ra t i ng  e o n d i ~ i u r ~ s  which w i l l  e x i s t  f o r  t h e  s u b j e c t  bottoming cyc l e  . 

appara tus .  . These cond i t i ons  fo r .wh ich  t h e  bea r ing  and s e a l  des ign  must 

be v e r i f i e d  i nc lude  n o t  on ly  t h e  thermodynamic cond i t i ons  of  t h e  t o luene  

bu t  a l s o  t h e  geometr ic  c o n f i g u r a t i o n s  of  t h e  bear ing  and s e a l  i n  r e l a t i o n -  

s h i p  t o  t he  r o t a t i n g  speed of  t h e  s h a f t  on which i t  w i l l  be placed.  Not 

on ly  t h e  s h a f t  s e a l  w i l l  be v e r i f i e d  but.  also t he .pack ing  f o r  t h c  va lve  



s t e m s  and t h e  gaske t  m a t e r i a l  f o r  f l a n g e  j o i n t s .  An a d d i t i o n a l  o p e r a t i o n a l  

problem which might o c c u r  i n  t h e  s u b j e c t  des ign  is t h a t  t h e  s e a l  coming 

from t h e  t u r b i n e  could o p e r a t e  a t  subatmospheric p r e s s u r e s  which would 

s u b j e c t  t h e  t u r b i n e , a n d  t h e  system i n  which i t  is  placed t o  t h e  i n f l u x  

of air. A i r  a s  a noncondensible would have t o  be  removed from t h e  system 

w i t h  a vacuum pump i n  o r d e r  t o  keep from b lanke t ing  t h e  s u r f a c e  of t h e  

condenser and prevent ing  t h e  condensat ion of t h e  to luene  vapor. This  

s i t u a t i o n  of o p e r a t i n g  a t  subatmospheric p r e s s u r e  w i l l  occur  i f  t h e  ro- 

t a t i n g  s e a l  is  made t o  pro t rude  through t h e  t u r b i n e  c a s e  a t '  t h e  low pres-  

s u r e  end. However, i f  i t  seems adv i sab le  t o  keep t h e  s e a l  ope ra t ing  a t  

p re s su re s  above atmospheric  i t  would be p o s s i b l e  t o  l o c a t e  t h e  s e a l  a t  

t h e  h igh  p r e s s u r e  end of t h e  t u r b i n e  where t h e  vapor  p r e s s u r e  w i l l  ex- 

ceed t h e  ambient p r e s s u r e  by a l a r g e  amount. .Thus, heealise of tl~ese un 

d e r t i i n t i e s  i t  is deemed necessary  t o  c a r r y  . o u t  a des ign  v e r i f i c a t i o n  

test on t h e  des ign  f o r  t h e  Gearing trllrl s e a l  which are s e l e c t e d  Pfi.'the 

f i n a l  des ign  f o r  t h e  p i p e l i n e  bottoming c y c l e  system. 

F i n a l l y ,  i t  is  recommended t h a t  t h e  bottoming cyc le  be opera ted  f o r  

approximately one y e a r  under a c t u a l  p i p e l i n e  o p e r a t i a g  condlLlons f a r  a 

number of reasons.  F i r s t  of a l l ,  any seasonable  e f f e c t s  of temperature 

could be observed by t e s t i n g  f o r  this per iod  of time. Also d a t a  is  needed 

on t h e  economic v i a b i l i t y ,  and economi'cs 1s ve ly  dependent 'upon t h e  pet- 

formance t h a t  t h e  bottoming cyc le  can ob ta in .  The 'ope ra t ion  of t h e  bottom- 

i n g  cyc le  system i s  expected t o  provide u s e f u l  in format ion  on maintenance 

. requirements  a n d . r e l i a b i l i t y  of the apparatus UIIJ to uncover any opera- 

t i o n a l ,  s a f e t y  o r  environmental problems. 

The General E l e c t r i c  Coll~pal~y has planned alld recommcnd~ a r e sea rch ,  

development and demonstrat ion program f o r  t h e  DOE t o  undertake.  A com- 

p l e t e  statement of wu~lc . f o r  . t h e  prop06ed demonstra.t ion program p l a n  is 

i n  Appendix c which inc ludes  the .  va r ious  t a sks .  Under t h e  heading 

of " ~ i r e c t e d  S tudies"  i n  Phase 11, t h e  program p l a n  addresses  t he  i s s u e s  

of p i p e l i n e  s i t e  de termina t ion ,  r egu la to ry  changes necessary  ' f o r  t h e  

Acceptance of t h e  bottoming: cyc l e  appara tus  and t h e i r  i n p a c t s ,  and evalua- 

t f o n  of o r g a n i c  working f l u i d s .  The.Genera1 E l e c t r i c  Company is  a l r eady  

under c o n t r a c t  a t  p re sen t  t o  c a r r y  o u t  t h e  t a s k s  of s i t e  de te rmina t ion  



and r e g u l a t o r y  impacts s tudy.  The work s t a t emen t  a l s o  d e l i n e a t e s  v a r i o u s  

t a s k s  And sub ta sks  involved i n  t h e  demonstrat ion p l a n t  des ign  and 'con- 

s t r u c t i o n  phase of t h e  program, a s  w e l l  a s  t h e  ope ra t i on  of t h e  demon- 

s t r a t i o n  appara tus  under a c t u a l  p i p e l i n e  ope ra t i ng  condi t ions .  

. . l o .  4 PROGRAM SCHEDULE 

The schedule  showing' t h e  mi l e s tones  f o r . P h a s e s  I1,'III and I V  

of t h e  demonstrat ion program f o r  t h e  p i p e l i n e  bottoming c y c l e  appa ra tu s  

a r e  shown i n  F igure  10-1. Phase I1 c o n s i s t s  of p i p e l i n e  s i t e  determina- 

t i o n ,  r e g u l a t o r y  impacts s tudy  and a  s tudy  t o  e v a l u a t e  t h e  o r g a n i c  work- 

. ing  f l u i d s  a s  desc r ibed  e a r l i e r .  The General  E l e c t r i c  Company,at p r e s e n t ,  

is  on c o n t r a c t  w i th  DOE t o  complete Task I and Task I1 of  t h e  Phase I1 

s e c t i o n  of t h e  program. The program is  funded 'by  DOE t o  i d e n t i f y  and 

d e s c r i b e  t h e  market segments f o r  t h e  a p p l i c a t i o n  of t h e  bottoming cyc l e  

and t o  ana lyze  t h e  impact of t h e  s e l e c t e d  economic/regulatory modifica- 

t i o n s  on t h e  p o s s i b l e  i n s t a l l a t i o n s  of t h e  bottoming c y c l e  appa ra tu s .  

The program schedule  shows June 1979 a s  t h e  s t a r t  d a t e  f o r  Phase 

I1 and October 1979 f o r  Phase 111 (demonstrat ion p l a n t  des ign  and con- 

s t r u c t i o n )  of t h e  program. During Phase 111, t h e  major bottoming c y c l e  , . 

components w i l l  be des igned ,  f a b r i c a t e d  and t e s t e d .  The o rgan ic  vapor 

gas  t u r b i n e  w i l l  be designed,  developed and t e s t e d  by t h e  Mechanical Dr ive  

~ u r b i n e  Div is ion  .of GE. The vapor t u r b i n e  and o t h e r  components of t h e  

bottoming c y c l e s  w i l l  be scheduled so a s  t o  complete t h e  des ign ,  fabr ica- '  

t i o n  and v e r i f i c a t i o n  t e s t i n g  i n  a  t ime p e r i o d ' o f  two yea r s .  Phase 

,111 of tiie program w i l l  be completed by tl?e f i r s t  q u a r t e r  of 1982 a.t which 

t.irne t he  nctui11 d e l ~ l o ~ . ~ s t r a t i o n  phase (I'hascr: I V )  w i  1.1. s t a r t .  The cornplcttt 

p l p c l  i ne  I.>ottoini.tli cyc l e  dernonstr;ltion prugrclrn sl1:11 I. be cornp.l.rrtcd i n  tllc 

t i m e  frame of f o u r  yea r s .  

The t a s k s  i n  Phases  11,111 and I V  a r e  f u r t h e r  subdivided i n t o  sub- 

t a s k s  and the  schedules  f o r  t h e  s u b t a s k ~  a r e  g iven  i n  Appendix D ,  showing 

t h e  mi les tones  f o r  each sub ta sk  involved i n  t h e  v a r i o u s  phases of t h e  

program. 



. . 

1979 1980 1981 1982 1983 .-.-. 
- - . .. 

I I  - DIRECTED STCOIES 

1. PIPELINE XI SITE . 
DETER!AINAlON 

2. REGULATORY IMPACTS . . 

. . 3. EVALUATION O F  ORG4NY: 
WORKING FLUIDS. 

.. -- _ _  
Ill.- DEMO PLANT DZSIGN& 

CONSTRUCTIOrJ 

1. F INAL DESIWJ 

2. FABRlCATlOh 

3. DESIG'N VERIFICATION 
'TESTING 

4. PERSONNEL rRAlNlNG 

5. INSTALLATION 5 
CHECKOUT, 

1 

! 
I 

6. REPORT - 
7. PRO(;RAM MANAGEM.CNT 

--- .. - . ..- -- -- - .  

I V  -- DEMONSTRATION 

1. SHAKEDOWN 

2. OPERATION 

3. EVALUATION & DIS- 
SEMINATION 8Z.F RESULTS. 

4. REPORT ' 

-. -. . ._ _ _  

. . 

Figure  10-1 .. Pipe l ine  Bottoming Cycle Program schedule 



10.5 COST ESTIMATES. . . 

The c o s t  d e t a i l s . f o r  performing Phase I1 i n  accordance wi th  the  

o u t l i n e d  program plan  a r e . p r e s e n t e d  i n  Table 10-1. The f i r s . t  two t a s k s  

i n  Phase I1 (demonstrat ion p i p e l i n e  s i t e  de te rmina t ion ,  and r egu la to ry  

I r~~pncrs  s t r ~ d y )  II ; IVC!  Iwen funded by the 1)013. 

\ 

' I ' I I c !  c o s ~ :  clt.!t;~i 1,s For percorlning Phase I . 1 . I .  and I'hase 1.V a r e  presented  

i n  'l'ahle 10-2. 

Like the  d a t a  f o r  Phase 11, t h e  c o s t  , e s t i m a t e s . t o  complete each t a s k  

a r e  d iv ided  among t h e  system manager. (General E l e c t r i c  Advanced Energy 

Programs Department), t h e  t u r b i n e  manufacturer (General E l e c t r i c  Mechanical 

Drive Turbine Department), . the '  vendors and t h e  p ipe l ines . '  I n  o rde r  t o  

minimize program c o s t s  and t o  sho r t en  the  schedule,  t h e  c o s t  i s  included 

f o r  a t u r b i n e  wi th  an e f f i c i e n c y  of 77%. This  t u r b i n e  can be b u i l t  wi th  

no r e sea rch  and .  development 'from steam t u r b i n e  designs.. A design-verif  i- 

c a t i o n  test of the  bea r ings  and s e a l s  w i l l  be r equ i r ed  t o  a s s u r e  t h a t  t h e s e  

elements  us ing  toluene p e r f o r m , s a t i s f a c t o r i l y .  This  t u r b i n e  w i l l  have the  

high r e l i a b i l i t y  i nhe ren t  i n  General E l e c t r i c  steam t u r b i n e s .  I t  w i l l  per-  

m i  t system d a t a  t o  be ga thered  dur ing  p i p e l i n e  ope ra t ions  t h a t  can be 

ex t r apo la t ed  t o  a  product ion system having a n  e f f i c i e n c y  of 86%. 

. I n  t he  Phase.111,  Design and Cons t ruc t ion  c o s t s  shown i n  Table 10-2 

a  system s i m i l a r  t o  t h e  one s e l e c t e d  f o r  t h e  Rayne, LA site was used s i n c e  

i t  seemed b e s t  s u i t e d  f o r  t he  demonstrat ion.  The c o s t s  shown a r e  l a r g e r  

than the  va lues  used i n  t h e  economic ana lyses  i n  Sec t ion  5 .  F i n a l  Design 

c o s t s  inc lude  pre l iminary  and f i n a l  des ign  ,of t h e  systems' and t u r b i n e  and 

e x t e n s i v e  contro.1 systems s t u d i e s .  Higher component c o s t  v a l u e s  were used 

fnr mnst if t h e  demonotrat ion  compon~ntc  r a t h e r  than  p roduc t ion  cornponcnt 

c o s t s ,  r e f l e c t i n g  f i r s t -of -a -k ind  component c o s t s .  . T h e  des ign  v e r i f i c a t i o n  

t e s t i n g  of  t he  bea r ings  and s e a l s  of ' t h e  to luene  systems is i.ncluded i n  t he  

c o s t  e s t i m a t e .  However, t h e  i n s t a l l a t i o n  c o s t s ,  exc lus ive  o f  the gas com- 

p re s so r ,  were the  same a s  f o r  the Rayne, LA s i t e .  The gas compressor 

c o s t  was h igher .  

~ u d g e t a r y  c o s t  e s t i m a t e s  t o  complete t h e  t h r e e  phases .of  t h e  pipe- 

l i n e  bottoming c y c l e  program a r e  given below i n  1979 d o l l a r s :  



TABLE 10-1 

- ESTIMATED COST F13R PHASE 11 (ix t h m s a n d s  of 19?9 d o l l a r s )  

PhaseITask D e s c r i p t i o n  
System Turb ine  - 

Xanager Manufacturer  'le"dors P i p e l i n e  Co. T o t a l  - .- 

Phase 11 - D i r e c t e d  S t u d i e s '  

1. Demonstrat-ion P i p e l i n e  S i t e  

Det e m i n a t i o n  

2 .  Regulatory  Impact Dn P  h p e l i n e  Bo t t o n i n g  

Cycle  A p p l i c a t i c n s  49.0 0.0 0.0 0 . 0  

3 .  E v a l u a t i o n  of Ozganic .Jerking F l u i d s  

f o r  P i p e l i n e  ~ a r ~ k i n e  B3ttolning Cycle  

I n s t a l l a t i o n .  . 

Phase 11 T o t a l s  



TABLE 10-2 

. 'ESTIFIATED COST'(1N THOUSANDS OF 1979 DOLLARS) 

GENERAL ELECTRIC 
TURBINE 

SYSTEM MILWFAC- PIPELINE 
PHASE/TASK DESCRIPTION 

. . 
4lANAGER TURER VENDORS COFlPANY TOTAL 

PHASE 111 - DESIGN & 
CONSTURCTION 

' .  1. FINAL DESIGN 
2. FABRICATION 
3. VERIFICATION TESTING 
4. . TRAINING 
5. INSTALLATION & CHECKOUT 
6. REPORT 
7 . PROGRAM MANAGEHENT 

PHASE 111 TOTALS 1208.8 1827.3 2315.8 1289.0 6640.9 

PHASE I V  - DEMONSTRATION 

1. SHAKE DOWN 
2. OPERATION 
3. EVALUATION & DISSEMINA- 

TIOY 'OF RESULTS 
4 .  REP3RT 
5. PROGRAM tlANAGEMENT 

PHASE IV TOTALS 

TOTAL ESTIMATED COST 
FOR PHASES 111 & IV 



Phase 11' - D i r e c t e d  S t u d i e s  $ 414',000 

Phase  I11 - Design and C o n s t r u c t i o n  $ 6,640,900 

Phase  I V  - Demonstra t ion $ 489,800 

T o t a l  Cos t  E s t i p a t e  

Not shown a r e  f u n d s  f o r  removal o f  t h e  bo t toming  c y c l e  a p p a r a t u s  

and r e s t o r i n g  t h e  s i t e  which may be  r e q u i r e d  i n  n e g o t i a t i o n  w i t h  a  pa r -  

t i c u l a r  p i p e l i n e  i f  t h e  p i p e l i n e  w a s  n o t  s a t i s f i e d  .wi th  performance.  

R e t r o f i t t i n g  'a h i g h - e f f i c i e n c y  t u r b i n e  when developed s u r e l y  would be 

d e s i r e a b l e  b u t  would depend upon a s  y e t  unknown c i r c u m s t a n c e s  i n  t h e  f u t u r e ;  

a s  a r e s u l t  f u n d i n g  f o r  t h i s  a c t i v i t y  was n o t  i n c l u d e d .  

Under a new ta . sk  p r e s e n t l y  underway, I n v e s t i g a t i o n  of Demonstra t ion 

. '  S i t e  and Commerc ia l i za t ion  of P o t e n t i a l  of New and Planned P i p e l i n e s ,  t h e  

G e n e r a l  E l e c t r i c  Company i s  i n v e s t i g a t i n g  o t h e r  p o t e n t i a l  s i t e s  fo ' r  demon- 

s t r a t i o n  of t h e  p i p e l i n e  bot toming c y c l e  under  a c t u a l  gas p l p e l l n e  u p e i a t - -  

i n g  c o n d i t i o n s .  It  would be  expectgd t h a t  t h e  p i p e l i n e  a g r e e i n g  t o  f u r n i s h  

t h e  s i t e  f o r  t h e  d e m o n s t r a t i o n  wduld p a r t i c i p a t e  i n  t h e  fund ing  of t h a t  

d e m o n s t r a t i o n .  The form and e x t e n t  of t h a t  p a r t i c i p a t i o n  shou ld  be  based 

on t h e  v a l u e  t o  t h e  p i p e l i n e  of t h e  a n n u a l  f u e l  s a v i n g  from t h e  demonstra- 

t i o n  sys tem and w i l l  be de te rmined  when t h e  f i n a l  p i p e l i n e  s e l e c t i o n  i s ,  

made. Those companies s u p p l y i n g  components f o r  t h e d e m o n s t r a t i v r i  sys tem 

( i n c l u d i n g  Genera l  E l e c t r i c )  can  be expec ted  t o  e v a l u a t e  c o s t  p a r t i c i p a -  

t i o n  on t h e  b a s i s  of t h e  market  p o t e n t i a l  f o r  t h e  components t h e y  s u p p l y ,  

based on t h e  economic a t t r a c t i v e n e s s  of t h e  bot toming c y c l e ,  a s  shown by 

t h e  d e m o n s t r a t i o n  system.  S u p p l i e r s  of o f f - t h e - s h e l f  componencs, VI- cou- 

p o n e n t s  r e q u i r i n g  v e r y  l i t t l e  m o d i f i c a t i o n  shou ld  n o t  be expec ted  t o  

f i n a n c i a l l y  p a r t i c i p a t e  i n '  t h e  program. 

1 0.7 CONCLUDING RE'@RKS 

Based upon t h e  f i n d i n g s  of t h e  succeed ing  t a s k s ,  reconmlenda- 

t i o n s  are made f o r  a  d e m o n s t r a t i o n  program p l a n  i n c l u d i n g  Phase I1 - D i -  

r e c t e d  S t u d i e s ,  Phase  T I 1  - Design arid C o ~ i s t r u c t i o n  and .Phase I V  - Demon- 

s t r a t i o n .  A s i n g l e  m i l e s t o n e  c h a r t  is  p r e s e n t e d  f o r  t h e  e n t i r e  program 

i n  t h e  main t e x t  with t h e  d e t a i l e d  s c h e d u l e s  i n  t h e  appendix.  The work 



statements for the program are also presented in the appendix. .The total 

cost of the program is broken down by phase, by task and by performing 

team member. . Cost Participations are expected in the funding, of the 

program; 
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APPENDIX A 

COMMITMENT LETTERS 

L e t t e r s  of commitment t o  t h e  p i p e l i n e  Bottoming Cycle  Program by 

the P i p e l i n e  Companies. 



November 16; 1977 

M r .  W .  H. Hu r l  ebaus , .Manager 
Advanced Energy Program 
Space System D i v i s i o n  
General  E l e c t r i c  Company 
P. 0, Box 15132 

. C i n c i n n a t i ,  Ohio 45215 

Dear M r .  Hur lebaus:  

Thank you  f o r  , your  l e t t e r  o f  ~ e p t e m b e r  10, 1977 t o  W i l l i a m  F. Morse 
i n v i t i n g  ou r  c o r p o r a t i o n  t o  p a r t i c i p a t e  on y o u r  team f o r  t h e  Department o f  
E n e r g y ' s  "Pipe1 i n e  Bo t toming  Cyc le  Study".  The Columbia Gas System, I n c .  
r ecoqn i zes  t h a t  a  bo t t om inq  .cyc le  can p o t e n t i a l l y  save f u e l  i n  p i p e l  i n e  oper -  
a t i o n s  by r e c o v e r i n g  and us ing  t h e  waste hea t  i n  t h e  exhausts o f  e x i s t i n g  
compressor s t a t i o n  engines.  However, i t  a l s o  rec.ognizes t h a t  t h e  development 
and demons t ra t ion  o f  an o p e r a t i n g  system i s  needed t o  prove t h e  f u e l  sav ings  
and t o  e v a l u a t e  economic m e r i t .  The program desc r i bed  i n  t h e  Department o f  
E'nergy (DOE) reques t  f o r  proposal  No. EC-77-R-03-1381 ( P i p e l i n e  Bo t toming  
C y c l e  Study)  and wh ich  has been awarded t o  y o u r  company w i l l  h e l p  f u l f i l l  t h i s  
need. Therefore,  we a r e  agreeab le  t o  be a  s u b c o n t r a c t o r  i n  Phase I of  a  f ou r -  
phase program. 

Phase I w i l l  d e f i n e  t h e  p r e l i m i n a r y  des ign  of a hea t  r ecove ry  system and 
i t s  economical  and i n s t i t u t i o n a l  f e a s i b i l i t y .  Our p a r t i c i p a t i o n  i n  Phase I 
w i l l  i n c l u d e  p r o v i d i n g  i n f o r m a t i o n  t o  you  t o  a s s i s t  i n  s e l e c t i n g  a  demonstra- 
t i o n  s i t e ,  deve lop ing  a  p r e l i m i n a r y  system des ign  and c o s t  f o r  i n s t a l l a t i o n  
a t  t h e  s i t e  and assess ing  t h e  r e l a t i v e  m e r i t s  o f  t h e  des ign.  I n  a d d i t i o n ,  we 
w i l l  a s s i s t  i n  p l a n n i n g  f o r  f u t u r e  phases d u r i n g  which t h e  system w i l l  be 
developed,  c o n s t r u c t e d ,  i n s t a l l e d  and demonstrated a t  t h e  s e l e c t e d  s i t e .  

Our p a r t i c i p a t i o n  i n  Phase I will  be a j o i n t  e f f o r t  between the  Research 
Department o f  t h e  Columbia Gas System S e r v i c e  Co rpo ra t i on  and t h e  Columbia 
G u l f  T ransmiss ion  Company. Our Research Department f u r n i s h e s  research  s e r v i c e s  
e x c l u s i v e l y  t o  t h e  p a r e n t  company (The Columbia Gas System, I n c . )  and t o  i t s  
e i g h t e e n  o p e r a t i n g  company a f f i l i a t e s .  The Columbia G u l f  Transmiss ion Company 
i s  one o f  t h e  a f f i l i a t e s .  I t  opera tes  ove r  3500 m i l e s  o f  t r ansm iss ion  p i p e -  
l i n e s  w i t h  a  des ign  c a p a c i t y  o f  about 2.1 b i l l i o n  c u b i c  f e e t  p e r  day. I t  a l s o  
c u r r e n t l y  opera tes  11 on-shore compressor s t a t i o n s  p l u s  a  compressor s t a t i o n  
on a  p l a t f o r m  i n  t h e  G u l f  o f  Mexico. 

ble understand t h a t  t h e  Texas Gas Transmiss ion  Company and P a c ' i f i c  Gas 
E l e c t r i c  Company have a l s o  agreed t o  p a r t i c i p a t e  i n  t h e  s tudy .  From t h e  
compressor  s t a t i o n s  o f f e r e d  as cand ida te  s i t e s  by these  companies and t h e  



Columbia G u l f  T ransmiss ion  Company, f o u r  w i l l  be recommended t o  t h e  DOE f o r  
f u r t h e r  c o n s i d e r a t i o n  f o r  demons t ra t ing  t h e  hea t  r ecove ry  system. The DOE 
w i l l  make t h e  f i n a l  s e l e c t i o n  o f  a  demons t ra t ion  s i t e .  A f t e r  t h e  demonstra- 
t i o n  s i t e  has been s e l e c t e d  by DOE, o n l y  t h e  p i p e l i n e  company o p e r a t i n g  t h a t  
s i t e  w i l l  p a r t i c i p a t e  i n  t h e  remainder  o f  t h e  Phase I program. 

Based on t h e  i n f o r m a t i o n  ga thered  t o  da te ,  we b e l i e v e  t h e  compressor 
s t a t i o n  a t  Rayne, Lou i s i ana  i s  t h e  most p rom is i ng  o f  t h e  1.1 on-shore compressor 
s t a t i o n s  t o  demonst ra te  t h e  hea t  r ecove ry  system. However, we recogn i ze  t h a t  
f r om  y o u r  e v a l u a t i o n  o f  t h e  i n f o r m a t i o n  on these  s t a t i o n s  which we have a l r e a d y  
s u p p l i e d ,  General  E l e c t r i c  may w ish  t o  recommend a  d i f f e r e n t  Columbia s i t e  t o  
DOE. We r e s e r v e  t h e  r i g h t  t o  approve y o u r  e v a l u a t i o n . a n d  recommendation b e f o r e  
s u b m i t t a l  t o  DOE. 

The i n f o r m a t i o n  which you r e c e i v e  t o  a s s i s t  i n  s e l e c t i n g  a  demons t ra t ion  
s i t e  w i l l  be p r o v i d e d  w i t h o u t  charge.  However, i f  DOE s e l e c t s -  a  Columbia Gul f  
T ransmiss ion  Company compressor s t a t i o n  as t h e  demons t ra t i on  s i t e ,  t h e  c o s t  ' f o r  
o u r  p a r t i c i p a t i o n  i n  t h e  remainder  o f  t h e  Phase I program under s u b c o n t r a c t  i s  
$16,244. The necessary  C o n t r a c t  P r i c i n g  Proposal  i s  a t t ached .  The s u b c o n t r a c t  
'program w i l l  be inanaged and d i r e c t e d  by  t h e  Research Department o f  t h e  Columbia 
Gas System S e r v i c e  Co rpo ra t i on .  The Columbia G u l f  T ransmiss ion  Company w i l l  
p r o v i d e  t h e  necessary  eng inee r i ng  suppo r t .  The d e t a i l s  o f  t h e  s u b c o n t r a c t  can 
be r e s o l v e d  a f t e r  t h e  f i n a l  s e l e c t i o n  o f  t h e  demons t ra t i on  s i t e .  

When t h e  r e s u l t s  o f  Phase I a r e  a v a i l a b l e ,  t h e y  w i l l  be rev iewed by us 
and we w i l l  de te rmine  i f  subsequent phases w a r r a n t  o u r  p a r t i c i p a t i o n  i n  
Phase 11 ( r e s e a r c h  and development t e s t i n g ) ,  Phase 111 ( d e t a i l e d  des ign ,  f a b r i -  
c a t i o n  and i n s t a l  1  a t i o n )  o r  Phase V ( s t a r t - u p  o p e r a t i o n  and da ta  a n a l y s i s )  . ' I t  
i s  f u r t h e r  unders tood  t h a t  shou ld  we dec ide  t o  p a r t i c i p a t e  i n  Phases 11, 111, 
and I V ,  c o s t  shar in 'g  by Columbia w i l l  be necessary.  The c o s t  s h a r i n g  a r range-  
ment w i l l  be n e g o t i a t e d  and d e f i n e d  d u r i n g  Phase I. 

We a r e  a l s o  aware t h a t  i f  we p a r t i c i p a t e  i n  Phase I 1 1  and I V ,  we must 
c o n s i d e r  pu rchas ing  t h e  i n s t a l l e d  hea t  r ecove ry  system f r om DOE a f t e r  comp le t i on  
o f  Phase I V .  T h i s  does n o t ,  however, commit us t o  a  purchase. The c r i t e r i a  
f o r  making a  d e c i s i o n  t o  purchase t h e  system w i l l  be de te rmined  d u r i n g  Phase I. 
Should Columbia p a r t i c i p a t e  i n  Phase I V  and t h e n  dec ide  i t  i s  n o t  i n  o u r  b e s t  
i n t e r e s t  t o  purchase t h e  s.ystem, i t  w i l l  be removed f r om o u r  compressor s t a t i o n  
and t h e  s i t e  w i l l  be r e s t o r e d  t o  i t s  o r i g i n a l  c o n d i t i o n  a t  no c o s t  t o  Columbia. 
I t  i s  a l s o  unders tood  t h a t  Columbia may be r e q u i r e d  t o  re imburse  DOE f o r  t h e  
va lue  o f  any gas saved d u r i n g  t h e  Phase I V  demons t ra t i on  program. 

We a r e  v e r y  i n t e r e s t e d  i n  wo rk i ng  w i t h  t h e  General  E l e c t r i c  Company i n  
t h i s  i m p o r t a n t  program and l o o k  f o rwa rd  t o  t h e  s e l e c t i o n  o f  one o f  o u r  compressor 
s t a t i o n s  as t h e  demons t ra t ion  s i t e .  

-- -. - 
Very t r u l y  yours; _. . 

'R'; P. Rowen 



March 30, 1977 

General E l e c t r i c  Company 
P. 0. Box 15132 
Cinc innat i ,  Ohio 45215 

ATTENTION: M r .  W. H. Hurlebaus, Manager 
Evendal e Operat'ions 

Gentlemen: 

. This l e t t e r  i s  t o  advise you t h a t  P a c i f i c  Gas and E l e c t r i c  Company 
w i l l  p a r t i c i p a t e  i n  yciur e f f o r t s  t o  respond t o  .ERDA 'RFP EC-77-R-03-1381, P ipe l ine  
Bottoming Cycle Study. 

We understand t h a t  the ERDA Program i s  d i rec ted  t o  the .eventual demon- . . 

s t r a t i o n . o f  a p i pe l i ne  bottom cyc le .heat  recover system and t h a t  the ob jec t i ve  i s  
t o  assess the po ten t i a l  f o r  widespread commercia r i z a t i o n ' o f  bottom cyc le  heat recovery 
systems throughout the p ipe l . ine industry.  

The i n t e n t  w i l l  be t o  u t i l i z e  ex is t ing,  as wel l  as advanced technology, 
i n  se lec t ion,  design and demonstration and the program w i l l  provide operat ing data 
and experience t o  p i p e l i n e  owners and operators wi thout  i ncu r r i ng  the r i s k  associated 
w i t h  development o f  a new technology. 

P a c i f i c  Gas and E l e c t r i c  Company (PGandE) operates a 36-Inch diameter 
i n t r a s t a t e  natura l  gas transmission p i pe l i ne  which connects w i t h  the f a c i l i t i e s  of 
P a c i f i c  Gas Transmission Company. We an t i c i pa te  t h a t  one o r  more o f  PGandE's four 
compressor stat ions,  u t i l i z i n g  a i r c r a f t  de r i va t i ve  and i n d u s t r i a l  gas turbines, 
could provide a su i tab le  s i t e  f o r  study and evaluat ion o f  a bottoming cyc le  system. 
I n  add i t i on ,  PGandE operates a 34-Inch natura l  gas transmission pipe1 i n e  system 
u t i l i z i n g  rec ip roca t ing  engine-compressor s ta t ions  which would a lso  be su i tab le  f o r  
a bottoming cyc le  study. PGandE favors the stated goals o f  the ERDA Program and we 
a re  w i l l i n g  t o  provide you w i t h  assistance w i t h i n  our capab i l i t i e s ,  i r l  the fo l lowing 
areas t o  support the Phase I study, should you be chosen by ERDA as a cont ractor  i n  
t h i s  Program: 

- I d e n t i f y  prospect ive f i e l d  demonstration. s i t e s  which have 
d br-odd dppl i c a t i o n  t o  p ipe l  i ne  operators. 

- , ~ e s c r i  be system operat ing parameters and t yp i ca l  duty cycles. 

-, Define the problems posed by a demonstration program on an 
operat ing pipe1 ine. 

- Ass is t  i n  the co r re l a t i on  o f  data i d e n t i f y i n g  po ten t i a l  
heat recovery u t i  1 i zat ion  f o r  pipe1 i ne prime movers. 
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- Provide an assessment o f  i n d u s t r y  acceptance o f  t-he 
bottom c y c l e  and a t t i t u d e s  regard ing  adopt ion o f  such 
a system. 

Our p a r t i c i p a t i o n  w i l l  be 1 i m i t e d  t o  p r o v i s i o n  o f  i n fo rma t ion  o n l y  as. i t  
r e l a t e s  t o  t h e  PGandE system. Fur ther ,  w h i l e  we i n t e n d  t o  cooperate c l o s e l y  w i t h  G.E. 
i n  your  conduct o f , t h e  Phase I work, t h e  burden o f  conduct, accuracy and t ime l iness ,  
r e s t s  e n t i r e l y  w i t h  General E l e c t r i c .  

Should G. E. be successful  i n  o b t a i n i n g  an. ERDA c o n t r a c t  f o r  Phase. I 1 1  
and I V ,  s i t e  i n s t a l l a t i o n  and operat ion,  we would be w i l l i n g  t o  consider  some form 
of p a r t i c i p a t i o n  i n  cos t  shar ing  o f  t he  demonstrat ion i n s t a l l a t i o n  i f ,  i n  our  op in ion :  

a: Phases' I and I 1  o f  t h e  program c l e a r l y  demonstrate expecta t ion  
of meeting performance 'and economic ta rge ts ;  and, 

b. Economic cond i t i ons  i n t e r n a l  and ex te rna l  t o  PGandE c l e a r l y  
j u s t i f y  proceeding a t  t h e  t ime when/ i f  Phases 111 and I V  
develop; and, ' i f  t h e  C a l i f o r n i a  Pub l i c  U t i l i t i e s  Commission , . 
g ran ts  PGandE any requ i red  au tho r i za t i ons  t o  per form t h e .  
contemplated i n s t a l l a t i o n s  and operat ions,  i nc lud ing ,  r a t e  
a u t h o r i z a t i o n  t o  recover  r e l a t e d  cos ts  n o t  o therw ise  reim- 
bursed. . . I 

c. That p ro jec ted  compressor down t ime du r ing  phases I11 and 
I V  i s  acceptable t o  PGandE and PGandE: has c o n t r o l  over  work 
schedui es. 

d. PGandE rece ives  i n t e r i m  fund ing  du r ing  Phases 111 and I V  
r a t h e r  than upvrl cu l~ lp le ' t ion and opera t ion  o f  t h c  bottoming , 
c y c l  e '  system, and any payments by PGandE be from documented 
savings r e s u l t i n g  from t h e  bottoming' cyc le .  

We have at tached f i v e  resumes o f  key personnel and maps o f  t h e  p i p e l i n e  
system w i t h  a b r i e f  d e s c r i p t i o n  o f . t h e  compressor equipment, f o r  your  use i n  your  
response t o  ERDA. 

Thank you f o r  o f f e r i n g  PGandE the  o p p o r t u n i t y  t o  p a r t i c i p a t e  w i t h  you 
i n  t h i s  study. 

Sincere ly ,  
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United States Ene rgy Re search 
and Development Administration 

Pruc urernent Ope rations 
20 Massachusetts Avenue, N. W. 
Washington, D. C. 20545 

Gentlemen: 

 h he Gas ? 'ransmission.Services Division, of Texas Gas Trans -  
mission Corporation is pleased to join the General Electr ic  company 
in cosponsoring a proposal to the Energy Research and Development 
Administration for  Phase  I - Pipeline Bottoming Cycle Study. 

We a r e  acutely aware of the importance of natural  gas to the 
economy of our  country. As an interstate  pipeline serving a major  
section' of the United States,  we have witnessed the decline of available 
gas r e  se  rves and have encountered the growing difficulty of acquiring 
new rese rves  to se rve  our  customers '  needs, 

The development of a pract ical  heat. recovery cycle f o r  use a t  
pipeline compressor  stations would improve the i r  use  of natural gas 
a s  fuel,  thus helping to extend our limited supplies. The succes.s of 
this program will benefit the many customers who a r e  dependent upon 
natural  gas .  

T h e  Gas Transmission Services Division of Texas Gas has 
always been .interested in using our natural  gas a s  efficiently as 
possible.  We will continue these efforts in o rde r  to help make this 
design progranl  a success.  

You a r e  assured  of our full support throughout the proposed 
project .  



APPENDIX B 

s3 PIPELINE FINANCIAL PROJECTION MODEL (16) 

3  The S  ~ i n a n c i a l  ,P ro j ec t ion  Model is t h e  sof tware  development of 

Systems, s c i ence .  and Software under ERDA Cont rac t  E(04-03)-1171 . fo r  t h e  

r egu la t ed  p i p e l i n e  companies. The computer code was designed as a  g e n e r a l  

bus ines s  f  i n a n c i a 1  planning model wi th  c a p a b i l i t i e s ,  t o  gene ra t e  va r ious  

f i n a n c i a l  d a t a  under d i f f e r e n t  conditions. .  Many f i n a n c i a l  accounting pro- 

j e c t i o n  r e p o r t s  a r e  a v a i l a b l e  f r o m ' t h i s  computer code, inc luding:  

Report 10: Statement of Income - P r o f i t  & Loss P r o j e c t i o n  

Report 20: Statement  of Changes i n  F inanc ia l  P o s i t i o n  - Cash 

Plow P r o j e c t i o n s  

Report, 30: Statement of F inanc ia l  P o s i t i o n  - Balance Sheet.  

A l l  of 'which a re '  t h e '  gene ra l  type  of r e p o r t  which 

r e f l e c t  t h e  year-to-year o v e r a l l . f i n a n c i a 1  cond i t i on  

. of t h e  company. 

Report 38,: "Capi ta l  Investment Planning and Energv Conservat ion 

Impact Pro jec ts" ,  which enables  t h e  i n v e s t i g a t i o n  of  

t h e  e f f e c t s  o f . e n e r g y  conserva t ion  measures, such a s  

t he  bottoming cyc le ,  on company p r o f i t a b f l i t y .  It 

i s  t h i s  r e p o r t ,  s p e c i f i c a l l y ,  a s  w e l l  a s  t h e  i n t e r n a l l y  * 3  
c a l c u l a t e d  DCF , which makes t h e  S  model va luable .  

The model i s  v e r s a t i l e  enough t o  completely s imu la t e ,  t h e  f i n a n c i a l  

s t and ing  of t h e  Company,under d i f f e r e n t  c r i t e r i a .  The schematic  diagram 

of t h e  gene ra l  system des ign  of  t h e  s3 F inanc ia l  p r o j e c t i o n m o d e l  is ex- 

t r a c t e d  from Reference 16 and is  presented  i n  F igure  B-1. 

3  
Because of i t s  v e r s a t i l e  n a t u r e ,  S  model was i n i t i a l l y  used. i n  

t he  economic assessment of p i p e l i n e  bottoming cyc le  s tudy  on a  f i c t i o n a l  

I *  

DFC: Discounted Cash .Flow 



Source 
Data File 

Model Options : 

Figure B-1. Schematic Diagram. of t h e  General Sys,tein Design 
o f  the  s3 Financ ia l  P ~ o j e c t i o n  Model. 



pipeline company set up by General Electric Company for the purpose of 

assessing the usefulness of the code. The financial data of the fictional * 
pipeline company was gathered from FERC annual reports . Two cases were 
then analyzed using the computer code. One was a base case, us,ing assuinp- 

tions of fuel price, etc. for twenty years. The second case had simulated 

bottoming cycle equipment installed. A comparison of the results was 

made and is reported below. 

A fictional gas pipeline company.was described by both financial and 

operational data for 'the years 1974, 1975, and 1976. Table B-1 shows this 

data for the first year of simulated operations,'l975. From this starting 

point, twenty years of operations were simulated under a set of ground- 

rules, shown in Table B-2. The most. signifidant assumption was the use of 

constant throughput, based on no new gas being available. The cost of gas 

was assumed'to increase faster than inflation through 1984, and then in- 

crease at 6%, slightly lower than the assumed general inflation. 

It was also assumed that the FERC rate base would be increased at about 

6% per year by means of additional capital investment, essentially the re- 

placement of depreciated equipment. No new equity funding was used, and 

there.fore all expenditures were financed by means of mortgage loans and **  
short-term notes. 

A limit of 12% was placed on the 'rate of return permitted under FPC 

rules. The effect of this limit is to lower the price at which gas is 

sold so that the return satisfies the 122 limit. The computer code auto- 

matically lowers the difference between gas cost and sale price (,nominal 

tariff) ~ o ' n ~ e e t  this requirement. 

After 20 years, this fictional pipeline company had achieved good 

financial success. The discounted cash flow rate .of return- was 23%. The 

book value of the capital stock had increased from a nominal $61 per share 

to $264, and a total of $1.69 per  share in dividends had been paid. 

To simulate the addition of bottoming cycle equipment, it was assumed 

that the entire system would be bottomed in the years 1983, 1984, and 1985. 

* 
"Statistics of Interstate National Gas Pipeline Companies-1975". Federal. ' 

. Power Commission, FPC-S-257. ** 
Not a practical assumption under present FERC rules. 



TABLE B-1 

BASIC DATA FOR FICTIONAL PIPELINE COMPANY 

(1975-1994) . 

OPERATIONAL DATA 
Annual Throughput (Sa les )  
Type o f  Power 
T o t a l  Power 
Number of Un i t s  
Power Per  Uni t  
Fuel  Used, Annual 

FINANCIAL ASSUMPTIONS 
P r i c e  o f  Gas (1975) 
S a l e  P r i c e  of  Gas (1975) 
L ( l 1 0 f L  ~ a l a l ~ c c  ~ h c t t  (13791 
Assets 

Curren t  Assets 
P rope r ty ,  P l a n t ,  Equipment 
Investments  
Uif f e r e d  Charges 

T o t a l  Assets 
L i a b i l i t i e s  

Debt, Long Term 
D i f f e r e d  Taxes and C r e d i t s  
C a p i t a l  S tock  
Retained Earnings 

T o t a l  J a m s  
Shor t  Form P r o f i t  & Loss (1975) 
Revenues 

N e t  S a l e s  o f  Nat. Gas 
O t h c r  Sales 

T o t a l  Rcvcnuc 
Expenses 

O&M 
G&A 
Cost of  Fue l  
Taxes, Non Income 

T o t a l  Expenses 
Gross Operat ing Income 
I n t e r e s t  Expense 
F i n a n c i a l  Deprec ia t ion  & Amort izat ion 
investment Income, Net 
Nub 1~1con1u Daioru T a e s  
Income Taxes 

N e t  Income 

9 3 
365.4 x 1 0  F t  
Gas Turbines  
237,500 HP 
19  
12,500 HP 
15.1 x 109 ~t~ 

$1.232/MCF 
SP.367/MCF 
( ~ i l l ~ u n u  u f  Dullar'o) 

5.3 
113.1 

37.4 
0.6 - 

156.4 

90.4 
0.4 

43.6 
22 . 0 - 

156.4 
(Mi l l i ons  of  D o l l a r s )  

49.9 
1.1 - 
51.0 

3.9 
2.4 

18.6 
2.8 - 

27.7 
23.3 

5.9 
8.3 

-3.5 
12.7  

4 . 3  
8 . 4  



. . 
TABLE B-2 

GROUNDRULES USED I N  USING s3 MODEL 

Throughput: Constant  

E s c a l a t i o n  and I n f l a t i o n :  

Operat ing Expenses 

G&A Expenses 

Non-Income Taxes , 

Fuel Cost 

7% per  year  

; 7% per  y e a r  

8% per  y e a r  

9 .5% per  year  through 1984 

6% per  year  t h e r e a f t e r  

FERC Rate Base Assumptions 

Maximum Rate of Return 
\ (on FERC Rate  Base) 12% 

, . 
Planned Inc rease  i n  Rate Base % '6% per  year  

Financing:  A l l  i n c r e a s e s  f i nanced  through 
l o a n s  (no new investment 
c a p i t a l )  

I n t e r e s t  Rate  on Mortgage 
Loans 8 % 

I n t e r e s t  r a t e  on Line-of- 
Credi t '  Loans 9 % 



Table  B-3=shows t h e  assumptions used. The e f f e c t  i s  t o  lower t h e  fue l  

used and i n c r e a s e  the 'amount  a v a i l a b l e  f o r  s a l e ,  a t  t h e  expense of a  s i g -  

n i f i c a n t  a d d i t i o n a l  c a p i t a l  investment.  From 1983 on out  t o  t h e  end of 

t h e  s imu la t ion ,  t he  model was modified t o  account f o r  t h e  h ighe r  ea rn ings  

and l a r g e r  l oan  ba lances .  See F igures  B-2, B-3, and B-4.. 

?'he r e s u l t s  shows a  modest, bu t  s i g n i f i c a n t  - improvement i n  prof i t a b i l -  

i t y .  Table B-4 shows some of t h e  more important measures of p r o f i t a b i l i t y .  

F igure  B-5 shows g r a p h i c a l l y  where t h e  t o t a l  f u e l  c o s t  s a v i n g s . o f  129 

m i l l i o n  d o l l a r s  went. Because of t h e  FERC r a t e  l imits,much of t h e  sav ings  

goes t o  t h e  customers i n  t h e  form of  lower gas p r i c e s .  The bottoming cyc le  * 
c a s e  lowered t h e  1994 s a l e  p r i c e  of gas  from $5.461/MCF t o  $ 5 . 4 2 9 / ~ ~ P .  

The comments rece ived  from t h e  t h r e e  p i p e l i n e  companies a l l  i nd i ca t ed  

t h a t  they f e l t  t h a t  t h i s  method was b a s i c a l l y  too  'cumbersome, and n o t  

t h e  way they  would a s s e s s  t h e  p o t e n t i a l  purchase of bottoming cyc le  equip- 

ment. The i r  sugges t ion  of t h e  use of "cost  of  bervice" method t o  p r e d i c t  

t h e  economic assessment of t h e  p i p e l i n e  bottoming cyc le  equipment convinced 

t h e  General E l e c t r i c  company t o  switch from s3 f i n a n c i a l  code t o  an in-  ' 

t e r n a l l y  developed computer code which was' descr ibed  i n  Sec t ion  5.3.2. 

* 
I n  i n f l a t e d  d o l l a r s .  



TABLE B-3 

Total  a as Turbine Power Before Bottoming 
Cost of Bottoming'Cycle Equipment (1977 Dollars) 

Bottoming Cycle Addition 25% 
. . . . 

Fuel Savings, ~ssurnin~ Gas Turbine Throttled Back 22% ~ 

ADDITION SCHEDULE 
L 

Year 

1983 

1984 

1985 

1986 

BC HP 
Added 

. 

19800 , 

19800 

19800 

0 

T 

cost of Bottoming Cycle 
F.uel Used 

MMCF Per Year 
. 

. 15,100 

14,000 

12,900 

. 11,800 

197j $* 

6,927,000 

6,927,000 

6,927,000 

0 

Escalated @ 7% 

12,735 ,.OOO 

13,627,000 

14,580,000 

0 





ADDBC - 
EQUIPMENT 

YEAR , .  . , 

Figure B - 3 .  Effec t  of.Bottoming Cycle on Fuel Cost. 



Figure B-4. E f f e c t  of Bortoming Cycle  on D i - ~ i d e n d s .  (Max Dividends  = 45.5% of 
Net P r o f f t ) ,  



. . 
TABLE B-4 

OVERALL IMPACT OF BOTTOMING CYCLE 

(20 Years Operation) 

* 
Per nominal share worth $61 in 1974. 

? 

% 

+- 6.4 
- 3.0- 

-10.0 

. -14.7 

+ 4.9 

+ 6.4 

+ 1.4 
A 

. ' 

Difference 

+ 23.7 

- 61.4 

- 33.3 

-129.2 

+ 13.0 ' 

+ 10.8 

. :+ 0.33 

- Parameter 

Net Income (M$) 

Revenue (M$) 

3 Total Fuel Used (MMCF x 10 ) 

Cost of Fuel Used (M$) 

* 
Book Value of.Investment ($)  

' * 
Dividends Paid ($1 

20 Year DCF-ROI (%) ' 

C 

Base Case 

312.1 

2018.2' 

302.2 

877.8 

264.1 

169.3 

22.88 

Bottoming Cycle 
Case 

395.8 

1956.8 

268.9 

748.6 

277.1 

180.1 

23.21, 



CONSTANT GAS SUPPLY 

BOTTOMING CYCLE FINANCED B Y  LOANS 

 figure^-5. F i n a n c i a l  Impact o f  P i p e l i n e  Bottoming Cycle.  



APPENDIX C 

STATEMENT OF WORK 

The paragraphs i n  t h e  fo l lowing  pages c o n s i s t  of t h e  work s ta tement  

and d e s c r i b e  t h e  work breakdown in. t h e  form of t a s k s  and subtasks  i n  Phase 

11, Phase I11 and Phase I V  of. t he  P ipe l ine ,Bot toming Demonstration Program. 

The Advanced Energy Programs and t he  Mechanical Drive Turbine Depart- 

ment of t h e  General E l e c t r i c  Company along wi th  the  p a r t i c i p a t i o n  of a 

p , ipel ine company w i l l  complete t h e  t h r e e  phases of t h e  program wi th in  a 

per iod of 48 months and the  work s ta tement  i n  t he  foll'owing pages repre-  

seats a r e a l i s t i c  means of a c h i e v i n g . t h e  program goals .  



PIPELINE BOTTOMING CYCLE PROGRAM PLAN 

STATEMENT OF WORK 

Phase I1 - Direc ted  S tud ie s  . . 

Task 1 I n v e s t i g a t i o n  of Demonstration S i t e  a ~ ~ d  Cormnerc i a l i za f io~  - 
uf N e w  and Planned P i p e l i n e s  

Thc  genera'.^. c:leceric Cuiupauj, ak Contrac tor  oh&LJ carry u u ~  the worlr of 

i d e n t i f y i n g  and eva lua t ing  new and planned p i p e l i n e s  o f f e r i n g  p o t e n t i a l  as 

demonstrat ion si tes and commercial markets f o r  bottoming c y c l e  systems and 

developing recommendations regard ing  s i t e  s u i t a b i l i t i e s  by performing t h e  

fo l lowing  t a s k s .  

Subtask 1.1 - I d e n t i f y  Addi t iona l  P o t e n t i a l  Demonstration Hosts - 

Perform f u r t h e r  i n v e s t i g a t i o n s  of p i p e l i n e  compression stations s u i t -  

a b l e  f o r  u s e  a s  demonstrat ion s i t e s  f o r  a p i p e l i n e  bottoming system, w i t h  

emphasis on new o r  planned p i p e l i n e  coasrruction. 

The primary c r i t e r i a  f o r  s e l e c t i n g  a d d i t i o n a l  p o t e n t i a l  demonstrat ion 

h o s t s  s h a l l  i nc lude ,  b u t  no t  n e c e s s a r i l y  be l i m i t e d  t o ,  t h e  fol lowing:  

A s i t e  wi tk  a l a rge - s i ze ,  s imple-cycle  gas  t u r b i n e ,  
I 

A s i t e  wi th  a  p ro j ec t ed  near-capaci ty throughput;  

i A s i t e  w i th  h igh  c o s t  ( o r  "New") gas.  

Data sources  such a s  S t a t i s t i c s  OF I m r s t a t e  Natura l  Gas P i p e l i n e  

C'ompanies, U.S. Department of Energy; t h e  t e c h n i c a l  and t r a d e : l i t e r n t u r e  

and p e r t i n e n t  i n t e r n a l  G r ~ l e r a l  E l e c t r i c  data s h a l l  be u t i l i z e d .  The d a t a  

s h a l l  be used t o  determine p i p e l i n e  companies t h a t  have e x i s t i n g  and 



planned sites meeting the above criteria. 

Although existing pipelines and sites shall be thoroughly investigated, 

emphasis shall be placed upon identifying proposed compressor stations 

vhich will meet the above criteria. Information on required compressor 

Rower for proposed sites shall b.e matched with available simple-cycle gas 

tllkbine units haring bottoming cycles fitted. Expected heat rates of the 

combined systems shall be compared with heat rates attainable with avail- 

able simple-cycle and recuperated, gas turbines. The time frame and the 

environment in which the compressor station is to be built shall be con- 

sidered in the selection. 

. . 

The culmination of the subtask shall be a list of pipeline companies 

having a high probability of having or.constructing a site suitable for 

the pipeline bottoming cycle demonstration and possessing high commercial- . . 

ization potential. 

Subtask 1.2 - Analyze Sites Selected 

Presentations shall be made to the pipeline companies which have or 

will construct sites meeting the demonstration host selection criteria of 

Subtask 1.1 above. The presentations shall include, but not necessarily 

be limited to, the following: 

Pipeline -bottoming cycle performance; 

Bottoming cycle design features; 
I 

Bottoming cycle installation drawings and' specifications; 

Energy savlngs; 

Economic, technical feasibility, environmenta1,and safetj, and 

operational reliability and maintainability assessments; 

Proposed demonstration program plan; 

.p 

Outline of pipeline company tasks; 

Need for cost sharing; 

Eventual need for a commitment. 

Data shall be solicited from the pipelines which shall include, but 

not necessarily be limited to, the fcllowing: 



Prime mover and details affecting combined system performance; 

Pipeline capacity and projected throughput and cost of natural gas; 

Cost of bottoming cycle.installation; 

Pipeline financial data for incremental cost of service code; 

Special problems. 

The contractor shall use the solicited data to evaluate the energy 

conservation potential of the site by assessing the performance, economy, 

and practicality of the installation. The results of the evaluation and 

other pertinent available data shall be presented to the pipeline company 

for review and consideration. 

Subtask 1.3 - Recommendations for Pipeline Demonstration Sites 

On thc bacio of the foregoPng analyses, recouuuendatiunu concerning the 

suitability of the investigated sites for bottoming demonstrations shall 

be made. Factors considered shall include, but not necessarily be limited 

to the following: 

Potential contribution to pipeline energy conservation, including 

commercialization benefits; 

o Interest of the pipeline.companies; 

e Tenrarfve cost sharing provisions; 

e ~exformance and economics; 

o Description of bottoming cycle apparatus to be installed on the 

site. 

Subtask 1.4 - Reporting - 

The contractor'shall provide, in addition to the reports required by 

the present contyact, a topical report nn t h e  nemonstration Pipeline and 

Site Determination. 

Task 2 - Investi~ation of Regualtory Inpacts on Pipeline Bottoming 

The Contractor shall perform the effort described below in addition 

C- 4 



t o  t h e  work descr ibed  i n  D0E.Contrac.t No. EC-77-C-03-1381 and p rev ious ly  

i s sued  modi f ica t ions .  These changes a r e  brought about by cons ider ing  t h e  

impacts of c u r r e n t  r e g u l a t i o n s  on t h e  a p p l i c a t i o n  of p i p e l i n e  bottoming 

c y c l e  systems. This  e f f o r t  is  a  ref inement  of work performed under t h e  

c u r r e n t  c o n t r a c t  a s  wel l 'as  p r i o r  work*, and w i l l  involve  c l o s e  coo rd ina t ion  

wi th  o t h e r  DOE c o n t r a c t o r s  a s  s p e c i f i e d  by t h e  DOE Program Manager. 

A major r e s u l t  of t h i s  s tudy  w i l l  b e  t o  f u r t h e r  t h e  understanding of 

t h e  impact of c u r r e n t  p i p e l i n e  r e g u l a t i o n s  on energy conserva t ion  inves t -  

ments., This  s h a l l -  be  done 'by  a n  approximate q u a n t i f i c a t i o n  of t h e  c o s t s  

and b e n e f i t s  a s s o c i a t e d  wi th  s p e c i f i c  r egu la to ry  modi f ica t ions .  

Subtask 2.1 - Descr ip t ion  and Analys is  of Market Segments & - 
Environment 

The Cont rac tor  s h a l l  d e f i n e  market segments f o r  t h e  organic  Rankine 

bottoming cyc le s  a s  app l i ed  t o  t he  gas p i p e l i n e  market. These segments 

s h a l l  be  def ined  by a p p r o p r i a t e  c h a r a c t e r i s t i c s  such as: 

Prime mover ( t ype  and s i z e )  

a Type of i n s t a l l a t i o n  ( r e t r o f i t ,  replacemsnt ,or  new) 

Type of RBC power use  (gas  pumping o r  e l e c t r i c  genera t ion)  

Type of r e g u l a t i o n  (FERC, PUC) 

Segments t h a t  s h a l l  be emphasized i n  t h i s  t a s k  a r e  t hose  inc luding:  

Gas t u r b i n e  ( a i r c r a f t  d e r i v a t i v e )  and r e c i p r o c a t i n g  prime movers 

R e t r o f i t  and replacement i n s t a l l a t i o n  

o FERC regu la t ion  

S ince  t h i s , T a s k  provides t h e  b a s i s  f o r  desc r ib ing  t h e  b a s e l i n e  i m -  

p lementat ion r a t e s ,  those  market.  segments s h a l l  be i d e n t i f i e d  and des- 

c r ibed  i n  t h e  d e t a i l  requi red  f o r  subsequent t a s k s .  

The period o t  i n t e r e s t  t o r  t h i s  a n a l y s i s  s h a l l  be 198i through 1945. 

* 
Banks, W.F., "Federal  Regulat ions of t he  P ipe l ine . Indl l s t r j r  A Summary 
Xeview," Systems, Science and Software, SSS-R-77-3024 Revision 1, 31 iviaj; 
1977 (Under ERDA Contrac t  No. E(04-03)-1171. 

C-S 



For t h e  gas  p i p e l i n e  indus t ry ,  a s  made up by t h e  descr ibed  market segments, 

t h e  expected number of u n i t s  i n s t a l l e d  a s  a func t ion  of t ime s h a l l  b e  

descr ibed  under t h e  p r e s e n t  r egu la to ry  environment and economic f o r e c a s t s .  

This  b a s e l i n e  implementation r a t e  s h a l l  inc lude  allowances f o r  gas  p i p e l i n e  

indus t ry  growth, i f  such allowance is deemed appropr ia te .  The t o t a l  bottom- 

i n g  cyc le  power and f u e l  saved f o r  t h e  per iod  of i n t e r e s t  . s h a l l  a l s o  be 

determined. 

The investment d e c i s i o n  c r i t e r i a  app ropr i a t e  t o  t h e  types of regula-  

t i o n  analyzed s h a l l  be  determined. The c r i t e r i a  descr ibed  s h a l l  be  con- 

s i s t e n t  w i t h  t h e  market p e n e t r a t i o n s  ' developed f o r  t h e  b a s e l i n e  case. I n  

t h e  a n a l y s i s  of  d e c i s i o n  c r i t e r i a ,  an xnderstanding of f i n a n c i a l  c r i t e r i a  

s h a l l  be emphasized s o  t h a t  i n  subsequent t a s k s ,  t h e  Cont rac tor  can ana lyze  

t h e  s e n s i t i v i t y  of the dec i s ion  t o  s p e c i f i c  f i n a n c i a l  o r  economic changes. 

The Contrac tor  s h a l l  u t i l i z e  t h e  information and r e s u l t s  of  t h e  market 

p e n e t r a t i o n  and economic assessment t a s k s  of  t h e  p re sen t  c o n t r a c t  i n  

completing t h i s  t a s k ;  updat ing t h e  e x i s t i n g  informat ion  as requi red .  

The Cont rac tor  sha lP  determine t h e  probable  implementation r a t e s  and 

numbers of each segment; and c a l c u l a t e  t h e  f u e l  savings.  .The  Cont rac tor  

w i l l  a l s o  determine t h e  dec i s ion  c r i t e r i a  app ropr i a t e  t o  each segment, 

based on c u r r e n t  r egu la to ry  c o n s t r a i n t s .  

I n  t h e  performance of t h i s  t a s k ,  t h e  Cont rac tor  s h a l l  work c l o s e l y  

wi th  t h e  o t h e r  DOE Cont rac tors ,  a s  s p e c i f i e d  by the  DOE Program Manager, 

i n  o r i e r  t o  i n s u r e  adequacy of form and content  f o r  Subtask 2.2 .analysis .  

Subtask 2.2 - Analysis  of t h e  Impact of Se l ec t ed  Economic/ 

Regulatory Modif ica t ions  

This t a s k  w i l l  u t i l i z e  t h e  r e s u l t s  of Subtask 2.1 i n  ana lyz ing  t h e  

impact of regulatory/economic changes on t h e  implementation of RBC u n i t s  

. arid -on f u e l  savings.  

Subtask 2.2.1 - S e l e c t i o n  and D e f i n i t i o n  of R e g a a t o ~  
. . .  

Changes 

The Cont rac tor  s h a l l ,  monitor ,  become f a m i l i a r  w i th  t h e  work o f ,  and 



gonsul t  w i th  t he  o t h e r  DOE Cont rac tors  working on t h i s  task.  I n  p a r t i c u l a r ,  

t he  Cont rac tor  w i l l  review t h e  r e s u l t s  t o  i n s u r e  t h e i r  adequacy i n  form 

and content  f o r  use  i n  Subtask 2.2.2. 

Subtask 2.2.2 - Calcu la t ion  of Changes i n  Implementation 

Q u a n t i t i e s  and Rates  

Based on methods used i n  t h e  economic and market assessment of t h e  

c u r r e n t  c o n t r a c t  and u t i l i z i n g  t h e  output  of Subtask 2.2.1, implementation 

r a t e s  under each r e g u l a t o r y  modi f ica t ion  s h a l l  be es t imated  f o r  t h e  per iod  

1981-1995. The economic o r  f i n a n c i a l  c r i t e r i a  o r  "hurdle  r a t e "  a s  e s t a b l i s h -  

ed i n  t h e  c u r r e n t  c o n t r a c t  s h a l l  be t h e  primary b a s i s  f o r  t h e  d e s c r i p t i o n  

of implementation r a t e s .  

The output  o f ' t h e  sub ta sk  s h a l l  b e ' a n  e s t i m a t e  of t h e  number of u n i t s  

t h a t  could be i n  s e r v i c e  vs. time, based on t h e  "hurdle  r a t e s . "  An appro- 

p r i a t e  p r e s e n t a t i o n  such a s  graphs o r  curves s h a l l  be u t i l i z e d  t o  i l l u s t r a t e  

t h e  implementation es t imates .  It is  noted t h a t  t h e  type  and va lue  of t h e  

hu rd le  r a t e s  w i l l  vary according t o  whether t he  p i p e l i n e  is FERC o r  s t a t e  

PUC regula ted .  FERC regu la t ed  p i p e l i n e s  s h a l l  be  emphasized i n  t h i s  sub- 

task .  

Rased on the  energy savings  due t o  bottoming cyc le s  t h a t  were de t e r -  

mined f o r  t h e  b a s e l i n e  case ,  t he  change i n  energy savings  r e s u l t i n g  from 

each r e g u l a t o r y  modi f ica t ion  t h a t  is  analyzed s h a l l  be determined. 

Subtask 2.2.3 - Costs  of Regulatory Changes 

A s  a  r e s u l t  o f  Subtask 2.2.2, a  pre l iminary  e s t i m a t e  of t h e  maximum 

i n c r e a s e  t h a t  would be  expected i n  adoption of bottoming c y c l e  u n i t s  and 

energy savings  due t o  r egu la to ry  changes w i l l  be known. However, c o s t s  

a r e  a s s o c i a t e d  wi th  t h e  r egu la to ry  changes. This  sub ta sk  w i l l  address  

t hese  cons ide ra t ions .  

The output  of Subtask 2.2.1 w i l l  be  u t i l i z e d  t o  e s t i m a t e  c o s t s ,  such 

as those  due t o  decreases  i n  Government revenues, changes i n  t he  p i p e l i n e  

t a r i f f  s t r u c t u r e ,  and o t h e r s  t h a t  may.be appropr i a t e .  Then, based on the  

- implementation r a t e s  of Subtask 2.2.2, a  g ros s  c o s t  va lue  s h a l l  b e . d e t e r -  

mined. This c o s t  e s t ima t ing  e x e r c i s e  s h a l l  draw p r i m a r i l y  from t h e  



e x p e r t i s e  gained i n  t h e  market segment d e s c r i p t i o n s  and p e n e t r a t i o n  r a c e s ,  

b u t  s h a l l  a l s o  r e q u i r e  s i g n i f i c a n t  i npu t  from t h e  e x p e r t i s e  gained i n  t h e  

r e g u l a t o r y  d e s c r i p t i o n s  and mod i f i ca t ions  s o  t h a t  g ros s  va lues  of c o s t  can 

b e  determined. 

The c o n t r a c t o r  s h a l l  p r i m a r i l y  address  t h e  c a l c u l a t i o n  of c o s t s ,  

r e l y i n g  on t h e  a s s o c i a t e d  DOE c o n t r a c t o r s  t o  provide  t h e  i n p u t  based on 

t h e i r  e x p e r t i s e  i n  r e g u l a t o r y  d e s c r i p t i o n s  and modi f ica t ions .  

Subtask 2.3 - . ~ o n c l u s i o n s  arSd Summary Report 

The conclus ions  a r i s i n g  from Subtasks 2.1 and 2.2 w i l l  b e  summarized 

a n d  incorpora ted  i n  a f i n a l  r e p o r t  which w i l l  docuinent t h e  work perfo'rmed 

under t h i s  s tudy.  The r e p o r t  s h a i i  be  submit ted t o  t h e  DOE Technica l  

' con t r ac t  Monitor i n  d r a f t  form f o r  review and comment. A f i n a l  r e p o r t  w i l l  

b e  submit ted w i t h i n  30 days of r e c e i p t  of DOE coinments; 

This  f i n a l  r e p o r t  is p r i m a r i l y  t h e  r e s p o n s i b i l i t y  of t h e  a s s o c i a t e d  

DOE. Con t r ac to r s ,  and t h e  Cont rac tor  s h a l l  only provide  c o n s u l t a t i o n  and 

a i d  i n  i nco rpora t ing  those  s e c t i o n s  f o r  which he  was r e spons ib l e .  

Task 3 - Evalua t ion  of Organic Working F lu ids  f o r  a  Na tu ra l  Gas 
. .  . . .  . 

P i p e l i n e  Rankine Bottoming Cycle I n s t a l l a t i o n  

Subtask 3.1 - P i p e l i n e  RBC I n s t a l l a t i o n  S i t e  S e l e c t i o n  

During t h i s  t a s k  AEP i n  conjunct ion  wi th  t h e  p i p e l i n e  r e p r e s e n t a t i v e  

w i l l  s e l e c t  a  s i t e  f o r  a p o t e n t i a l  RBC demonstrat ion system i n s t a l l a t i o n .  

This  s e l e c t i o n  t a s k  w i l l  draw heav i ly  upon t h e  r e s u l t s  of t h e  AEP p i p e l i n e  
. . 

~ o t t o m i n ~  Cycle Study ~ r o g r a h  and w i l l  be d i r e c t e d  toward t h e  bottoming of 

"an a i r c r a f t  d e r i v a t i v e  gas t u r b i n e  engine. 

Subtask 3.2 - 'Fluid S e l e c t i o n  and Pre l iminary  Evaluat ion 

The b a s i s  f o r  t h e  s e l e c t i o n  and ' eva lua t ion  of candida te  f l u i d s  w i l l  

be  e s t a b l i s h e d  by d e t a i l i n g  t h e  speci 'f  i c a t i o n s  a g a i n s t  .which these  f l u i d s  

w ' i l l ' be  evalua'ted. These s p e c i f i c a t i o n s  w i l l  be  determined on the  b a s i s  

of the ' t o t a l  s y s  tem o p e r a t i o n a l  and r equ i r ed  performance c h a r a c t e r i s  t i c s .  

F l u i d s  t o  be used i n  t h e  proposed program w i l l  i nc lude  to luene ,  propane, 



butane, methane ( a s  r e f e rence ) '  and .up t o  6 o t h e r s  t h a t  w i l l  be  determined by 

screening  a d d i t i o n a l  candidates .  ' The i n i t i a l  s e l e c t i o n  of a d d i t i o n a l  f l u i d s  

considered of p o t e n t i a l  i n t e r e s t  f o r  t h i s  program w i l l  be  used on MRC's 

knowledge of f l u i d s  p r o p e r t i e s  a s  func t ions  of chemical s t r u c t u r e  and t h e i r  

background i n  t h e  eva lua t ion  of f l u i d s  f o r  Rankine cyc l e  engines f o r  auto- 

motive engines and f o r  t h e  u t i l i z a t i o n  of s o l a r  energy. I n  cons ide ra t ion  

of t h e  f l u i d s  s t rong  guidance by t h e  chemical s t ruc ture- thermal  s t a b i l i t y  

c o r r e l a t i o n s  t h a t  have been-developed w i l l  be adhered t o  a n d ' f l u i d s  w i l l  

a l s o  be excluded t h a t  would be expected t o  pose problems because of m a t e r i a l s  

i ncompa t ib i l i t y ,  o i  because of adverse h e a i t h  o r  environmental e f f e c t s .  

Most of t h e  information f o r  t h e  i n i t i a l  sc reening  w i l l  be  obta ined  from 

d a t a  compilat ions i n  t h e  l i t e r a t u r e ,  by computerized l i t e r a t u r e  s ea rches ,  

from t r a d e  l i t e r a t u r e  and from t h e  Monsanto company's computerized f i l e s  

of t h e  thermophysical p r o p e r t i e s  of f l u i d s .  ,The i n i t i a l  s c r een ing  w i l l  

be  of t he  p a s s l f a i l  type. Candidate f l u i d s  t h a t  pass  t h i s  phase of evalua- 

t i o n  w i l l  be  su'bjected t o  experimental  t e s t i n g .  

Subtask 3.3 - Fluid  S t a b i l i t y  . :  

During t h i s  t a s k  thermochemical s t a b i l i t y  t e s t s  w i l l  be  conducted 

wi th  t h e  candida te  f l u i d s  i n  meta l  sample v i a l s  t o  s imu la t e  t h e  use  en- 

vironment and exposure. These w i l l  be  f a b r i c a t e d  from t h e  me ta l s  t h a t  " 

w i l l  con tac t  t h e  RBC working f l u i d  a t  e l eva t ed  temperatures .  The t e s t s  

w i l l  be conducted a t  t h e  maximum working temperature.  Tes t  d u r a t i o n s  

w i l l  be 1, 5, 9 and 1 3  days. Compounds t h a t  remain s t a b l e  a t  t h e  maximum 

working temperature w i l l  a l s o  be  t e s t e d  a t  100°F above t h i s  temperature.  

Tas t ing  a t  the l a t t e r  temperature w i l l  b e  conducted t o  d e t e c t  p o t e n t i a l  

prob.lems wi th  f l u i d s  t h a t  show no degrada t ion  dur ing  t h e  13-day t e s t s  a t  

t h e  maximum working ' temperature.  

The thermochemical s t a b i l i t y  t e s t s  w i l l  be  p a s s l f a i l  type determina- 

t i o n s  i n  t he  eva lua t ion  of candida te  f l u i d s ,  Only those  f l u i d s  t h a t  a r e  . 
completely s t a b l e  a t  t h e  maximum working temperature and a t  100°F above 

t h i s  temperature,  o r  t h a t  under go only  minimal degrada t ion  a t  t h e  l a t t e r  

temperature,  w i l l  be considered t o  have passed t h e  thermochemical s t a b i l i t y  

, eva lua t ion  wi th  t h e  s t a t i c  t e s t  system. 

The ewo feadlng cliadidate f l u i d s ,  evolving from a l l  ph.asc?.s of the 



testing and evaluation program, will be subjected to 1000-hr dynamic 

loop testing at the working temperature. The gaseous atmospheres of this 

test system, the fluids, and the internal surfaces of the test loop coils 

will be subjected to similar examinations and analyses as described for 

the static thermochemical stability tests. 

Subtask 3.4 - Materials Compatibility 

The candidate materials that will contact the fluid in the RBC system 

will be identified by GE. Welded low carbon, low alloy steel is the pre- 

ferred material in the hot, high-pressure section of the Rankine "engine. 

Its compatibility with the candidate fluids will be evaluated in conjunction 

with the thermnch~mical testing of fluids. All other materials that will 

c o n t a r t  tlw working fluid at tciiipe~aLures lower than thnss prevailing in 

the high-pressure section will be tested for compatibility at 300°F. 

The compatibillt~ of materials exterior to the gas tutbine/RBC sfitem ' 

installation, such as insulation, floor tiles and paint, will be deter- 

mined with the candidate fluids. Compatibility tests will also be cnnd.ucted 
/I _L 

with any elastomers, plastics, metals and solder materials,likely to be 

in contact with the fluids. Materials that absorb large quantities of a 

fluid, discolor extensively, dissolve in or react with the fluid, or 

catalyze the thermochemical degradiation of the tested fluid will be rated 

as incompatible with that fluid, 

Subtask 3.5 - Fire Safety Evaluation ' 

I 

The f f ~ e  saIery evaluation will consist of three types of activities: 

e Ignitability evaluation of fluids by tests that.simulate potential 

accident situations for the Rankine engine working fluids 

o Conception and recommendation of protective measure3 

Establishment of codes and regulations that apply to the use of 

fluids in locations where' the Rankine engines will bc pI.s.r=i?d into 

operation. 

Flash ignition temperature, fire point, autoignition temperature, 

manifold ignition temperature will be determined and a hot compartmeaL 

ignition test will be conducted for each candidate working fluid. A total 
system analysis will be performed considering all conceivable modes by 



which t h e  working f l u i d  could cause a c c i d e n t a l  f i r e s  a t  t h e  RBC i n s t a l l a -  

t i on .  Means f o r  minimizing f 2 r e  acc iden t  r i s l : ' w i l l , b e  def ined  and re-  

commended. The e x i s t e n c e  o r  absence of s t a t e  and l o c a l  f i r e  codes a t  t h e  

s p e c i f i e d  RBC i n s t a l l a t i o n  s i t e  w i l l  be  e s t a b l i s h e d  t o  a s s u r e  t h a t  t h e  

s e l e c t e d  f l u i d  w i l l  be  i n  compliance wi th  r egu la t ions .  

Subtask 3.6 - Health and Environmental Sa fe ty  Evalua t ion  

The fo l lowing  a c t i v i t i e s  w i l l  b e  performed t o  provide maximum possible 

assurance  t h a t  t h e . s e l e c t e d  working f l u i d  w i l l  n o t  pose human h e a l t h  en- 

v i ronmenta l  problems: 

Evaluat ion of t h e  candida te  f l u i d s  f o r  a c u t e  t o x i c i t y  and muta- 

g e n i c i t y  

Establ ishment  of b iodegrada t ion  c h a r a c t e r i s t i c s  

Establ ishment  of handl ing and a i s p o s a i  gu ide l ines .  

Level' 1 acu te  c y t o t o x i c i t y  'and metagenic i ty  t e s t s  w i l l ' b e  conducted. 

f o r  a l l  t h e  candida te  working f l u i d s  wi th  Level 2 and Level 3 t e s t i n g  a s  

deemed necessary.  The threshold  l i m i t i n g  va lues  f o r  exposure f o r  most 

candida te  f l u i d s  w i l l  be  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  For t h e  f l u i d s  . 

f o r  which t h e  d a t a  have no t  been r epor t ed ,  t h e  va lues  w i l l  be  determined. 

S ince  f l u i d  b iodegrada t ion  s t u d i e s  a r e  q u i t e  involved and time-consuming 

such s t u d i e s  w i l l  be  conducted only  wi th  t h e  prime candida te  f l u i d  i f  t h a t  

f l u i d  has a low vapor p re s su re  a t  ambient temperature.  Codes and o t h e r  

l e g a l  r e g u l a t i o n s  p e r t a i n i n g  t o  t h e  t r a n s p o r t a t i o n ,  handl ing  and d i s p o s a l  

of t h e  c a n d i d a t e ' f l u i d s  w i l l  a l s o  be e s t ab l i shed .  

Subtask 3 .7  - Rankine Cycle Evalua t ion  

C r i t e r i a  developed by David M i l l e r  of Monsanto Corporat ion i n  t h e  

s e a r c h  and s e l e c t i o n  of optimum working f l u i d s  f o r  automotive Rankine 

engines w i l l  be adapted t o  t h e  proposed program. A f l u i d  parameter 

developed dur ing  t h a t  s tudy ,  c a l l e d  the  I - f a c t o r ,  w i l l  be used a s  t h e  main 

thermodynamic screening  parameter.  I - f a c t o r s  which express  t he  tendency 

of  i s e n t r o p i c a l l y  expanding vapors  t o  converge wi th  o r  d ive rge  from s a t -  
\ 

ura t ed  vapor l i n e s  w i l l  be  c a l c u l a t e d . f o r  t h e  candida te  f l u i d s  u s ing  

a v a i l a b l e  computer programs. Complete Rankine cyc l e  e f f i c i e n c y  c a l c u l a t i o n s  



w i l l  be  conducted f o r  t h e  f l u i d s  t h a t  have a  high ranking on t h e  b a s i s  of  

. t h e  I - f ac to r  c a l c u l a t i o n s  and t h e i r  a p p l i c a b i l i t y  t o  t h e  p ipe l ine ,bot tom-  

i n g  cyc le  system w i l l  b e  determined. 

Subtask 3 . 8  .- F i n a l  Report 

' 1 
A f i n a l  r e p o r t  w t l l  be  d e t a i l i d g  t h e  r e s u l t s  and conclusions'  

I 
o f  t h e  f l u i d s  e v a l u a t i o n  f o r  t h e  n a t u r a l  gas bottoming cyc le  

a i n s t a l l a t i o n .  This  r e p o r t  w i l l  i nco rpora t e  t h e  previous ly  prepared t a s k  

r e p o r t s  i n t o  a  f i n a l  hocwnent t o  be submit ted f o r  approval.  
/ 

1 Phase I11 - Design and Construct ion 

Task 1 - Design 

Subtask 1.1 - Design S tud ie s  

Beginning w i t h  t h e  a n a l y s i s  of  t h e  s e l e c t e d  s i t e  performed i n  Phase 

11, Subtask 1.2, a  des ign  s tudy  s h a l l  be c a r r i e d  ou t  t o  de te rmine . the  

b e s t  des ign  p o i n t  cond i t i ons  f o r  t h e  s e l e c t e d  s i t e .  The r e s u l t  of t h i s  

s tudy  s h a l l  be  a  h e a t  ba lance  diagram f o r  t h e  bottoming cyc le  a t  des ign  
\ 

condi t ions .  From t h i s  diagram s h a l l  come t h e  des ign  requirements  f o r  

t h e  s e v e r a l  components of t h e  system. Included among t h e  components 

s h a l l  be a l l  a u x i l i a r y  equipment needed f o r  t h e  s a f e  and proper  ope ra t ion  

of t h e  bottoming cyc le  system inc lud ing  f i r e  p r o t e c t i o n  systems and t h e  

necessary  senso r s ,  a  s a f e  dump-tank f o r  s t o r a g e  of working f l u i d  i n  t h e  

event  of a f i r e ,  s e a l a n t  and lube  sytems and a  non-condensible removal 

system. The requirements  f o r  any enc losu res  o r  bu i ld ings  s h a l l  be explored. 

System des ign  c r i t e r i a  s h a l l  nex t  be compiled. These c r i t e r i a  s h a l l  

i nc lude ,  b u t  n o t  n e c e s s a r i l y  be l imi t ed  t o ,  t h e  fol lowing:  S t a t e  and 

Local  r e g u l a t i o n s ,  EPA and OSHA s t anda rds  and insurance  company .require- 

ments. I n  a d d i t i o n  t h e  fol lowing codes s h a l l  be  used where app ropr i a t e :  

a The ASME B o i l e r  Code 

a The ASME Unfired P res su re  Vessel  Code 

The ANSI Power P ip ing  Code 

a The TEMA Heat Exchanger Code 



'lie Nat iona l  E l e c t r i c  Code 

The NFPA Flammable and Combustible ~ i q u i d  Code 

Spec ia l  a t t e n t i o n  s h a l l  be g iven  t o  t h e  requirements and s e l e c t i o n  of 

s e a l s .  The number of s h a f t  s e a l s  s h a l l  be  minimized and cons ide ra t ion  

s h a l l  be given t o  whether such s e a l s  s h a l l  be placed where the  working 

f l u i d  p re s su re  i s  normally above o r  below atmospheric pressure .  The number 

of f l anges  i n  t h e  working f l u i d  p ip ing  a l s o  s h a l l  be minimized and types  

of gaske t s  o r  s e a l s  f o r  t h e  r equ i r ed  f l anges  s h a l l  be i d e n t i f i e d .  Valves 

wi th  both bellows and packing gland s h a l l  be considered a n d ' t h e  type .to 

be used s h a l l  be s e l ec t ed .  A l i s t  of approved materials of cons t ruc t ion  

f o r  t h e  s e v e r a l  components comprising t h e  working. f l udd  and .combustion gas 

envelopes s h a l l  be  compiled. These m a t e r i a l s  s h a l l  be s e l e c t e d  f o r  t h e  

app ropr i a t e  temperature ranges r e s u l t i n g  from t h e  a n t i c i p a t e d  ope ra t ing  

condi t ions  of t h e  bottoming cyc le  system. Considered a l s o  i n  t he  s e l e c t i o n  

of m a t e r i a l s  s h a l l  be t h e  thermal  s t a b i l i t y  of t he  working f l u i d ,  includ-  

i ng  t h e  c a t a l y t i c  e f f e c t  of m a t e r i a l s  on decomposition, co r ros ion ,  t he  

s t r e s s  l e v e l s  a n t i c i p a t e d . a n d  t h e  cos t  of t h e  m a t e r i a l s .  

A c o n t r o l  philosophy f ~ r  t h e  bottoming cyc le  system s h a l l  be es tab-  

l i shed .  This  c o n t r o l  philosophy s h a l l  i nc lude  a l l  a n t i c i p a t e d  o p e r a t i o n a l  

modes, i nc lud ing  emergency ope ra t ing  condi t ions .  It s h a l l  a l s o  inc lude  

p r o t e c t i o n  of t h e  working f l u i d  from thermal decomposition. The c o n t r o l  

ins t rumenta t ion  s h a l l  a l s o  be  considered. I n  o r d e r  t o  make t h e  design 

of t h e  bottoming cyc le  widely a p p l i c a b l e  t o  employment on va r ious  s i t e s  

and i n  conjunct ion wi th  t h e  s e v e r a l  s i m i l a r  gas  t u r b i n e s  s e l e c t e d  f o r  

t h i s  program, t h e  des igns  f o r  t h e  s e v e r a l  s i t e s  considered i n  t h i s  program 

s h a l i  be reviewed f o r  s i t e - r e l a t e d  o r  prime-mover-related d i f f e r ences .  

The appropr i a t e  design compromises s h a l l  be de l inea t ed  so  a s  t o  make t h e  

demonstrat ion hardware widely app l i cab le .  The ou tpu t  of t h e s e  des ign  

s t u d i e s  s h a l l  be t h e  r equ i r ed  informat ion  t o  i n i t i a t e  subtasks  1 .3  and 

1.5 ( ~ r c h i t e c t l ~ n ~ i n e e r  S i t i n g  Study and Design and Build S p e c i f i c a t i o n s ) .  

Subtask 1.2 - Pre l iminary  Turbine Design' 

Beginning wi th  t h e  a n a l y s i s  of t h e  s e l e c t e d  s i t e  performed i n  Phase 

11, 51:btask 1.2,  a pre l iminary  t u r b i n e  des ign  s h a l l  be i n i t i a t , e d  t o  de- 
f termine t h e  h e s t  design f o r  t h e  s e l e c t e d  s i t e .  The p r e l i m i ~ a r y  t u r b i n e  



des ign  t a s k  s h a l 1 , s u p p o r t  t h e  o v e r a l l  design Subtask 1.1 of Phase I11 

t o  a r r i v e  a t  t h e  des ign  p o i n t  condi t ions  of t h e  bottoming cyc les .  The 

pre l iminary  t u r b i n e  design s h a l l  be  c a r r i e d  out  by t h e  i fechanical  Drive 

Turbine Div is ion  of GE. The des ign  t a s k  s h a l l  provide the  MDTD componmt 

and GE ' s u f f i c i e n t  t i m e  t o  i n v e s t i g a t e  t h e  methods t o  i ncb rpora t e  t h e  

I s t andard  t u r b i n e  components and p r a c t i c e s  t a i l o r e d  t o  s i t e  s p e c i f i c  

parameters.  Under a  s e p a r a t e  Task 1.6 of Phase 111, t h e  f i n a l  t u r b i n e  

des ign  s h a l l  be  c a r r i e d  out  t o  meet t h e  schedule a s  pe r  th'e des ign /bu i ld  

s p e c i f i c a t i o n s  t h a t  s h a l l  be  generated a s  a  r e s u l t  of t h i s  t a s k  and Sub- 

t a s k  1.1. 

Subtask 1.3 - Subcontract  t o  Atchi tec t lEngineer  

The s t a t emen t  of work, inc luding  a  mi les tone  c h a r t ,  f o r  an  A r c h i t e c t /  

Engineer s h a l l  b e  prepared. An Archi tec t IEngineer  s h a l l  be  s e l e c t e d  and 

a  subcon t r ac t  f o r  s e r v i c e s  s h a l l  be placed. 

Subtask 1 .4  - Archi tec t /Engineer  S i t i n g  Study 

The Archi tec t /Engineer  s h a l l  c a r r y  ou t  a  s i t i n g  s tudy  i n  enough d e t a i l  

s o  t h a t  i n s t a l l a t i o n  c o s t s  can be es t imated  and, t h e  work schedules  e s t a b l i s h -  

ed. The s tudy  s h a l l  be  based upon t h e  work of Phase 111, Subtask 1.1 

(Design S t u d i e s ) ,  Phase 11, Task 1 (Demonstration P i p e l i n e  S i t e  Deter- 

mina t ion) ,  and Phase I ,  Task 2 (System Pre l iminary  Design (present  c o n t r a c t ) ) .  

1 n  t h i s  s tudy  by the Archi tec t /Engineer  t h e  emphasis s h a l l  be on mini- 

mizing t h e  i n s t a l l a t i o n  c o s t  w i t h i n  t h e  c o n s t r a i n t s ,  EPA and OSHA s tand-  

zrds and insurance  company requirements.  

Subtask 1.5 - Archi tec t /Engineer  Costs  and Schedules 

Based upon t h e  ~ r ~ h i t e c t l ~ n g i n e e r  S i t i n g  Study of  t h e  previous sub- 

t a s k  t h e  Archi tec t /Engineer  s h a l l  e s t ima te  t h e  i n s t a l l a t i o n  c o s t  and pre- 

p a r e  work schedules  f o r  t h e  i n s  t a l l a t i o n  a c t i v i t i e s .  

Subtask 1.6 - F i n a l  ~ u r b i n e  ~ e s i g n  

Based upon Phase 111, Task 1, Subtask 1.1 (Design S t u d i e s ) ,  Subtask 

1..2 (prel iminary Turbine Design),  Phase 11, Task I ( ~ e m o n ~ t r a ' t i o n  P i p e l i n e  

and S i t e  Determination) and Phase I, Task 2 (System Pre l iminary  Design), 



t h e  d e s i g n  s p e c i f i c a t i o n s  f o r  t h e  o r g a n i c  t u r b i n e  d e s i g n  f o r  t h e  bo t toming  

c y c l e  s h a l l  b e  t o  MDTD component of GE. 

A f t e r  complet ion of t h e  s i t e  s p e c i f i c  h e a t  ba lance ,  G E  s h a l l  i n i t i a t e  

t u r b i n e  f i n a l  d e s i g n  i n  o r d e r  t o  m e e t t h e  s c h e d u l e  r e a u i r e m e n t s .  The r e s u l t s  

and t h e  knowledge a c q u i r e d  i n  t h e  Sub task  1.2 o f  Phase  I1 s h a l l  b e  used 

t o  m e e t  t h e  schedu le .  The d e s i g n  w i l l  i n c o r p c r a t e  many s t a n d a r d  t u r b i n e  

components and p r a c t i c e ' s  t a i l o r e d  t o  s i t e  s p e c i f i c  p a r a m e t e r s ,  The b a s i c  

t u r b i n e  'des ign w i l l  cover  as wide an  a p p l i c a t i o n  range  as i s  p r a c t i c a l  fo'r 

v a r i a t i o n s  i n  h e a t  b a l a n c e  paramete rs .  The t u r b i n e  d e s i g n  w i l l  i n c o r p o r a t e  

areas i n c l u d i n g  thermo-dynamic l a y o u t ,  b e a r i n g s  and s e a l s ,  v a l v i n g ,  mech- 

a n i c a l  d e s i g n  and r o t o r  dynamic a n a l y s i s  and t u r b i n e  c o n t r o l s  and i n s t r u -  

menta t ion .  Th is  Subtaak 1 . 6  w i l l  r e s u l t  i n  a d e s i g n  t o  b e  f a b r i c a t e d  i n  

Sub task  2.1 of Task ,2. 

Sub task  1.7 - Design and B u i l d ' s p e c i f i c a t i o n s  

Based upon Phase  111, Task 1, Subtask  1.1 (Design S t u d i e s ) ,  Sub task  

1.2 ( P r e l i m i n a r y  Turb ine  Des ign) ,  Phase  11, Task 1 (Demonstra t ion Pipe- 

l i n e  and S i t e  D e t e r m i n a t i o n ) ,  and Phase  I ,  Task 2 (sys tem P r e l i m i n a r y  

Design),  t h a  c > ~ s i g n  s p e c i f i c a t i o n s  f o r  t h e  s e v e r a l  components o f  t h e  

bot.tomicg c,,cie system s h a l 1 , b e  w r i t t e n .  These s p e c i f i c a t i o n s  s h a l l  b e  

used t o  s e c u r e  b i d s  f o r  t h e  c o n s t r u c t i o n  of' sys tem components by vendors . ,  

The s p e c i f i c a t i o n s  s h a l l  complete ly  d e f i n e  t h e  f u n c t i o n s  o f  t h e  s e v e r a l  . 

components, t h e  range  o v e r  which t h e y  s h a l l  be  des igned  t o  o p e r a t e ,  and .. 

t h e  d e s i g n  c o n d i t i o n s  which a r e  c o n s i s t e n t  w i t h  t h e  d e s i g n  p o i n t  o f  t h e  

system. The d e s i g n  s p e c i f i c a t i o n s  s h a l l  b e  p r e p a r e d  f o r  t h e  f o l l o w i n g  

components : 

1.7.1 Vapor g e n e r a t o r  i n c l u d i n g  £ . i re  p r o t e c t i o n  sys tems  and s e n s o r s .  

1.7.2 Condenser, i n c l u d i n g  f a n s  and motors .  

1.7.3 D i v e r t e r  v a l v e .  

1.7.4 Load a p p a r a t u s ,  i n c l u d i n g  a l l  a u x i l i a r i e s .  

1 . 7 5  Feed pump and d r i v e ,  i n c l u d i n g  l u b e  and s e a l a n t  sys tem.  

1.7.6 rower  package,  i n c l u d i n g  s u r g e  t a n k ,  non-condensible  

e x t r a c t i o n ,  dump tank  and mounting s k i d .  

1.7.7 C o n t r o l  sys tem,  i n c l u d i n g  i n s t r u m e n t a t i o n ,  c a b i n e t  and 

a n n u n c i a t o r  p a n e l s  and equipment. 
. . 



The l e v e l  o f  q u a l i t y  c o n t r o l  r e q u i r e d ' i n  f a b r i c a t i o n  o f  t h e  components 

s h a l l  be  de te rmined  and i n c o r p o r a t e d  i n  t h e  d e s i g n  s p e c i f i c a t i o n s .  

S u b t a s k  1 .8  - Component Bids  

The d e s i g n  s p e c i f i c a t i o n s  w r i t t e n  i n  t h e  p r e v i o u s  s u b t a s k  s h a l l  b e  
. . 

s e n t  o u t  f o r .  b i d s .  The b i d d e r s  f o r  each component s h a l l  i n c l u d e ,  where 

p o s s i b l e ,  more t h a n  thr .ze  vendors .  P r i o r  t o ' t h e  s e l e c t i o n  of vendors  f o r  

the '  b idder . s  l i s t  a  se t  of q u a l i f y i n g  c r i t e r i a  f o r  vendors  s h a l l  b e  drawn 

up. The vendors  f o r  t h e  l i s t  s h a l l  b e  chosen because  t h e y  meet t h e  e s t a b l i s h -  

: ed c r i t e r i a .  

The b i d s  s h a l l  b e  e v a l u a t e d . f o r  compliance w i t h  a l l  s p e c i f i c a t i o n s  on 

d e l i v e r y ,  p r i c e ,  c a p a b i l i t y  and  r e c e n t  performance.  A Purchase  Order s h a l l  . . 

b e  p l a c e d  w i t h  t h e  s e l e c t e d  vendor f o r  each.component .  A  make o r  buy de- 

c i s i o n  on t h e  t u r b i n e  s h a l l  b e  made by t h e  prime c o n t r a c t o r .  

Sub task  1 .9  - Design Components . 

Based upon t h e  d e s i g n  s p e c i f i c a t i o n s  t h e  vendors  s h a l l  d e s i g n  t h e  

s e v e r a l  components and p r o v i d e  p r i c e  and d e l i v e r y .  1 n s t . a f l a t i o n  drawings 

f o r  t h e , s e v e r a l  components w i t h  c e r t i f i e d  dimensions  s h a l l  be  p rov ided .  

Component d e s i g n s  s h a l l  be  made f o r  t h e  f o l l o w i n g  components: 

1 .9 .1  Vapor g e n e r a t o r ,  i n c l u d i n g  f i r e  p r o t e c t i o n  systems and s e n s o r s ,  

1.9.2 Condenser,  i n c l u d i n g  f a n s  ,and motors .  

. l .9.3 U i v e r t e r  v a l v e .  

1 .9 .4  Load a p p a r a t u s ,  i n c l u d i n g  a l l  a u x i l i a r i e s . .  

1 .9 .5  Feed pump and d r i v e ,  i n c l u d i n g  l u b e  and s e a l a n t  sys tems.  
. . 

1.9.6 Pover  Package,  i n c l u d i n g  s u r g e  . t ank ,  non-co idqns ib le  e x t r a c t i o n ,  

dump t a n k ,  and mounting skid ' .  

. , .  1.9.7 C O I I L L U ~  s y s ~ e m ,  1 1 ~ ~ 1 u d i 1 ~ g  l r ~ s t r u r n e n c a ~ i o n ,  c a b i n e r s  and an- 

. . n u n c i a t o r  p a n e l s  and' equipment.  

Sub task  1 .10  - A r c h i t e c t I E n g i n e e r  S i t e  Design 

Based upon Phase  111, Task 1, Subtask  1 . 3  ( S i t i n g  S t u d y ) ,  and Subtask  

1 .9  (Design Components) t h c  A r c h i t c c t / E n g i n e e r  s h a l l  make tlie L i n a l  s i ~ e  

d e s i g n  f o r  t h e  i n s t a l l a t i o n  o f  t h e  bo t toming  c y c l e  and l o a d  components. 

I n  t h i s  d e s i g n  t h e  vendor  drawings w i t h  c e r t i f i e d  dimensions  s h a l l  b e  



u t i l i zed . .  The f i n a l  layouts  and cons t ruc t ion  d e t a i l s  s h a l l  be approved by 

t h e  prime c o n t r a c t o r  and t h e  h o s t  p i p e l i n e  company. The s i t e  des ign  s h a l l .  

i nc lude ,  b u t  n o t  n e c e s s a r i l y  be l imi ted :  . to ,  t h e  fol lowing:  

, ~ r r a n ~ e m e n t  of t h e  apparatus .  

Foundations and s t r u c t u r e s  f o r  t h e  bottoming cyc le  appara tus  

and t h e  load machinery. ' . 

Piping ,  duc t ing ,  w i r ing  and e l e c t r i c a l  equipment. 

' S i t e  improvements. 

a Const ruc t ion  and i n s t a l l a t i o n  drawings and s p e c i f i c a t i o n s .  

Sub t a s k  1.11 - Secure I n s  t a l l a t i o n  'Bids ' 

The prime c o n t r a c t o r . s h a l l  w i th  t h e . a s s i s t a n c e  of t h e  A r c h i t e c t /  

Engineer compile a  .list of app roved ,cons t ruc t ion  c o n t r a c t o r s .  Q u a l i f i c a -  

t i o n s  f o r  l i s t i n g  s h a l l  be de l inea t ed  p r i o r  t o  t he  s e l e c t i o n  of t h e  con- 

s t r u c t i o n , c o n t r a c t o r :  Bids s h a l l  be  s e n t  ou t  t o  b idders  on t h e  approved 

list.  The re turned  b i d s  s h a l l  be eva lua ted  f o r  compliance wi th  s p e c i f  i ca -  

t i o n s ,  p r i c e ,  d e l i v e r y ,  c a p a b i l i t y ,  and r e c e n t  performance. A Purchase 

Order s h a l l  be placed wi th  t h e  s e l e c t e d  vendor. 

Task 2  - Fabr i ca t ion  

Subtask '2.1 - Orgain ic  Vapor Turbine Fabr i ca t ion  

The o rgan ic  vapor t u r b i n e  and acces so r i e s  inc luding  the  lube  and 

s e a l a n t  s'ystems s h a l l  be f a b r i c a t e d  under Subtask 2.1 by M e c h a ~ i c a l  Drive 

Turbine Div is ion  (MDTD) of GE i n  accordance wi th  the  design made i n  Sub- 

t a s k  1.6. . The t u r b i n e  f a b r i c a t i o n  s h a l l  be  inspec ted  t o  'as,sure f u l l  

compliance with des ign  requirements.  

Subtask 2.2 - Fabr i ca t ion  of Other Bottoming Cycle Components 

The Subtasks 2.2 through 2.7 involve  the  f a b r i c a t i o n  of t h e  bottoming 

cyc le  components by t h e  vendors. The bottoming cyc le  components s h a l l  .be 

f a b r i c a t e d  according t o  t h e  s p e c i f i c a t i o n s  generated i n  Subtask 1.7 - 
(Design and Build S p e c i f i c a t i o n s )  and t h e  d e l i v e r y  schedule e s t a b l i s h e d  

by the  vendor i.1 h i s  b i d ;  Subtask 1 .8  (Component Bids) .  The components 

rece ived  s h a l l  comply with t h e  q u a l i t y  c o n t r o l  s p e c i f i c a t i o n s  de l inea t ed  

i n  Subtask 1.7 - (Design and Build S p e c i f i c a t i o n s ) .  ,The  components s h a l l  

be  i n spec t ed .  t o  assure. cnmp3.iance wi th  t h e  design s p e c i f i c a t i o n s ,  ' Com- 

ponents n o t  i n  compliance wi th  the  s p e c i f i c a t i o n s  o r  q u a l i t y  c o n t r o l  



r e q u i r e m e n t s  s h a l l  be  r e j e c t e d  u n l e s s  found t o  be  a c c e p t a b l e  by a  d e s i g n a t e d  

r e p r e s e n t a t i v e  o f  t h e  prime c o n t r a c t o r .  The f o l l o w i n g  components s h a l l  be  

f  a b ~ i c a t e d  a c c o r d i n g  t o  t h e  above requ i rements  : . 

2.2 Vapor g e n e r a t o r ,  i n c l u d i n g  f i r e  p r o t e c t i o n  system and s e n s o r s .  

2.3 Condenser,  i n c l u d i n g  f a n s  and motors.  
. . 

2 .4  D i v e r t e r  v a l v e .  

2.5 ~ o a d  a p p a r a t u s ,  i n c l u d i n g  a l l  a u x i l i a r i e s .  

' 2.6 Feed pump and d r i v e ,  ' i n c l u d i n g  l u b e  and s e a l a n t  sys tems.  

2.7 C o n t r o l  sys tem,  i n c l u d i n g  i n s t r u m e n t a t i o n ,  c a b i n e t s ,  and annunc- 

i a t o r  p a n e l s  and equipment.  

S imul taneous ly  under  a  s e p a r a t e  Sub task  2 .8 ,  GE.wi l1  f a b r i c a t e  powet: 

package,  i n c l u d i n g  s u r g e  t a n k ,  non-condensible  e x t r a c t o r ,  dump t a n k  and 

mounting s k i d .  

Task 3 - V e r i l i c a t i o n  

It is expec ted  t h a t  d e ~ i g n  v e r i f i c a t i o n  t e s t i n g  w i l l  be  r e q u i r e d  on t h e  

b e a r i n g s  and s e a l s  f o r  t h e  t o l u e n e  system. R o t a t i n g  test u n i t s  w i l l  b e  

r e q u i r e d  f o r  t h e  b e a r i n g  and s e a l  t e s t  f a c i l i t i e s .  The s e a l  t e s t  u n i t  

b e s i d e s  t e s t i n g  r o t a t i n g  s e a l s  a t  approx imate ly  t h e  d e s i g n  r o t a t i v e  speed  

o f  t h e  proposed equipment w i l l  a l s o  t e s t  t h e  packing o f  a t .yp ica1  v a l v e  i n  

t h e  sys tem and t h e  g a s k e t  o r  s e a l  m a t e r i a l  f o r  t y p i c a l  f l a n g e d  j o i n t s .  

S u b t a s k  3.  I - T c s t  U n i t  and F a c i l i t y  Modi f ica t io t l  D e s a  

A t e s t  p l a n  t b  v e r i f y  t h e  d e s i g n  of t h e  b e a r i n g s  and t h e  r o t a t i n g ,  

v a l v e  stem' and f l a n g e d  j o i n t  sea? .  s h a l l  be  p repared .  A t e s t  u n i t  s h a l l  b e  
3 

d e s i g n e d  f o r  t h e  e x i s t i n g  tes t  f a c i l . i t i ~ . s ,  inc3i.lrli.n.g t e s t  i n s t r u m e n t a t i o n ,  

t o  c a r r y  o u t  the. p lanned t e s t s .  The t es t :  u n i t  s h a l l  contain a fril.1-si.ze 

b e a r i n g  and r o t a t i n g  seal a s  w e l l  a s  t y p i c a l  v a l v e  and flaL1ged j o i n t .  The 

c o n f i g u r a t i o n ( s )  of t h e  b e a r i n g s ,  r o t a t i n g  s e a l ,  v a l v e  packing and f l ange  

g a s k e t  o r  s e a l  s h a l l  be  des igned .  Fol lowing t h i s  t h e  r e q u i r e d  m o d i f i c a t i o n s  

o f  t h e  e x i s t i n g  f a c i l i t i e s  s h a l l  be  des igned  i n  s u f f i c i e n t  de ta i l .  t o  pe rmi t  

f a b r i c a t i o n .  

S u b t a s k  3 .2  - T e s t  F a b r i c a t i o n  and ' M o d i f i c a t i o n  



The t e s t . u n i t  s h a l l  be f a b r i c a t e d  according t o  t h e  des ign  drawings 

and s p e c i f i c a t i o n s  and t h e  ins t rumenta t ion  s h a l l  be  i n s t a l l e d .  

Subtask 3.3 - ~ a c i l i t ~  P repa ra t ion  . . I 

. . 

. . . The e x i s t i n g  t e s t  f a c i l i t i e s  s h a l l  be  modified f o r  t h e  new t e s t  u n i t  

and t h e  test u n i t  s h a l l  be i n s t a l l e d .  The t e s t  u n i t  i n s t rumen ta t ion  s h a l l  

be connected t o  t h e  app ropr i a t e  readout .  

Subtask 3.4. - V e r i f i c a t i o n  T e s t i n g  

The v e r i f i c a t i o n  t e s t i n g  s h a l l  be  c a r r i e d  o u t  according t o  the. t e s t  

p l an  w r i t t e n  i n  Subtask 3.1.- 
. . 

Subtask 3.5 - Test  Documentation 

, A r e p o r t  s h a l l  be prepared documenting t h e  bea r ings ,  r o t a t i n g ,  va lve  

stem and f langed- jo in t  s e a l  d e s i g n ; . t h e  t e s t  u n i t  des ign ,  . t h e  . f a c i l i t y  

mod i f i ca t ions ,  t he  in s t rumen t s t ion  and t h e  r e s u l t s  of t h e  v e r i f i c a t i o n  

t e s t s .  

, ?  

Task 4 - Tra in ing  

Subtask 4.1 - Opera t iona l  Mznual P repa ra t ion  

A manual s h a l l  be w r i t t e n  which d e s c r i b e s  t he  ope ra t ion  of t h e  bottom- , 
i n g  cyc l e  wi th  t h e  gas t u r b i n e  t o  which i t  is a t t ached ,  inc luding  eme;gency 

procedures.  The manual s h a l l  a l s o  d e s c r i b e  t h e  bottoming cyc le  appa ra tus  

and i ts  maintenance and r e p a i r .  P e r t i n e n t  in format ion  obta ined  from t h e  

bottoming cyc le  checkout s h a l l  be placed i n  t h s  manual. 

Subtask 4.2 - Hands-Off T ra in ing  

T h e , c o n t r a c t o r  s h a l l  c a r r y  out  t h e  t r a i n i n g  of p i p e l i n e  personnel  

u t i l i z i n g  the  Operational.  Manual. The t r a i n i n g  s h a l l  inc lude  ope ra t ion ,  

maintenance and r e p a i r  of t h e  bottoming cyc1.e app=ra t i i s ,  

Task 5 - Contrac tor  I n s t a l l a t i o n  and Checkout 

Subtask 5 .1  - I n s t a l l a t i o n  



The c o n s t r u c t i o n  c o n t r a c t o r  s h a l l  i n s t a l l  t h e  bot toming c y c l e  and 

l o a d  a p p a r a t u s  a c c o r d i n g  t o  t h e  pl.an and s c h e d u l e  of t h e  A r c h i t e c t I E n g i n e e r  

developed i n  Sub task  1 .10 (A/E S i t e  Des ign) .  The prime C o n t r a c t o r  s h a l l  

p r o v i d e  t e c h n i c a l  s u p p o r t  i n  t h e  i n s t a l l a t i o n  of t h e  bot toming c y c l e  and 

l o a d  a p p a r a t u s .  The i n s t a l l z i t i o n  s h a l l  be i n s p e c t e d  by t h e  A r c h i t e c t 1  

Engineer  a n d / o r  by a r e p r e s e n t a t i v e  of t h e  P i p e l i n e  Company. The i n s t a l l a -  

t i o n  s h a l l  i n c l u d e ,  b u t  n o t  n e c e s s a r i l y  be  l i m i t e d  t o ,  t h e  following' :  

5 . 1 . 1  ?apor g e n e r a t o r ,  i n c l u d i n g  f i r e  . p r o t e c t i o n  s y s  tem and s e n s o r s  

5.1.2 Condenser,  i n c l u d i n g  f a n s  and motors 

. 5.1 .3  D i v e r t e r  v a l v e  

5.1.4 Load a p p a r a t u s ,  - - i n c l u d i n g  a l l  a u x i l i a r i e s  

5.1.5 Power package,  i n c l u d i n g  t h e  f o l l o w i n g :  

o Turb ine  and a c c e s s o r i e s ,  i n c l u d i n g  l u b e  and s e a l a n t  

s y s  terns 

o Feed. pump and d r i v e ,  ' i n c l u d i n g  l u b e  and sea lan t -  sysle;.s 

u 3 u ~ . g e  Lauk, ~ i ~ ~ ~ - c u i i d d e s ~ b l e  exrraceioii,  dump t a n k  and 

mounting s k i d  

5.1.6 C o n t r o l s ,  inc lud i i lg  i n s t r u m e n t a t i o n ,  c a b i n e t s ,  and a n n u n c i a t o r  

p a n e l  and equipment 

The c o n s t r u c t i o n  c o n t r a c t o r  s h a l l  check o u t  a11 equipment .and appa.rat.ils 

l i s t e d  above t o  a s s u r e  t h a t  t h e  b,ottoming c y c l e  and l o a d  a p p a r a t u s  w i l l  

f u n c t i o n  a s  i n t e n d e d  on s t a r t u p .  The checkout  of t h e  above equipment and 

a p p a r a t u s  s h a l l  be  approved by t h e  A r c h i t e c t I E n g i n e e r  a n d / o r  t h e  r e p r e s e n t a -  

t i v e  of t h e  P i p e l i n e  company b e f o r e  t h e  a p p a r a t u s  i s  a c c e p t e d  from t h e  

C o n s t r u c t i o n  C o n t r a c t o r .  

Task 6 - Repor t  

The C o n t r a c t o r  s h a l l  submit  a  r e p o r t  which documents t h e  p e r t i n e n t  

a c t i v i t e s  and d a t a  of Phase  111, Cons t ruc t ion .  The r e p o r t  s h a l l  document 

t h e  Design S tud ie .  , t h e  A/d S i t i n g  S tudy ,  t h e  Bottoming Cycle Drawings 

and S p e c i f i c a t i o n s ,  t h e  Component Designs ,  t h e  Design V q r i f i c a t i o n  R e s u l t s  

and, t h e  R e s u l t s  of t h e  Bottoming Cycle Checkout. 



Phase I V  - Demonstra t ion 

Task 1 - Shakedown 

S u b t ~ s k  1.1 - S t a r t u p  

I n i t i a l l y  a  t e s t  p l a n  s h a l l  be  p r e p a r e d  f o r  t h e  s t a r t u p  t e s t i n g ,  

i n c l u d i n g  o b j e c t i v e s ,  p rocedures  t o  b e  fo l lowed ,  d e s c r i p t i o n  o f  t e s t  

equipment ( i n c l u d i n g  a c c u r a c y ) ,  o p e r a t i n g . . c o n d i t i o n s  and schedu le .  S t a r t u p  

t e s t i n g  s h a l l  then  b e  c a r r i e d  o u t  i n  accordance  w i t h  t h e  t e s t  p l a n .  The 

r e s u l t s  s h a l l  b e  documented i n  a r e p o r t .  

Sub task  1.2 - Hands-On T r a i n i n g  

The p i p e l i n e  o p e r a t i n g  ' p e r s o n n e l  s h a l l  b e  g iven  hands-on t r a i n i n g  d u r i n g  1 

t h e  s t a r t u p  t e s t i n g .  The C o n t r a c t o r ' s  t r a i n i n g  p e r s o n n e l  s h a l l  o v e r s e e  t h e  

hands-on t r a i n i n g .  

Task 2 - Opera t ion  

The running o f  t h e  bot toming c y c l e  a p p a r a t u s  d u r i n g  t h e  d e m o n s t r a t i o n  

s h a l l  be  c a r r i e d  o u t  by t h e  p i p e l i n e  company p e r s o n n e l  under  a c t u a l  p i p e l i n e  

o p e r a t i n g  c o n d i t i o n s .  During o p e r a t i o n  performance d a t a  s h a l l  be  measured,  

o p e r a t i n g  problems s h a l l  be  de f ined , ,main tanence  r e q u i r e d  s h a l l  b e  n o t e d ,  

t h e  p e r s o n n e l  r e q u i r e d  s h a l l  b e  documented and o p e r a t i n g  c o s t s  s h a l l  b e  

determined.  

Task 3 - . E v a l u a t e  and Dissemina te  R e s u l t s  

SuLtu3 lc  3 . 1  - Evaluatinn . 

The d a t a  g e n e r a t e d  d u r i n g  o p e r a t i o n  s h a l l  be  used t o  d e t e r m i n e  bottom-' 

i n g  c y c l e  o f f -des ign  performance and turn-down r a t i o s .  I n  a d d i t i o n  o p e r a t i n g  

problems s h a l l  be  analyz .ed,  maintenance requ i rements  de te rmined ,  c o s t  o f  

s e r v i c e  computed, and r e q u i r e d  numbers o f  o p e r a t i n g  p e r s o n n e l  d e l i n e a t e d .  

The f i n d i n g s  under Task 3 . 1  ( E v a l u a t i o n )  s h a l l  be documented. 

Sub task  3.2 - Dissemina t ion  o f  I n f o r m a t i o n  

The C o n t r a c t o r ,  i n  c o o p e r a t i o n  w i t h  t h e  p i p e l i n e  company, s h a l l  
. . .  



dissemina te  t h e  r e s u l t s  of t h e  o p e r a t i o n a l  t e s t i n g  and o t h e r  p e r t i n e n t  

in format ion  about t h e  bottoming c y c l e  appara tus ,  through the  t r a d e  assoc ia -  

t i o n s ,  such as t h e  American Gas Assoc ia t ion ,  and through t h e  p e r t i n e n t  

engineer ing  s o c i e t i e s .  
/ 

Task 4 - Report 

The Con t r ac to r  s h a l l  p r epa re  a  r e p o r t  on t h e  Phase I V  a c t i v i t i e s .  

The r e p o r t  s h a l l  inc lude  t h e  r e s u l t s  bf t h e  appara tus  shakedown a c t i v i t i e s ,  

t he  f i n d i n g s  dur ing  o p e r a t i o n a l  - t e s t i n g  concerning system performance, 

o p e r a t i n g  problems, t h e  c o s t  of s e r v i c e ,  maintenance c o s t ,  frequency. and 

procedures.  



. . .  
APPENDIX- D 

.. . 

PROGRAM SCHEDULE 

. . . . 

. On: . the fol lowing pages , t h e  program. schedules .  f o r  t h e  Phase 11, Phase 

I11 and phase I V  'of'  .the ~ e ~ a r t m e n t  of Energy P i p e l i n e  Bottoming Cycle ,  

Prograin a r e  shown i n  g r e a t e r  d e t a i l .  The mas te r  s c h e d u l e . f o r  t h e ' e n t i r e  

program was shown i n  Figure 10-1 of t h i s  r e p o r t .  T h e  fo l lowing  schedule  

c h a r t s  i n d i c a t e  t h e  mi l e s tones  £0; t h e  e n t i r e  program by t a s k  i n  each 
. . 

phase of t h e  program. . .The e n t i r e  program is  shown t o  l a s t  f o r  48 months 

s t a r t i n g  w i t h  t h e  "Directed S tudies"  t a s k  i n  Phase I1 i n  June 1979 through 

t h e  r e p o r t  on t h e  demonstrat ion of t h e  Bottoming c y c l e  appa ra tu s  'on a 
7 

p a r t i c i p a t i n g  p i p e l i n e  i n  Phase I V . i n  May 1983. 
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5.1.3 DIVERTER VALVE 

5.2 CHECKOUT 1 I 
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