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For convenience, t h e  mate r i a l  covered i n  t h i s  s tudy  i s  divided 
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f o u r  modes from t h e  s tandpolnt  of the  use r ,  f u e l  supp l ie r  and t h e  engine 
des igner .  The d e t a i l e d  d iscuss ion and documentation of t h e  d a t a  base is 
i n  Volume 111, which has  been subdivided i n t o  four  a r e a s  due t o  t h e  s i z e  
of the  repor t .  Volume I11 conta ins  a l l  of the  re fe rences  f o r  t h e  d a t a  
used i n  t h e  prel iminary screening.  The information i n  t h e  f o u r  volumes 
is as follows.  

volume IIXA conta ins  Sect ions  l' through 5, and covers  t h e  back- 
ground information on the  va r ious  prime movers used i n  t h e  non-highway 
t r a n s p o r t a t i o n  a r e a ,  . the  physica l  proper ty  d a t a ,  t h e  fuel-.prime mover 
i n t e r a c t i o n  and a review of some a l t e r n a t e  energy forms.. The f i v e  s e c t i o n s  
are a s  follows: 

Sect ion 1--Prime Movers and Fuels  Used i n  ~ o n - ~ i ~ h w a ~  Transpor ta t ion  
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Sect ion 3--Physical Property Data 

Sect ion 4--Prime Mover-Fuel I n t e r a c t i o n  

Sec t ion  5--Review of P o t e n t i a l  f o r  Al te rna te  Energy Forms f o r  Non- 
Highway Transportation--Fuel C e l l s ,  Nuclear and D i r e c t  So la r  

Volume I I I B  covers  t h e  economics of producing, t r a n s p o r t i n g ,  and 
d i s t r i b u t i n g  the  va r ious  f u e l s .  There a r e  two se,ct ions i n  t h i s  volume. 

Sect ion 6--Economics of Production 

Sect ion 7-Economics of Transpor ta t ion ,  D i s t r i b u t i o n  and Storage  

Volume IIIC is  concerned wi th  t h e  environment i s s u e s  i n  production 
and use  of t h e  f u e l s ,  t h e  energy e f f i c i e n c y  , i n  u s e .  and production,  t h e  f u e l  
l o g i s t i c s  cons ide ra t ions ,  and t h e  o v e r a l l  r a t i n g s  and s e l e c t i o n  of t h e  f u e l s  
and priine movers f o r  the  d e t a i l e d  evaluat ion.  The seven s e c t i o n s  i n  t h i s  
volume a r e  a s  fol lows:  

Sect ion 8'--~nvironmen t a l  Impact in Product ion  

Sect ion 9--In-Use Emissions wi th  A l t e r n a t e  Fuels  

Sect ion 10--Energy Eff ic iency i n  Production 
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Section' 12--Fuel Logistics--Resource Availability, Compatibility vith 
Present Fuel. and Distribution System,. ~nternational/ 
Military Considerations 

Section 13--Overall Rating of Fuels/Prime Movers 

Section 14--Selection of Fuels for Detailed Evaluation 

Volume IIID. covers the demand-related issues. The four sections 
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Section 15-Energy Supply/~emand Projections 

Section 16--Military and International Considerations 

, Section 17--Institutional Issues 

Section 18--Experiment in Probabilistic Forecasting 
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1. INTRODUCTION, OBJECTIVES AND STRUCTURE OF ' REPORT 

Introduction 

The United states faces a serious problem with regard to 
petroleum and ni. tural gas. These two fuels presently. s.upply essentially 
a 1  1 of the enersy needs for the non-hi ghway transportation' system (aircraft , 
rail , marine and pipe1 ine) . While .the non-highway modes of transportation 
accounted for only around 25% of the transportation energy usage in 1975, 
these modes are important in the handling of freight. .Any disruption in. 
the movement of freight due to non-availability of fuels would .have a 
devastating effect on the, U. S. economy. 

Domestic production of,petroleum and natural gas has peaked and 
worldwide production is forecast to peak by the end of the century. 
Petroleum imports are, therefore, not the long-term solution., and the U.S. 
and other countries need to prepare now for th'e "post-petroleum" fuel era. 
With the long lead t.imes to develop.new engines and alternate fuels supplies, 
serious consideration, needs'to be given now to future fuels for each of 
these modes. 

The study was divided into four major areas: ( 1 )  a literature 
review of alternate fuels and prime.movers; (2) a preliminary screening 
of various alternate fuels and prime movers which established the basic 
data for the study and which allowed the number of fuels to be narrowed 
down for the detailed evaluation phase; (3) a detailed evaluation ,of the' 
four modes of transportation from ttie,standpoint of the user, the fuel 
suppl ier, and the engine .des.igner; and (4). an evaluation of the 
demand-related issues. 

Objectives 

The overall objectives for the study were: 

1. Examine choices for alternate fuels in each mode 
Present (now to 1985) 
Mid Term (1985-2000) 
Long Term (2000+) ' 

2. Recommend R&D ideas for each mode 

The objectives for the prel iminary scr'eening phase were as 
fol 1 ows : 

1. Develop a method of ranking.alternate fuels and prime 
movers. 

2. Establish the basic data on fuels and prime movers to be 
used in the preliminary screening and the detailed evaluation 
in the following areas. 



Fuels 

a Cost to produce and transport .fuels 
a Energy efffciency to produce' fuels 
a Environmental impact in manufacture 
a Fuel properties 
a Fuel/prime mover capability 
e Logistics considerations 

Prime Movers I 

a Efficiency of various engines 
a Environmental impact in use 
a Characteristics of engines 

3. . Narrow down the list of alternate fuels/prime movers 
for a more in-depth study. 

The objectives for the detailed evaluation phase were as follows: 

Make a detailed evaluation of the most likely candidates 
that were identified in the preliminary screening for each 
mode of non-highway transportation. This will' include 
determining the overall economics of using the various 
fuels in the different prime movers.. 

Develop ranking of fuel choices and prime movers by mode 
and time frame. 

3. Develop R&D suggestions for each mode of non-highway 
transportation. 

Structure of Report 

This report is in nine sections. Section 2 gives the overall 
summary and conclusions, the future outlook for each mode'of transportation 
and the R&D suggestions by mode of transportation. Section 3 covers the 
preliminary screening phase and includes a summary of the data base used 
in this study. Section 4 presents the methodology used to select the 
fuels and prime movers for the detailed study. Sections 5-8 cover the 
detailed evaluation of the pipeline, marine, railroad and aircraft modes 
of transportation. Section 9 covers the demand related issues. 



2 . .  SUMMARY AND CONCLUSIONS, FLJTURE OUTLOOK FOR' FUELS FOR 
EACH MODE ,AND R&D SUGGESTIONS 

2 .1  Pre l iminary  Screening of Fuels  and Prime Movers . 

Eighteen d i f f e r e n t  a l t e r n a t t . l e  f u e l s  were considered i n  t h e  
pre l iminary  screening ,  from t h r e e  b a s i c  r e sou rce  bases ,  a s  shown i n  . 

Table 2-1. Coal can  be used t o  provide 1 3 . o f  the. f u e l s ;  o i l  s h a l e  was 
t h e  s o a c e  f o r  t h r e e  of t h e  f u e l s  and biomass provided t h e  r e s o u r c e  
base f o r  two f u e l s  no t  provided from coa l .  In  t h e  c a s e  of biomass, s i x  
d i f f e r e n t  f u e l s  were cons idered .  Nuclear power and d i r e c t  s o l a r  ' r ad ia t i 'on  , 

were a l s o  considered.  

The e i g h t  prime movers t h a t  were considered i n  t h e  pre l iminary  
screening  a r e  shown i n  Table 2-2. Most of t h e s e  a r e  used t o  some e x t e n t  
c u r r e n t l y  i n  one or more of t h e  modes, except  t h e  l a s t  t h r e e  l i s t e d .  

A methodology was developed t o  r ank  t h e  v a r i o u s  a l t e r n a t e  f u e l s  
and t o  s e l e c t  which f u e l s  and prime movers should be considered f o r  d e t a i l e d  
eva lua t ion  f o r  each mode of t r a n s p o r t a t i o n .  The four  major f a c t o r s  
considered were: 

1. Fuel  Manufacture 
. - Economics of product ion  and t r a n s p o r t a t i o n  

- . Overa l l  energy e f f i c i e n c y  
- Environmental impact i n  product ion 

2.  Fuel performance from des igne r luse r  vi,ewpoint 

- Tox ic i ty  
- Safe ty  
- Mate r i a l s  c o m p a t i b i l i t y  
- Storage  requirement  
- Convenience i n  handl ing  and s t o r a g e  
- Environmental impact du r ing  use.  , .  

3 .  Compat ib i l i ty  of t h e  f u e l s  and prime movers 

4'. Fuel  l o g i s t i c s  f a c t o r s  

- A v a i l a b i l i t y  by 1990 
- Compat ib i l i ty  w i t h  p r e s e n t  system 
- I n t e r n a t i o n a l  cons ide ra t ions  



TABLE 2-1 

Eighteen D i f f e r e n t  FuelsIEnergy C a r r i e r s  
Considered i n  Pre l iminary  Screening 

Coal Resource Base 

Coal 
Coal /Oil  S l u r r y  - (petroleum, s h a l e  o i l ,  o r  c o a l  l i q u i d s )  
~ o a l / M e t h a n o l  S l u r r y  
Coal Liquids--unref ined 
Coal Liquids--Dist i l late /~asol ine  
Me thane  ( SNG) 
Me than01 
Ammonia 
Methylamine 
Hydr az ine  
Acetylene 
Hydrogen (Energy C a r r i e r )  
E l e c t r i c i t y  (Energy C a r r i e r )  

O i l  Sha le  Resources 

. 14. Raw Shale O i l  
15.  Syncrude 
16.  Syncrude-Distillate/Gasoline 

Biomass 

Methanol - (Sugarcane, Sol id  Waste, OTEC) 
17. Ethanol  - (corn,  Sugarcane) 

Ammonia 
18. O i l  from So l id  Waste 

E lec t r i c i t y - -So la r  
M e  thane  



TABLE 2-2 

Prime Movers Conslder ed in R eliminary Screening 

1 .  BoilerISteam Turbine 

2 .  Gas Turbine--Open Cycle 
--Closed Cycle 

3 .  Diesel--Low Spe'ed 
--Medium Speed, 

4 .  Otto Cycle--Spark Ignited 
--Stratif ied Charge' 

5 .  Electric.Motor . . 

6 .  s t i r l i n g  Engine 

7 .  Free Piston 

8 .  - .  ~ u e l  Cell /Electric Motor 



Based on these c r i t e r i a ,  t h e  following o v e r a l l  f u e l  rankings were 0btaine.d: 

Q TABLE 2-3 

Overall  Fuel Rankings f o r  Non-Highway Transportat ion 
\ 

Fuels 

Shale Liquids--Gasoline 
D i s t i l l a t e  

~ o a l / ~ i i  S lurry  
Coal 
Raw Shale O i l  
Coal Liquids--Dist i l late 

Gasoline 
Methane (R) 

Oil-From Organic Waste 
Ethanol--Corn 

Sugar Cane 
Methanol--Coal 

Coal/Methanol S lu r ry  
Electricity--~oal/Nuclear 
Me thanol--Biomas s 
Hydrogen--Coal 
Hydrogen--Electrolysis 

Ammonia--Biomass 
Coal 

Hydr az ine  
Me thylamine 
Acetylene 

Prime' Candidates 

Probably of I n t e r e s t  

Borderline--May be 
s p e c i a l  Reasons 
Why These Would . . 

Look A t t r a c t i v e  

Clear ly  Not A t  t r a c t i v e  
. . 



\ 

The f u e l s  that were considered further for each mode of trans-,  
portation are shown below. 

TABLE 2-4 

Fuels Considered i n  Detailed Evaluation ~ h a i e  

Railroads Pipelines 'Aircraft , ' W i n e  

Coal-Distillate 
--Gasoline . 

. Raw Shale O i l  

1 

Methane (11) 
Hydrogen (R) 
E thanol 
Me thanol 
Coal/Oil .Slurry 



The l i s t  . in  Table 2-4 g ives  an ind ica t ion  of which f u e l s  would 
have t h e  p o t e n t i a l  f o r  use  i n  more than one mode of t r anspor ta t ion .  Liquids 
from sha le  o i l ,  coa l  l i q u i d s ,  and methane from coa l ,  a r e  the  only f u e l s  t h a t  
could poss ib ly  be considered f o r  use i n  a l l  four modes. 

- For each mode of t r anspor ta t ion ,  seve ra l  d i f f e r e n t  types of prime 
movers were considered, a s  shown below. 

TABLE 2-5 -- 
R i m e  Movers ' ~ o n s f d e r e d  i n  Detai led Evaluation 

Diesel 

steam Engine 

S t i r l i n g  Engine 
* .  

Gas Turbines * 

Railroads . Pipe l ines  Aircraf t  Marine - 

X X X 

Fuel  C e l l s / E l e c t r i c M o t o r  X 
I" 

Otto  .Cycle 
- S t r a t i f i e d  Charge - Spark Ign i t ed  

Free P i s ton  

The 
screening and 
summarized i n  

bas ic  d a t a  on f u e l s  and prime movers f o r  t h e  prel iminary - 
t he  remainder of t h e  program was 'established arid i s  
t h i s  r e p o r t ,  with t h e  d e t a i l s  i n  the  Appendix (Volume IIIA-D). 



The summary and conclus ions ,  t h e  f u t u r e  out look  fo r  t h e  
n e a r ,  mid a n d ' l o n g  term, and R&D sugges t ions  a r e  given by mode of 
t r a n s p o r t a t i o n .  A l l  c o s t  a r e  i n  terms of 1980 c o n s t a n t  d o l l a r s .  

2.2 P i p e l i n e  

Summary and Conc1u;ions 

Liquid P i p e l i n e s  

6 The e l e c t r i c  motor i s  expected t o  be t h e  most economical prime mover 
over t he  , s i z e  range cons idered ,  500 t o  5000 horsepower, provided t h e  
c o s t  of t h e  f u e l  used f o r  a  d i e s e l  o r  gas  t u r b i n e  c o s t s  more than  
$ 4 / ~ ( l )  BTU and t h a t  e l e c t r i c  power i s  a v a i l a b l e  a t  t h e  s i t e .  

I f  t h e  c o s t  of l i q u i d  f u e l s  i s  l e s s  then  about $4/M BTU than  e i t h e r  
a  d i e s e l  o r  a  gas t u r b i n e  would g ive  a  lower t o t a l  annual  c o s t .  A l l  
of t h e  a l t e r n a t e  f u e l s  considered a s  p o s s i b l e  f u e l s  f o r  p i p e l i n e  s e r v i c e  
have a  c o s t  g r e a t e r  than  $4/M BTU, t h e r e f o r e ,  i t  is  u n l i k e l y  any of 
t h e s e  would be used i n  p l ace  of e l e c t r i c  motors,  u n l e s s  t h e  c o s t  of 
provid ing  e l e c t r i c  power t o  a  s i t e  was very  high.  

The choice  between a  d i e s e l  engine  and a  gas t u r b i n e  d r i v e r  would 
depend on t h e  s i z e .  A t  t h e  500 HP s i z e  t h e  two types  a r e  about  equal  
i n  annual  c o s t .  Above t h i s  s i z e  range  t h e  gas t u r b i n e  i s  cheaper t o  
opera te .  The gas t u r b i n e  has  a  lower i n i t i a l  investment and maintenance 
c o s t  bu t  t he  f u e l  requirements  a r e  g r e a t e r . t h a n  f o r  a d i e s e l  engine.  . 

In  a d d i t i o n  t o  be ing  more economical on an annual  c o s t  b a s i s ,  t h e  
e l e c t r i c  motor is  a l s o  more a t t r a c t i v e  from t h e  i n i t i a l  c o s t  s t andpo in t ;  
can  be  c o n t r o l l e d  from remote l o c a t i o n s ,  and is  p r e f e r r e d  from a  t o t a l  
energy conserva t ion  s t andpo in t .  I f  t h e  e l e c t r i c  power i s  generated by 
c o a l  or  nuc lea r  power, t hen  t h e  l i q u i d  p i p e l i n e  energy requi rements  
can be  converted t o  non-petroleum sources .  

There i s  no i n c e n t i v e  t o  cons ider  t he  'use of f u e l  c e l l s  f o r  l i q u i d  
p i p e l i n e  a p p l i c a t i o n s .  

Gas P i p e l i n e s  

The most economical and o v e r a l l  energy e f f i c i e n t  prime mover-fuel 
combination is  t h e  e l e c t r i c  motor u s ing  c o a l  o r  nuc lea r  energy t o  
gene ra t e  t h e  e l e c t r i c i t y ,  as long a s  t h e  f u e l  c o s t  is  g r e a t e r  than  
$4-5/M BTU. This  means t h a t  i t  is  more economical t o  u se  a n  e l e c t r i c  
motor d r i v e  t o  compress SNG or  hydrogen r a t h e r  t han  a  gas  t u r b i n e  o r  
gas  r e c i p r o c a t i n g  engine us ing  SNG or hydrogen from c o a l  a s  t h e  f u e l .  
The c o s t  of bo th  of t h e s e  f u e l s  is  expected t o  exceed $5/M BTU. 

,/ 

With a  low or medium BTU gas  i t  may b e  more a t t r a c t i v e  t o  u se  a gas 
t u r b i n e ,  depending on t h e  c o s t  of e l e c t r i c i t y .  A s i t e  s p e c i f i c  s tudy  
would be r equ i r ed  t o  answer t h i s  ques t ion .  

( l ) ~ l l i o n  i n  t i  report , .  



I n  t h e  smal le r  s i z e  ranges  of 500 HP, t h e  annual  c o s t  of ope ra t ion  f o r  
an  e l e c t r i c  motor, a  gas  t u r b i n e ,  and a  gas  engine a r e  e s s e n t i a l l y  equal .  
As t h e  s i z e  of t h e  d r i v e r  i n c r e a s e s ,  t h e  e l e c t r i c  motor becomes more 
a t t r a c t i v e .  

On an  annua1:cost b a s i s ,  t h e r e  i s  a  smal l  advantage f o r  a  molten carbonate  
f u e l  c e l l  compared t o  a  gas t u r b i n e  'and gas engine.  There i s  no advantage 
f o r  a H3PO4 e l e c t r o l y t e  f u ~ : l , c e l l '  f o r  gas  p i p e l i n e . a p p 1 i c a t i o n .  

Molten carbonate  f u e l  c e l l s  a r e  not  p ro j ec t ed  t o  be a s  a t t r a c t i v e  a s  
e l e c t r i c  motors f o r  gas  compression a t  t h e  investment l e v e l  assumed i n  
t h i s  s tudy .  A 25% reduc t ion  i n  investment would be r equ i r ed  f o r  t h e  
annual  ope ra t ing  c o s t  f o r  a  f u e l  c e l l  system t o  breakeven wi th  an  e l e c t r i c  
motor d r i v e .  

Fuel  c e l l s  d o  have a  s i g n i f i c a n t  advantage over gas t u r b i n e s  i n  f u e l  
e f f i c i e n c y  a t  p a r t  load .  However, i n  a c t u a l  p r a c t i c e s ,  t h i s  s i t u a t i o n  
i s  gene ra l ly  handled by adding compression capac i ty  i n  increments  and 
running a l l  u n i t s  a t  maximum capac i ty .  

There does no t  appear t o  be enough i n c e n t i v e s  f o r  t h e  use  of f u e l  c e l l s  
i n  gas t ransmiss ion  ope ra t ions  t o  j u s t i f y  suppor t ing  the  development of 
f u e l  c e l l s  f o r  t h i s  purpose a lone .  I f  f u e l  c e l l s  a r e  commercialized f o r  
o t h e r  a p p l i c a t i o n s ,  t h e i r  p o t e n t i a l  f o r  u s e  i n  p i p e l i n e  s e r v i c e s & o u l d  
be  considered when b e t t e r  information on c o s t s  and e f f i c i e n c i e s  become 
a v a i l a b l e .  It is no t  expected t h a t  molten carbonate  f u e l  c e l l s  w i l l  
be  a v a i l a b l e  commercially be fo re  1990. Presumably, t hese  conclus ions  
w i l l  be firmed up by t h e  con t r ac t ed  s tudy on a p p l i c a t i o n s  of f u e l  c e l l s  
t o  p i p e l i n e  o p e r a t i o n s  be ing  made f o r  t h e  Department of Energy. 

Future  Fuels  and Prime Movers - P i p e l i n e  

The out look  f o r  f u t u r e  f u e l s  and prime movers f o r  l i q u i d  and gas 
p i p e l i n e s  is summarized ,below. 

Future  Fue l s  and Prime Movers f o r  P i p e l i n e s  

Liquid P i p e l i n e s  

Prime Mover 

Major Use.r E l e c t r i c  Motor 

Very Limited Use Advanced Gas 
' Turbine 

EvenMore ' -  ' D i e s e l  
Limited Use 

Gas P i p e l i n e s  
- 

* ' 

. Major User E l e c t r i c  Motor 

Limited Use ~ d v a n c e d  Gas 
Turbine 

Fuel  

E l e c t r i c i t y  from Coal 
F i red  Power P l a n t  

Raw Shale  O i l  
Sha le  O i l  L iquids  
Coal Liquids 
Alc'ohol 

Shale  O i l  L iquids  
upgraded Coal Liquids 

E l e c t r i c i t y  from Coal 
F i r ed .  Power P l a n t  

Low/Medium BTU Gas 



' RbD Suggestions - Pipel ine  

Since the  most l i k e l y  prime mover t o  be used.' f o r  f u t u r e  p ipel ines .  
is  the  e l e c t r i c  motor, t h e  amount of a l t e r n a t e  f u e l s  R&D is f a i r l y  l imi ted .  
From the  p ipe l ine  companies viewpoint,  the..more important f u t u r e  i s s u e s  
they w i l l  be fac ing a r e  poss ib le  r egu la to ry  c o n s t r a i n t s  and p ipe l ine  
cons t ruct ion  technology f o r  extreme envlronments: . . ' 

Some poss ib le  a r e a s  where.R&D may be u s e f u l  a r e  a s  fol lows:  

Continue t o  make improvements &n e x i s t i n g  gas turbine .  d r i v e s  t o  inc rease  
the  e f f i c i e n c y  of t h e  cu r ren t  engines,  e.g. regenera t ion ,  bottoming cyc les ,  
e t c .  . . 

Inves t iga te  ways t o  incorpora te  bottomi'ng c y c l e s , i n ' t h e  cu r ren t  r ec ip roca t ing  
, . . gas engine. 

Determine i f  raw sha le  o i l  l i q u i d s  can be used i n  the  types of d i e s e l  engines '  
used i n  p ipe l ine  se rv ice .  

Follow t h e  R&D a c t i v i t y  in 'mol ten  carbonate f u e l . c e i l s .  . I f  major c o s t  
reductions take  place,  r e l a t i v e  t o  the  cost .of, e l e c t r i c  motors, t h i s  type 
of f u e l  c e l l  may look a t t r a c t i v e  longer range i n  gas p i p e l i n e  se rv ice .  

8 I t .may be worthwhile t o  make a planning s tudy t o  i n v e s t i g a t e  a  coal - f i red  
cogernation s t a t i o n  f o r  a  very l a r g e  pumping s t a t i o n .  It would appear 
t h a t  e l e c t r i c  power generated from a l a r g e  c o a 1 , f i r e d  p l a n t  would be 
more a t t r a c t i v e .  

2.3 Marine 

Summary and Conclusions 

For new, l a r g e  (45,000 Hp) vesse l s ,  the. most economical and energy 
e f f i c i e n t  prime mover/fuel combination is  a steam engine using c o a l  
a s  t h e  f u e l .  

. . 

Medium s i z e  v e s s e l s  (9500 Hp .range) w i t h t o a d  f a c t o r s  i n - t h e  60-90% 
range would f ind  d i e s e l  more a t t r a c t i v e '  . i f  they. can ge t  a l i q u i d  f u e l  
f o r  less than $4.50/MBTU. If the  l i q u i d .  f u e l  c o s t  more than t h i s  coa l  
would be more a t t r a c t i v e .  , . 

8 Small s i z e  v e s s e l s  (4500 Hp range) w i l l  probably s t i c k  with d i e s e l  
powered engine up t o  a  f u e l  c 6 s t  of $5-6/MBTU. 

Diese l  engines and regenera t ive  gas  turbines.would look a t t r , a c t i v e  a t  a  
high load f a c t o r  i f  a  f u e l  can be o b t a i n e d . f o r  $ ~ / M B T U .  The only p o s s i b l e  
f u e l  t h a t  could f a l l  i n  t h i s  category would be;-an unrefined s h a l e  o i l .  

Coal-oil s l u r r y  i s  another  poss ib l& car id idate ,  & s p e c i a l l y  i f  a  slow speed 
d i e s e l  could be modified t o  work on a coa l -o i l  s l u r r y . '  This  is e s p e c i a l l y  
t r u e  f o r  ' smaller  s i z e  sh ips .  

. . 
The use of f u e l  c e l l s  does not  appear t o  be a t t r a c t i v e .  f o r  t h i s  a p p l i c a t i o n .  

8 The incen t ive  over a  coal-$team.plant t o  make c o a l  work i h  a  gas t u r b i n e  
o r  d i e s e l  i s  i n s u f f i c i e n t  t o  j . u s t i fy  R&D..' 



The i n c e n t i v e  over coal-steam is a l s o  t o o  sma l l  t o  j u s t i f y  R&D on s t i r l i n g  
engines  i n  t h e  10,000 Hp range.  

a The i n c e n t i v e  is  smal l  t o  improve t h e  e f f i c i e n c y  of a  marine steam p l a n t  
burning c o a l .  

Most c u r r e n t  marine prime movers could ope ra t e  on an unref ined  sha l e .  o i l .  

I f  LCH4 i s  a v a i l a b l e  as b o i l l o f f ,  t h e  p re fe r r ed  engine  would be  a  steam 
f i r e d  t u r b i n e  o r  a  gas  t u r b i n e .  The choice  depends on r a t i o  of boi l -off  
t o  t o t a l  f u e l  and s i z e  of s h i p .  

Phase out  of l i q u i d  fue l ed  s h i p s  w i l l  be very  long;  they  consume very  l i t t l e  
of wor ld ' s  energy, t hey  consume t h e  lowest grade of petroleum which can be  
made from poor q u a l i t y  c rudes  - a t  s m a l l  c o s t .  

Future  prime movers used i n  i n t e r n a t i o n a l  riiarine t r a d e  must be  a b l e  t o  
f i n d  usable  f u e l s  worldwide. 

a For c o a s t a l  t r a d e  v e s s e l s ,  new c o n s t r u c t i o n  would favor  coa l - f i r ed  steam 
t u r b i n e s  except  f o r  t hose  v e s s e l s  ca r ry ing  Alaskan crude.  Regenerat ive 
gas t u r b i n e s  o r  combined gas  t u rb ine l s t eam t u r b i n e  engines would be 
a  p o s s i b i l i t y  on t h i s  r o u t e .  

' 

Great Lake v e s s e l s  may a l s o  f i n d  steam t u r b i n e s  a t t r a c t i v e  i f  environmental 
r e s t r i c t i o n s  would n o t  l i m i t  t h e  u se  of c o a l .  Use of s h a l e  o i l  d i s t i l l a t e  
o r  ~ a n a d i a n  Tar Sand O i l  i n  a  d i e s e l  i s  another  p o s s i b i l i t y .  

Tug boa t s  on in l and  waterways w i l l  cont inue  t o  use medium-to-high speed 
d i e s e l  engines ,  w i th  d i s t i l l a t e  from s h a l e  o i l .  

P l easu re  c r a f t  p ropuls ion  systems w i l l  probably develop  i n  a  p a r a l l e  
f a sh ion  t o  highway t r a f f i c .  'Fuel  p o s s i b i l i t i e s  i nc lude  a l c o h o l s  and 
s h a l e  o r  c o a l  de r ived  gaso l ines .  

Outlook f o r  F u t u r e . F u e l s  and Prime Movers - Marine 

The ourlook f o r  f u t u r e  f u e l s  and prime movers i n  t h e  marine a rea  
i s  summarized below. 

Near Term (P resen t  - 1985) 

Continue on petroleum, average q u a l i t y  l i k e l y  t o  g e t  worse. 

Mid Term (1985-2000) 

I f  sh ipbu i ld ing  con t inues  -- l a t e  i n  t h i s  per iod:  
\ 

+ Coal f i r e d ,  s team power p l a n t  w i l l  be  used, p a r t i c u l a r l y  f o r  s h i p s  
i n  i n t e r n a t i o n a l  c o a l  t r a n s p o r t a t i o n .  

+ C o a l l o i l  s l u r r i e s  may a l s o  be  used i n  steam s h i p s .  May a l s o  be  
a t t r a c t i v e  i n  low speed d i e s e l  i f  i t  would work i n  t h i s  type  of engine.  

+ For sma l l e r  s i z e  v e s s e l s ,  unref ined  s h a l e  o i l  could be used i n  d i e s e l s .  
I f  c o a l / o i l  s l u r r i e s  would work, i t  may a l s o  be  used. 



Long Term (2000+) 

+ Most new c o n s t r u c t i o n  of ' . large s h i p s  w i l l  be u s ing  coal-steam b o i l e r s .  

+ smal le r  s i z e  v e s s e l s  w i l l  con t inue  t o  use d i e s e l  engines  wi th  s h a l e  
l i q u i d s  a s  f u e l .  

R&D Suggest ions - Marine 

Some p o s s i b l e  R&D i d e a s  i n  t h e  marine a r e a  a r e  a s  fo l lows:  

A s tudy  on c o a l  f i r e d  b o i l e r s  f o r ' m a r i n e  v e s s e l s  

+ Type of b o i l e r s  - e.'g. i s  FBC a p o s s i b i l i t y ?  

+ Firm .up c o s t  

+ What a r e  t h e  s i z e  c o n s t r a i n t s  i n  v a r i o u s  t ypes  of v e s s e l s  

+ Are t h e r e  any environmental c o n s t r a i n t s  

Study on l o g i s t i c s  of c o a l  supply f o r  v e s s e l s  - i t  i s  f e a s i b l e ;  i s  space  
a v a i l a b l e ?  

Study on c o a l / o i l  s l u r r y  f o r  e x i s t i n g  v e s s e l s  - could i t  be  used i n  c u r r e n t  
b o i l e r s ?  What a r e  t h e  s t o r a g e  requi rements?  Is i t  p o s s i b l e  t o  modify 
a  low speed d i e s e l  t o  burn a  c o a l / o i l  s l u r r y ?  

Study on f u t u r e  market f o r  v a r i o u s  f u e l  i n  each c l a s s  of v e s s e l s .  
I 

I n v e s t i g a t e  t h e  c o m p a t i b i l i t y  of v a r i o u s  s y n t h e t i c  f u e l s  w i t h  petroleum 
f u e l s ,  i . e .  w i l l  a  s e p a r a t e  f u e l  system be  needed? 

2.4 Rai l road  

Summary and Conclusions 

D i e s e l / e l e c t r i c  i n  c u r r e n t  u se  is the rma l ly  e f f i c i e n t  - i d l i n g  t ime i s  
c o s t l y  i n  terms of f u e l  consumption. 

To compete with d i e s e l  e l e c t r i c ,  a l t e r n a t e  must have advantage i n  one 
o r  more of  fo l lowing:  

1. Lower c a p i t a l  c o s t  
2 .  A b i l i t y  t o  burn lower c o s t  f u e l . t h a n  d i e s e l  f u e l  
3 .  Higher thermal  e f f i c i e n c y  
4 .  Lower maintenance c o s t  
5. Not r e q u i r e  i d l i n g  and t h u s  s ave  f u e l  c o s t  

1. No a l t e r n a t e s ,  l i k e l y  t o  b e a t  d i e s e l  e l e c t r i c  on c a p i t a l  c o s t .  

2 .  Steam and S t i r l i n g  could burn c o a l  - steam engine  would have  low e f f i c i e n c y  - 
a i r  p o l l u t i o n  c o n t r o l  would b e  c r i t i ca l .  

3.  Fuel c e l l s  more e f f i c i e n t  ,and would n o t  r e q u i r e  i d l i n g .  Phosphoric  
a c i d  t ype  f u e l  c e l l  compe t i t i ve  i f  d i e s e l  f u e l  c o s t  exceeds $~/MBTu. 

4 . 'Gas t u r b i n e s  not.  l i k e l y  t o  be  c o k p e t i t i v e  due t o  f u e l  consumption a t  i d l e .  



E l e c t r i f i c a t i o n  o p t i o n - f o r  f r e i g h t  must be considered for  high 
populat ion d e n s i t y ,  a r e a s ,  l i k e '  North East co r r idor ,  i f  d i e s e l  f u e l  
c o s t  exceeds $8/MBTU. ' 

. . 

.Outlook for  ~ b t u r e  . ~ u e l s  and R i m e  d overs - Railroad 

The outlook f o r  f u t u r e  ' fue ls  and prime movers i n  the  r a i l r o a d  
a r e a  is summarized below. ., 

Near Term (Present  - 1985) 

a Unlikely t o  s e e  any major f u e l  changes. 

a Main e f f o r t s . w i l 1  be conservation.  

Mid Term (1985 - 2000) . May s t a r t  t o  s e e  s h a l e  d i s t i l l a t e s  used i n  f r e i g h t  and switching d i e s e l .  
. . 

Long Term (2000+) " '  , 
. . 

. . 

' a  ~ r o b a b l ~  w i l l  t i l l  s e e  d i e s e l l e l e c r r i c  with sha le  o i l  d i s t i l l a t e .  

a other  p o s s i b i l i t i e s  . include:  ' (low probab i l i ty )  

+ cba i  f i r e d  S t i r l i n g  Engine 

. . + Fuel  cel l  with naphtha from s h a l e  o r  coa l  l i q u i d s  
. . 

, 
.+' ~ r e a t e r  e l e c t r i f i c a t i o n  i n  densely populated areas ,  

R&D Suggestions - 'Rai lroad 
. . 

. . 

Some R&D ideas  o n  f u e l s  and prime movers f o r  r a i l r o a d s  
a r e  ou t l ined  below. 

Study on S t i r l i n g  Engines burning c o a l  - is  t h i s  f e a s i b l e  froi an 
environmental s tandpoint?  

Detai led study on :fuel 's ' c e l l ;  would appear warranted. 

+ Can weight .and volume be accommodated? 

+ Would f u e l  c e l l s  be adversely a f f e c t e d  by v i b r a t i o n ,  
shocks, t i l t i n g ,  e t c . ?  

+ With molten carbonate c e l l s  - what s a f e t y  problems 
a r e  t o  be overcome? 

Assessment of environmental problems wi th  d i e s e l  engines with s y n t h e t i c  
f u e l s  (PNA, N& and SOx, p a r t i c u l a t e s ) .  

a Tradeoff s tudy between mdintenance c o s t  and amount of upgrading of sha le  
o i l  required.  



2.5 A i r c r a f t  

Summary and Conclusions 

Based on t h e  phys i ca l  p r o p e r t i e s  of t h e  cryogenic . f u e l s  and t h e  s y n t h e t i c  
j e t  f u e l s  cons idered ,  LH2 has  t h e  h ighes t  h e a t  of combustion on a weight 
b a s i s ,  t h e  h ighes t  s p e c i f i c  h e a t  ( a  measure of i t s  e f f i c , i ency  a s  a  c o o l a n t ) ,  
bu t  i t s  d isadvantages  a r e  i ts  low d e n s i t y  and r e s u l t i n g  low volumetr ic  h e a t  
conten t  and i t s  low b o i l i n g  po in t .  

Liquid methane is  15% more e n e r g e t i c  than  J e t  A on a  weight b a s i s ,  has  
a  s p e c i f i c  h e a t  1.7 t i m e s  t h a t  of J e t  A,  and i s  s i x  more dense than  
l i q u i d  hydrogen. 

s .  . 

Stud ie s  by Lockheed have shown t h a t  f o r ' a  subsonic ,  5500 mi l e s ,  400 
passengers  a i r c r a f t ,  t h e  i n i t i a l  c o s t  of t h e  a i r c r a f t  would be, about  
t he  same f o r  a l l  t h r e e  f u e l s  (LH2, LCH4 and J e t  A). The methane fue l ed  
a i r c r a f t  c h a r a c t e r i s t i c s  f a l l  between LH2 and J e t  A. A LH2 fue led  
a i r c r a f t  des ign  i s  l i g h t e r ,  u se s  l e s s  f u e l  f o r  a given f l i g h t ,  r e q u i r e s  
an engine wi th  lower t h r u s t  and r e q u i r e s  a  s h o r t e r  runway. 

The f u e l  c o s t ,  on a  per  f l i g h t  b a s i s  f o r  a  subsonic a i r c r a f t ,  shows t h a t  
s h a l e  o i l  der ived  J e t  A would be t h e  l e a s t  c o s t l y ,  followed by a c o a l  
l i q u i d  j e t  f u e l .  LCH4 would c o s t  about  double a  s h a l e  o i l .  The LH2 
fue l ed  a i r c r a f t  would be  t h e  most expensive t o  o p e r a t e  - over t h r e e  t imes  
what a  s h a l e  o i l  der ived  J e t  A would c o s t .  

Based on o ther  s t u d i e s  by Lockheed, RAND, and Boeing, a  s y n t h e t i c  j e t  
f u e l  from s h a l e  o i l  would,be t h e  most economical f u e l  f o r  f u t u r e  a i r c r a f t .  
Based on a  l i f e  c y c l e  comparison, t h e  l e a s t  c o s t l y  i s  Jet A from 
s h a l e  o i l ,  followed by Jet A from c o a l ,  w i t h  LCH4 n e x t  and LH2 t h e  most 
expensive. 

For a  supersonic  a i r c r a f t  (Mach 2.7 ,. 42.00 .n. m i l e s ,  and 234 passengers ) ,  
t h e  d e s i g n  advantages f o r  LH2'are g r e a t e r  than  f o r  a  subsonic  a i r c r a f t .  
However, t h e  f u e l  c o s t  per  f l i g h t  s t i l l  f a v o r s  t h e  Jet A c a s e  ( s h a l e  o i l  
f i r s t ,  followed by coa.1 de r ived  j e t  f u e l ) ,  . t hen  LHz :a . 

For supe r son ic  a i r c r a f t ,  t h e  c o s t  of a  J e t  A fue l ed  a i r c r a f t  has  been 
es t imated  t o  be about  35% h ighe r  than  a  LH2 f u e 1 e d : a i r c r a f t .  Inc luding  
t h e  c o s t  of t h e  a i r c r a f t  and t h e  p o t e n t i a l l y  lower maintenance c o s t  
makes LH2 more a t t r a c t i v e  than  f o r  : the subsonic ca se ,  b u t  s t i l l  a s h a l e  
o i l  der ived J e t  A would be t h e  p r e f e r r e d  f u e l ,  w i th  a  c o a l  de r ived  f u e l  
next .  . . .  

For a subsonic a i r c r a f t ,  LH2 would have t o  c o s t  about  47% l e s s  than  
t h e  va lue  used i n  t h i s .  s tudy  t o  breakeven wi th  a  coal  de r ived  J e t  A and 
71% l e s s  t o  breakeven wi th  a s h a l e  o i l '  based Jet A on a  f u e l  c o s t  per 
f l i g h t  b a s i s .  For a supersonic  a i r c r a f t ,  t h e  c o s t  of LH2 would have t o  
be 17% l e s s  than  t h e  va lue  used i n  t h i s  s tudy  t o  breakeven w i t h  a coa l -  
d e r i v e d  jet f u e l ,  and 45% l e s s  t o  breakeven. wi th  a  s h a l e  o i l  de r ived  j e t  
f u e l ,  cons ide r ing  t h e  d i f f e r e n c e  i n  t h e  c o s t  of t h e  a i r c r a f t  as w e l l  as 
t h e  f u e l  c o s t  d i f f e r e n c e .  . . 



. . 
Liquid H2 a i r c r a f t  would appear t o  only be  a t t r a c t i v e  f o r  long range 
supersonic  f l i g h t s  (>5500 m i l e s ) .  

Rom the  s t andpo in t  of n a t u r a l  r e sou rce  requi rements ,  cons ide r ing  the  
resources  r equ i r ed  f r o m . t h e  mine t o  t h a t  used t o  power t h e  a i r c r a f t ,  
a  s h a l e  o i l  der ived  jet f u e l  i s  t h e  most e f f i c i e n t .  LH2 r e q u i r e s  
about  double t h e  amount of n a t u r a l  r e sou rce  a s  s h a l e  o i l .  . 

Lab t e s t s  have shown t h a t  accep tab le  j e t  f u e l s  can be made from e i t h e r  
c o a l  o r  s h a l e  o i l  based r e s o u r c e s ,  Product ion of a i r c r a f t  f u e l s  from 
s h a l e  o i l  should be more s t r a i g h t  forward than from coa l .  

. . 

Coal based ( d i r e c t  l i q u e f a c t i o n )  jet  f u e l s  w i l l  have poorer combustion 
p r o p e r t i e s  than  s h a l e  o i l '  j e t  f u e l s  due t o  t h e  formation of naphthenes 
r a t h e r  than  p a r a f f i n s .  when the  c o a l  l i q u i d s  a r e  hydrogenated. 

An economic comparison between upgrading f u e l s  t o  meet c u r r e n t  hydrogen 
l e v e l s  and modifying t h e  engine shows t h a t  t h e r e  a r e  i n c e n t i v e s  t o  
develop an  engine t h a t  can accept  a  poorer q u a l i t y  f u e l .  

Fu tu re  Outlook f o r  Avia t ion  J e t  Fue ls  

The f u t u r e  ou t look  f o r  a v i a t i o n  jet f u e l s  i s  a s  fo l lows:  

Near Term (P resen t  - 1985) 

I n  t h e  near  t e r m ,  i t  i s  u n l i k e l y  t h a t  t h e r e  w i l l  be any major changes 
i n  t h e  s p e c i f i c a t i o n s  of commercial j e t  f u e l s .  There may be  minor changes 
t o  i n c r e a s e  s u p p l i e s  i f  ano the r  embargo develops .  

Mid Term (1985 - 2000) 

(1)  I n  t h e  mid term, 1985 - 2000, a . b r o a d  c u t  f u e l  may be  used,  depending 
on t h e  outcome of t h e  c u r r e n t  NASA e f f o r t s  i n  t h i s  a r ea .  .By 1990, i t  i s  
p o s s i b l e  t h a t  a s h a l e  o i l  de r ived  f u e l  may b e  used t o  a l i m i t e d  e x t e n t  
i n  commercial .operat ion.  A i r c r a f t  designed t o  u t i l i z e  s y n t h e t i c  j e t  
f u e l s  are n o t  l i k e l y  till t h e  year  2000.. 

Long Term (2000-t) 

The major replacement  of petroleum based j e t  f u e l  i n  t h e  long t e r m  
(2000) is  most l i k e l y  t o  b e  s h a l e  o i l  der ived  j e t  f u e l ,  w i t h  
some c o a l  l i q u i d s  from i n d i r e c t  l i q u e f a c t i o n  p o s s i b l e .  It . i s  . u n l i k e l y  
t h a t  LH2 or  LCH4 w i l l  b e .w ide ly  used on commercial a v i a t i o n ,  u n l e s s  
t h e r e  is  a  s t r o n g  demand f o r  very  long  d i s t a n c e  supe r son ic  f l i g h t s  ' 

(> 5500 m i l e s ) .  

R&D Suggest ions - A i r c r a f t  , 
. . 

C 

Some p o s s i b l e  areas where R&D may b e . u s e f u 1  a r e  as fol lows:  

S tud ie s  should be  made t o  d e f i n e  t h e  p o t e n t i a l  f o r  LH2 and LCH4, us ing  

( l ) ~ e e  page 8-58 f o r  d e f i n i t i o n  and p o s s i b l e ' s p e c i f i c a t i o n .  



f u e l  c o s t  information i n  t h i s  s tudy.  Th i s  would det.ermine t h e  b r e a k - ,  
even d i s t a n c e  f o r  supersonic  a i r c r a f t  and the . speed  f o r  LH2 t o  break- 

1 
even wi th  s h a l e  o i l  der ived  j e t  f u e l .  

It would appear t h a t  c o a l  l i q u i d s  produced v i a  t h e  i n d i r e c t  method would 
have more a t t r a c t i v e  phys i ca l  p r o p e r t i e s  than  those  produced v i a  d i r e c t  
. l i q u e f a c t i o n .  S tud ie s  should b e  made t o  improve t h e  y i e l d  of d i s t i l l a t e s  ( 

v i a  Fischer-Tropsch s y n t h e s i s .  

I f  c o a l  l i q u i d s  a r e  used a s  a i r c r a f t  f u e l s ,  t h e  s t o r a g e  s t a b i l i t y  of 
c o a l  l i q u i d s  ( d i r e c t  l i q u e f a c t i o n  ) hydrot rea ted  t o  v a r i o u s  . l e v e l s  should 

I ' be determined. 

I 
i Stud ie s  should. be made on engines  t h a t  could o p e r a t e  wi th  higher  a romat ic  

j e t  f u e l s .  ~ h e s e  same engines should be t e s t e d  wi th  h ighe r  n i t r o g e n  l e v e l  
f u e l s  t o  s e e  i f  they a r e  a l s o  e f f e c t i v e  i n  reducing  NO, emissions.  

Economic comparisons should be  made ' t o  s e e  i f  i t  would be more a t t r a c t i v e  
t o  modify t h e  f u e l  system o r  upgrade c o a l  o r  s h a l e  based f u e l s  t o  meet 
t h e  c u r r e n t  thermal s t a b i l i t y  s t anda rds .  

~ r o c e s ' s t n g  a l t e r n a t e s  (such as chemical t r e a t i n g ,  c l a y  f i l t e r i n g ,  e t c . )  ' 

t o  severe  hydro t r ea t ing  t o  improve s t o r a g e  and thermal  s t a b i l i t y  of +a le  
o i l  der ived  f u e l s  should be i n v e s t i g a t e d .  , 
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3. PRELIMINARY SCREENING OF ALTERNATE FUELS AND PRIME MOVERS - . 

DATA BASE FOR FUELS AND PRIME MOVERS 

In  the  following s e c t i o n s ,  a  summary of the  da ta  base used i n  
t h i s  s tudy on t h e  var ious  f u e l s  and prime movers i s  given. Addit ional  
d e t a i l s  a r e  i n  Volume I11 with the  s p e c i f i c  sec t ion  indica ted .  

3 . 1  Background and Al ternate  Energy Forms 

3.1.1 Prime Movers and Fuels  Used 
i n  Non-Highway Transportat ion 
(Volume - Section I)* 

The background sec.tion covers the  prime movers and f u e l s  cu r ren t ly  
i n  use i n  each mode of non-highway t r anspor ta t ion  and t h e  c r i t i c a l  f u e l  
p roper t i e s .  Only t h e  h igh l igh t s  a r e  given here.  Addit ional  d e t a i l s ,  including 
cur ren t  f u e l  s p e c i f i c a t i o n s  a r e  given i n  Volume IIIA. 

3.1.1.1 A i r c r a f t  Engines and 
Aviat ion '  Fuels 

The p r i n c i p a l  pr'&e mover f o r  a i r c r a f t  is  t h e  a v i a t i o n  gas turbine ,  
which employes t h e  b a s i c  Brayton thermodynamic cycle.  .Today's commercial and 
m i l i t a r y  a i r c r a f t  inventory , inc ludes  a  v a r i e t y  of engines, which f a l 1 , i n t o  
s i x  bas ic  types: '  (1) t u r b o j e t ,  (2) turboprop, (3) tu rboshaf t ,  (4)turbofan, 
(5) af terburning t u r b o j e t ,  and (6) af terburning turbofan. De ta i l s  on each 
of these  engine c h a r a c t e r i s t i c s  and the  c r i t i c a l  enpine components a r e  given 
in Volume IIIA. 

I n  1976, j e t  f u e l  accounted f o r  ,94% of t h e  f u e l  used by domestic 
, c i v i l . a v i a t i o n .  Three jet  f u e l  types a r e  i n  wide use throughout the  f r e e  
.world -- (1) Jet A, a  kerosene based f u e l  used by most of t h e  commercial 
a i r l i n e s ;  (2) JP-4, a  blend of kerosene and gasol ine ,  used by the  m i l i t a r y ;  
and (3) JP-5, used by the  Navy f o r  sh ip  based a i r c r a f t .  The f u e l  charac- 
t e r i s t i c s  and t h e i r  p o t e n t i a l  impact on t h e  engine performance a r e  summarized 
below. 

*Refers t o  Section i n  the  Appendix Volume where a d d i t i o n a l  d e t a i l s  can 
be found. 



mTEL CHARACTERISTICS AND POTENTIAL IMPACT 

Combust i o n  S y s  t e m  P r i n c i p a l  Q u a l i t y  Feature  

Combustion E f f i c i e n c y  
: I' 

Combustion S t a b i l i t y  

I n i t i o n  (Ground and A t t i t u d e )  

S i z e ,  Weight, Cost 1 - 

~urabilit~/Maintainability/ 
R e l i a b i l i t y  

Viscos i ty  
Hydrogen Content 
Aromatic Content 
Vapor P ressure  
Flash  P o i n t  
D i s t i l l a t i o n  C h a r a c t e r i s t i c s  ., 

1 

Exhaust Emission 

Fuel  System 
f 

~ u e i  Tanks 

Pipzng, Valves, Pump, Meters 

0 i l / ~ u e l  Heat Exchangers 

~ u e l '  1 n j  e c t i o n  Equipment 

I Aromatics 
Olef i n s  
Thermal S t a b i l i t y  
Freeze Point i  

4.1.1.2 Marine Prime Movers 
on Y'irine Fuels  

The p r i n c i p a l  prime movers a t  sea  curr.ently a r e  steam tu rb ines  
and d i e s e l  engines.  Gas tu rb ines  a r e  used t o  a very l imi ted  ex ten t .  
P r a c t i c a l l y  a l l  new s h i p s  a r e  d i e s e l  except f o r  naval  v e s s e l s  which a r e  
equipped with gas tu rb ines .  

The primary considera t ions  i n  choosing t h e  type  of prime mover 
inc lude  c a p i t a l  c o s t ,  e f f i c i e n c y ,  c o s t  of f u e l , '  maintenance scheduling, 
s i z e  of engine rooq and manpower requirements. While c a p i t a l  c o s t  of a 
gas tu rb ine  i n s t a l l a t i o n  is  genera l ly  lower than f o r  a steam tu rb ine  o r  . 
d i e s e l ,  e f f i c i ency  is s i g n i f i c a n t l y  lower, (approx. 28% vs .  approx. 42% f o r '  - 

d i e s e l  and approx. 32% f o r  steam). Steam is r e l a t i v e l y  i n s e n s i t i v e  t o  f u e l  
q u a l i t y ;  d i e s e l  can burn a range of fuels--anywhere from r e l a t i v e l y  c l e a n ,  
automotive d i e s e l  o i l  t o  heavy f u e l  o i l  (Bunker C). On the  o the r  hand, 
the  gas tu rb ine  genera l ly  r e q u i r e s  a very  c lean ,  s a l t - f r e e  f u e l .  Of t h e  
t h r e e  prime movers f o r  marine app l i ca t ions ,  d i e s e l s  r e q u i r e  the  h ighes t  
maintenance, but  w i t h  modern engines,  maintenance can be done cy l inder  by 
cy l inder  while t h e  s h i p  i s  i n  se rv ice .  The gas t u r b i n e  has  inheren t ly  low . 

maintenance and high a v a i l a b i l i t y ,  i n  the  sense t h a t  a s h i p  can c a r r y  a 
s p a r e  engine, switch when necessary, a d  have t h e  maintenance performed 
by the  engine manufacturer on shore. A gas tu rb ine  a l s o  has smal l  space 
requirements compared t o  d i e s e l  and steam t u r b i n e  and is r e l a t i v e l y  automatic, 
a ?  LC the diesel engfne. 

\ 



. 'J..l. 1 . 2 . 1  Diese l  Engine 

The h i e s e l  engine is  a  high compression, s e l f - i g n i t i o n  engine.  
The f u e l  is i g n i t e d  by t h e  h e a t  of t h e  h igh  compression and no spa rk  p lug  
is used.  The d i e s e l  c y c l e  c o n s i s t s  of charg ing  t h e  combustion chamber wi th  
air;  compressing t h e  a i r ;  i n j e c t i n g  t h e  f u e l ,  which i g n i t e s  spontaneously;  
expanding t h e  burned gases ;  and e x p e l l i n g  t h e  products  of combustion. 

Diesel engines  may be  grouped accord ing  t o  t h e i r  speed range i n  
t h r e e  gene ra l  c l a s s i f i c a t i o n s  a s  fo l lows:  

Slow Speed --Up t o . 5 0 0  R P M  - Marine & l a r g e  s t a t i o n a r y  power p l a n t s  
Medium Speed--500 t o  1000 RPPl - Rai l road  locomotives 
High Speed --Over 1000 RPM - Trucks,  buses ,  c a r s ,  sma l l  b o a t s ,  con- 

s t r u c t i o n  machinery, e t c .  

The f u e l  used i n  a d i e s e l  engine  depends on a  number of f a c t o r s  -- 
ope ra t i ng  speed .and  l o a d ,  engine s i z e  and des ign ,  a tmospheric  c o n s i d e r a t i o n s ,  
e t c .  The b o i l i n g  range of d i s t i l l a t e  d i e s e l  f u e l  i s  approximately 300°F t o  
725OF. I n  some of t h e  slow speed,  marine engines ,  r e s i d u a l  f u e l s ,  w i t h  a  
h igher  b o i l i n g  p o i n t  have been used.  The.performance f e a t u r e s  d e s i r e d  of a l l  
d i e s e l  f u e l s  and t h e  phys i ca l  p r o p e r t i e s  most d i r e c t l y  r e l a t e d  t o  them a r e  
summarized below : . . 

: 

Performance Fea tu re  Desired Ind i ca t ed  By 

1. s a f e t y  i n  handl ing F l a sh  p o i n t  

2. Pumpabil i ty  a t  low 
temperatures  

3 .  Freedom from a l l  
suspended ma t t e r  

4. Readi ly  atomized 

5. . Readily i g n i t a b l e  

6. Clean burning 

Pour o r  c loud p o i n t ,  
v i s c o s i t y  

S torage  s t a b i l i t y ,  
suspended sediment 
tests 

Vi scos i ty  

Cetane No. 

V o l a t i l i t y ,  Cetane No. 

7. Good f u e l  economy Gravi ty ,  "API 

8. Minimum e f f e c t  on engine S u l f u r  
wear and d e p o s i t s  



3.1.1.2.2 Steam Turbine 

The steam tu rb ine  cons i s t  of a b o i l e r  and a turbine .  I n  genera l ,  
t he  main d i f fe rence  between a marine b o i l e r  and one used on land i s  t h a t  

' marine equipment i s  f i r e d  a t  a much higher heat  r e l e a s e  r a t e .  Steam driven 
s h i p s  usua l ly  use heavy f u e l  oil. For i n t e r n a t i o n a l  marine u s e , - t h e  heavy 
f u e l  o i l  has a minimum 11.5' API g rav i ty  spec,  t o  insure  good separa t ion  from 
sea  water contamination. 

3.1.1.2.3 The Gas Turbine Engine 

A simple gas-turbine engine c o n s i s t s  of a compressor, a combustion 
chamber and a turbine .  The compressor and combustion chamber produce a high- 
energy working f l u i d  t h a t  can be expanded i n  t h e  tu rb ine  which develops 
mechanical energy. 

Manufacturers a r e  o f f e r i n g  a wide range of gas tu rb ine  power p l a n t s  
f o r  non-aviation app l i ca t ions .  The engines range from approximately 2500 hp 
t o  approximately 20,000 hp. Applicat ions have been s tudied  and designed i n  
many f i e l d s  inc luding marine propulsion. I n  most cases ,  t h e  f i n a l  component, 
whether i t  be a genera tor ,  compressor, a s h i p ' s  p rope l l e r ,  or o the r  device,  
is d r iven  by a power turbine.  This 'power turbine,  has no d i r e c t  connection 
with t h e  gas tu rb ine  engine b u t  u t i l i z e s  the  gases from t h e  gas tu rb ine  
engine a s  i t s  source of energy. Thus, t h e  gas tu rb ine  engine becomes, i n  
e f f e c t ,  a gas generator .  This  sys tem 'o f fe r s  thesadvantage  of e l iminat ing  the  
monumental problems which a r e  encountered i n  a d i r e c t  s h a f t  d r i v e  which 
r e q u i r e s  = labora te  gearing f o r  speed reduct ion .  

3 .l. 1.3 Railroad Pr  h e  Movers 
and Fue l s  

The major prime mover used by the  r a i l r o a d s  i n  t h e  U. S. today is 
t h e  d i e s e l  engine. The' steam locomotiv,e has a l l  but  disappeared and t h e  
present  t rend i s  aga ins t  f u r t h e r  expansion of e l e c t r i c a l  opera t ion  because 
of high i n i t i a l  cos t .  The gas tu rb ine  has appeal  a s  a locomotive power 
p lan t  and Amtrak has taken de l ive ry  of t h e  f i r s t  of seven turbine-powered 
t r a i n s .  

Information on d i e s e l  f u e l s  and gas tu rb ine  f u e l s  i n . g e n e r a 1  
were covered i n  t h e  s e c t i o n , o n  marine f u e l s .  Addit ional  d e t a i l s  a r e  given 
i n  Volume IIIA - Section I. 

3.1.1.4 P i p e l i n e  Prime Movers 
and Fuels  I n t e r a c t i o n  

The prime mover s e l e c t e d  f o r  developing t h e  pumping pressure  i n  
p ipe l ines  is genera l ly  r e l a t e d  t o  t h e  f u e l  ava i l ab le .  The i d e a l  s i t u a t i o n  
is  t o  use some of the  ma te r i a l  being pumped a s  t h e  f u e l ;  thus ,  n a t u r a l  gas 
p ipe l ines  opera te  mostly w i t h  r ec ip roca t ing  spark i g n i t e d  engines fue led  
by n a t u r a l  gas. Gas tu rb ines  can a l s o  be used, s i n c e  they opera te  w e l l  
on n a t u r a l  gas,  but  they a r e  less e f f i c i e n t ,  consuming approximately 35-40% 
more f u e l .  However, they a r e  used i n  remote l o c a t i o n s  where cooling water 
is  no t  ava i l ab le .  



Crude and l i q u i d  product p ipe l ines  general ly u t i l i z e  c e n t r i f u g a l  
pumps run by e l e c t r i c  motors. The d i s t r i b u t i o n  of prime movers used i n  
p ipe l ines  i n  1970-71 i s  shown i n  the  following t ab le .  

TYPE OF ENGINE/DRIVE USED TO TRANSPORT 
PETROLEUM AND NAT'JRAL GAS BY PIPELINE 

Gas. Reciprocating 420 3 9 
Gas Turbine 275 2 6 
Diesel  4 5 4 
E l e c t r i c  328 3 1 

3.1.1.5 Other Engines with Poss ib le  
Application t o  Non-Highway Transpor ta t ion  

Engines which have. not  been discussed i n  the  foregoing sec t ions  
t h a t  have some poss ib le  app l i ca t ion  include (1) f r e e  p i s t o n  engine, (2)  
S t i r l i n g  engines, and (3) closed cycle  gas turbines .  

The f r e e  p i s ton  engine has  been t e s t ed  i n  shipboard opera t ion  
dur ing the  19601s, and while i t  had drawbacks which precluded i t s  more 
general  adoption, i t  may have p r o p e r t i e s  which would make i t  d e s i r a b l e  i n  
the  f u t u r e ,  p a r t i c u l a r l y  s ince  i t  showed some c a p a b i l i t y  of running on a 
wide v a r i e t y  of f u e l s .  

The S t i r l i n g  engine and the  Closed Cycle Gas Turbine have some 
s i m i l a r i t y  wi th  steam engines / turbines ,  because they a r e  f i r e d  e x t e r n a l l y  
a t  a  hea t  exchanger which performs a funct ion  s imi la r  t o  t h a t  of the  b o i l e r .  
!Jhile the  S t i r l i n g  engine has no t  been used s ince  t h e  19th  century i n  p r a c t i c a l  
app l i ca t ions ,  i t  i s  known t o  be a b l e  t o  use a wide v a r i e t y  of f u e l s ,  and 
has reached a high l e v e l  i n  t h e  development s t a g e  f o r  engines up t o  2000 HP. 

.The closed cyc le  gas tu rb ine  is  a developed engine which has found 
app l fca t ion  t o  the concurrent  product'ion of heat  and power, and which runs  
success fu l ly  on a v a r i e t y  of f u e l s  inc luding low rank coal .  

Each of these  engines a r e  described b r i e f l y  i n  Volume IIIA. 

3.1.2 Al te rna te  Energy Forms f o r  
Non-Highway Transpor ta t ion  
(Vol. IIIA - Section 5) 

Three a l t e r n a t e  energy forms/prime movers w e r e  considered f o r  
p o t e n t i a l  use i n  non-highway t r anspor ta t ion :  (1) f u e l  c e l l s ,  (2) nuclear  
power, and (3) solar--both thermal and e l e c t r i c .  Of these  t h r e e ,  only 
f u e l  c e l l s  appear p o t e n t i a l l y  a t t r a c t i v e  enough a s  a  p o t e n t i a l  prime mover 
t o  be considered i n  t h e  d e t a i l e d  evaluat ion  s tage .  



3.1.2.1 Poss ib le  Applicat ions 
of Fuel Cells 

I n  considering a l t e r n a t e  f u e l s  f o r  nun-highway t ranspor ta t ion  
uses  i n  the  f u t u r e ,  i t  i s  appropr ia te  t o  assesu t h e  p o s s i b i l i t i e s  of u t i l i -  
z ing .  f u e l  c e l l s  i n  these  appl ica t ions .  syn the t i c  f i e l s  are necessa r i ly  going 
t o  be  more expensive than petroleum and n a t u r a l  gas f u e l s  have been i n  the  
p a s t ,  \and the re fo re  t h e  f u e l '  c o s t s  w i l l  be a higher percentage of t h e  t o t a l  
annualized c o s t s  of t h e  propulsion systems. Since f u e l  cells a r e  not sub- 
ject i o  Carnot cycle  e f f i c iency  l i m i t a t i o n s ,  they theore t ica l ly ,  can be 
operated a t  higher thermal e f f i c i e n c i e s  than can hea t  engines, such as 
combustion tu rb ines  .and d i e s e l  engines. Thus f u e l  c e l l  systems may 
operate a t  lower annual c o s t s ,  including f u e l  c o s t ,  than o the r  types of 
prime movers. I n  add i t ion  t o  t h e  higher thermal e f f i c i e n c i e s ,  compared 
t o  heat  engines, some of t h e  other advantages of f,uel c e l l s  are 

They are c lean,  q u i e t  and have l i t t l e  e f f e c t  :on t h e  environment. 

They have very f l a t  eff iciency,/ load curves over t h e  f u l l  range 
of opera t ion and fol low changes i n  ' ioad r e a d i l y .  

The f u e l  cells themselves. a r e  modular i n  nature ,  s o  t h a t  the re  
i s  a r e l a t i v e l y  small e f f e c t  of capaci ty  on c o s t  down t o  small 
system c a p a c i t i e s ;  systems can r e a d i l y  be enlarged i n  capaci ty  
by adding modules, and ind iv idua l  modules can e a s i l y  b e  
replaced when f a i l u r e s  occur without  s h u t t i n g  down t h e  e n t i r e  
sys t e m .  

The sistems are p o t e n t i a l l y  low c o s t  when mass production of 
modules t o  meet high demand rates becomes poss ib le .  

I n  a f u e l  c e l l ,  a f u e l  and an  oxidant  a r e  fed  continuously t o  t h e  
cell and the  oxidat ion of the  f u e l  is  c a r r i e d  o u t  electrochemically,  s o  t h a t  
t h e  heat  of oxidat ion is re leased as e l e c t r i c a l  energy ' i n  t h e  form of low- 
vo l t age  d i r e c t  current .  A number of c e l l s  are normally connected i n  series 
t o  provide up t o  3000 v o l t s  DC from a system. This power can be inver ted  
t o  AC and transformed t o  h igher .vo l t ages  i n  a power coriditioning. s tage .  

A t  t h e  present  time the  only p r a d t i c a l  f u e l  c e l l s  known r e q u i r e  
hydrogen o r  H ~ / C O  mixtures a s  f u e l  f o r  t h e  cells. Direct  feeding of methanol 
and l i g h t  hydrocarbons have been demonstrated, but  are uneconomical due t o  
t h e  l a r g e  amounts of platinum c a t a l y s t  required.  Thus, a l l  f u e l  cells of 
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commercial i n t e r e s t  inc lude a f u e l  prepara t ion an'd conditioning sec t ion ,  
where a steam reformer i s  used t o  convert the  o r i g i n a l  f u e l  (hydrocarbon 
d i s t i l l a t e ,  methane, hydrazine, alcohols,  l i g h t  hydrocarbons) t o  H2 and CO. 

. . The types of f u e l  c e l l s  considered i n  t h e  preliminary screening 
are summarized below, along with the  opera t ing temperature and thermal 
e f f i c i e n c i e s  . 

I Thermal Eff i c . ,  % (LHV) 

E l e c t r o l y t e  
Operating On On ~eformed> 

H Fuels -' Temp., OF -2- 

I Before 1985 

After  1985 

Alkal i '  Metal 
Carbonates 

KOH 195 6 0 5 5 

I n  t h e  pre-1985 time period, .only the  phosphoric ac id  e l e c t r o l y t e  system is : 
far 'enough along i n  development t o  be considered. It is  .possible t h a t  e i t h e r  
or both of t h e  molten carbonate and t h e  KOH e l e c t r o l y t e  system could be 
commercially a v a i l a b l e  i n  t h e  1985-2000 time period.  

3.1.2.1.1 Appl icab i l i ty  of 
Fuel Cells t o  A i r c r a f t  

Fuel c e l l s  will  probably always have too high a weight-to- 
'power r a t i o  f o r  app l i ca t ion  t o  a i r c r a f t .  For example, t h e  following tabula- 

, t i o n  compares weights f o r  t h e  engines and f u e l  required  f o r  a Lockheed E l e c t r a  
, turboprop with t h e  weights t h a t  would be involved in a comparable a i r p l a n e  

powered by f u e l  cells and DC motors.   his' comparison i s  with old technology 
. f o r  t h e  gas' tu rb ine  ; newer technology would even make f u e l  c e l l s  less ' a t t r a c t i v e .  

Fuel Cells 
Turbopr OR + Motors 

Weights, pounds 

7,300 Engines 
Fuel C e l l s  52,200 
DC Motors 153.000 
Fuel 32,500 

TOTAL 39,800 
# 

. I n  view of t h e  a b w e  comparison, no f u r t h e r  considera t ion was 
given t o  t h e  use. of ' f u e l  cells i n  a i r c r a f t  ., 



3.1.2.1.2 Applicabil i ty of Fuel 
Cells  t o  Railroad Locomotives 

In  terms of energy consumed by the  ra i l roads ,  d iese l -e lec t r ic  f o r  
f r e i g h t  service  represents  about 89% of the t o t a l  eliergy consumed, so t he  
comparison of f u e l  c e l l s  w i l l  be based on a comparison with d iese l -e lec t r ic  
f o r  f r e igh t .  The following tabulation compares the  d iese l -e lec t r ic  power 
system with a phosphoric acid f u e l  c e l l  system. 

'L- -- FUEL CELL POWER FOR A LOCOMOTIVE 

Power Source 

Fuel 
Vol. Power ~ e n s i t ~ - f  t3/kw 
Weight Power Density-lbs/kW 
Efficiency - %(a) 

Fuel. Onboard (3300 HP Locomotive) 

Gallons 
Cubic Feet 
Pounds 

Diesel - ~ u e l -  C e l l  + 
Elec t r i c  Reformer 

D i s t i l l a t e  
0.4 

2 0 
3 3 

Naphtha 
1 

30 
4 0 

(a)  Based on output of prime mover, less requirement f o r  . locomotive aux i l i a r i e s .  

The power densi ty  (volume and weight) shown f o r  t he  f u e l  c e l l  i s  
based on mall un i t  da ta  (10 kW) . The 2900 kW .un i t s  required f o r  a locomo- 
t i v e  should have much b e t t e r  power densi t ies .  -Further study. w i l l  be 
needed t o  determine the  technical  f e a s i b i l i t y  of subs t i tu t ing  f u e l  c e l l s  
f o r  the  d i e s e l  engine-alternator-rectif ier  system. The f u e l  c e l l  system 
probably cannot be appreciably la rger  i n  volume than the  current  system 
s ince  t he  overa l l  dimensions of t he  ex is t ing  locomotives a r e  near the  limits 
as constrained by tunnel and bridge clearances. 

The major advantage f o r  t he  f u e l  c e l l s  i s  i n  increased fue l  ef'f i- 
ciency. Improvement i n  the  f u e l  eff ic iency f o r  33% current ly  t o  40% with 
8 phosphoric.acid f u e l  c e l l  could reduce t he  f u e l  requirement onboard from 
4000 gallons t o  3670 gallons,  as wel l  a s  reduce the  operating cos t s  f o r  fue l .  , 

3.1.2.1.3 Appl icabi l i ty  of Fuel 
Cells i n  Marine Service . -' 

The major reason f o r  considering f u e l  c e l l s  f o r  marine appl icat ion 
would be the  improved thermal eff ic iency possible  with f u e l  c e l l s .  Table 3-1 

. compares the thermal e f f ic ienc ies '  of current marine engines, and fu tu re  



TABLE 3-1 

Poss ib le  Marine. Power p l a n t s  

Current 

Steam tu rb ine  with rehea t  steam 
(1450 ps ig ,  150°F) 

Low-speed d i e s e l  

Future Conventional 

Steam turbine  with heat  pressure,  
high temperature rehea t  (2400. ps ig ,  
1050°F) 

Adiabatic d i e s e l  

Naval Academy hea t  balance engine 

Heavy duty gas turbine ,  combined cycle  

Closed cycle  combustion tu rb ine  

Fuel Cells 

Phosphoric. Acid ' 

Molten Carbonates 

Alkaline 

Fuel 

Resid ium 

Res id ium 

Re s id  ium 

Diesel  

Diesel 

Re s id  ium 

Res i d  ium 

. Naphtha , 

D i s t i l l a t e  

~ y d r  ogen 

Efficiency,  % 



conventional engines with f u e l  c e l l s .  A s  can be seen, wi th  the  phosphoric 
acid  f u e l  c e l l ,  t h e  o v e r a l l  ef f ic iency is  i n  the  same range a s  t h e  current  
low-speed d i e s e l .  Thus, the re  would be no economic advantage s l p c e  the  
f u e l  c e l l  would requ i re  a low-boiling, c lean d i s t i l l a t e  f u e l  whereas t h e  
d i e s e l  can run  on residium. I f  molten carbonate f u e l  c e l l s  or even a l k a l i n e  
f u e l  c e l l s  with 50-60% e f f i c i e n c i e s  become ava i l ab le  i n  t h e  1985 plus  
period the  increased e f f i c i e n c i e s ,  compared t o  current  and f u t u r e  conven- 
t i o n a l  power p lan t s ,  may j u s t i f y  the  added cost  of t h e  equipment and make 

. f u e l  c e l l s  a p o t e n t i a l  candidate f o r  marine appl icat ion.  A comparison 
has been made between f u e l  c e l l s  and a 7000 HP d i e s e l  engine and wit,h 30,000- 
40;000 HP steam turbine'drives i n  the  de ta i l ed  evaluation (Section € 9 ) .  

S \.. 
3.1.2.1.4 Appl icabi l i ty  of Fuel 

Cel ls  i n  Pipel ine  Service 

* Two poss ib le  f u e l  c e l l  appl icat ions  for  p ipel ines  were considered -- 
l i q u i d  pipel ines  and gas pipelines.  In  the case of a l iqu id  pipeline: Ae e l e c t r i c  
motors a r e  t h e  major prime mover. A rough comparison between cos t  of elec- 
t r i c i t y  from a f u e l  c e l l  and t h e  cost' of e l e c t r i c i t y  from a l a r g e  power 
p lan t  would i n d i c a t e  t h a t  f u e l  c e l l s  probably would be  uneconomical. A t  
one time, it  was f e l t  that a major advantage of f u e l  c e l l s  would be t h a t  
the  speed of the  DC motor could be e a s i l y  var ied with l i q u i d  thruput. 
However, AC motors a r e  now becoming ava i l ab le  t h a t  provide f o r  control led  
phase changing so t h a t  power, and therefore  throughput, can be  adjusted a s  
des i red.  I n  view of these  f a c t o r s ,  f u r t h e r  consideration of f u e l  c e l l s  
f o r  l iqu id  p ipe l ines  is  not  j u s t i f i e d .  

For gas pipel ine ,  a t  l e a s t  93% of t h e  compreesion energy is 
supplied by gas taken from the pipel ine ,  using combustion turbines  o r  Ot to  
cyc le  reciprocat ing engines. Ef f i c ienc ies  of e x i s t i n g  and poss ib le  f u t u r e  
prime movers which can be u t i l i z e d  on gas pipel ines  are summarized i n  Table 
3-2. 

It is seen from the  information i n  t h e  t a b l e  t h a t  equipment already 
eldsts which is  about as e f f i c i e n t  as t h e  phosphoric acid  e l e c t r o l y t e  f u e l  
cells a r e  expected t o  be, and improvements t o  e x i s t i n g  equipment are being 
s tudied which could br ing e f f i c i e n c i e s  t o  the  range an t i c ipa ted  f o r  molten 
carbonate f u e l  c e l l s .  Fuel c e l l s  would have an advantage a t  part-load con- 
d i t i o n s ,  because t h e i r  e f f i c iency  improves a s  load decreases,  whereas 
combustion tu rb ine  e f f i c i e n c i e s  drop off  sharply a t  par t  load. A 
comparison has been made between f u e l  c e l l s  and advanced combustion turbines  
and advanced reciprocat ing engines of about 5000 HP s i z e .  

3.1.2.2 Po ten t ia l  Application of 
Nuclear Energy 

I n  add i t ion  t o  using nuclear energy t o  generate e l e c t r i c i t y  .or 
hydrogen, which can serve as energy c a r r i e r s ,  nuclear energy i s  being used 
d i r e c t l y  i n  marine t ranspor ta t ion and has been se r ious ly  considered f o r  
a i r c r a f t  appl icat ion.  The nuclear reac to r  i s  used t o  generate steam t o  
d r i v e  a 8tem turb ine  in the marine case, end t o  preheat  the  air t o  high 
temperatures t o  d r i v e  a gas tu rb ine  i n  the  a i r c r a f t  case. Theoret ica l ly ,  
i t  is poss ible  t o  use  nuclear energy I n  r a i l r o a d s  and p ipe l ines ,  but t h e  
i n e t i t u t i o n a l  problans would be  greater than f o r  the  lparine o r  a i r c r a f t  
appl icat ion.  



Poesible Power P lan t s  f o r  Gas Transmission P ipe l ines  - 

Full-Load Par t -Load 
Efficiency Efficiency 

X X 

Combue t ion Turbines' 

Older simple-cycle 

Newer simpie-cycle 

Simple-cycle with'  heat  recuperat ion 

Combined-cycle with steam bottoming 
Exis t ing  " . 

~ u t u r e  

Combined-cycle with organic bottoming 

Same, wi th  hea t  recuperat ion 

Ot to  Cycle Reciprocating Engines 

combined-cycle with steam bottoming* 38-43 
, 

Combined-cycle with organic bottoming* 39-45 

Fuel Cells 

Phosphoric Acid 

Molten Carbonates 

*Re t ro f i t t ing  of bottoming cycles  on e x i s t i n g  machines appears poss ib le .  



1,1.2.2.1 ' Application of lOucl8ar 
Energy in Marine 

. Currently there  u e  i n  excess of 2OO'operating nuclear-powered 
ships,  with some of these having been i n  service fo r  more than 20 years. 
Almost a l l  these a r e  naval ,ships ,  but there have been two nuclear-merchant 
ships built--the "Savannah" i n  the  United States  and the "Otto Hahn" i n  the 
Federal Republic of Germany. Also, a third non-ilitary nuclear ship,  the  
"Mutsu" has been b u i l t  i n  Japan fo r  use i n  government assignments. 

. x There a r e  three major problem areas  t ha t  have retarded the progress. 
of nuclear-powered ships : 

1. Economics 
- 2. lndemnif i ca t ion  and l i a b i l i t y  
3.  Port entry and internat ional  claarunces 

A s  the s i t ua t i on  ex i s t s  now, the economic competitiveness of nuclear 
vessels  over conventional vessels  cannot be demonstrated with any real degree 
of confidence. Construction costs  of a nuclear-powered ship a r e  considerably 
higher than those fo r  a conventional vessel,  so t ha t  the economic incentive 
must come from the lower un i t  f u e l  cost of 'nuclear versus f o s s i l  f ue l ,  t o  
off s e t  the carrying charges associated with the higher investment. Nuclear 
pow? plants,  with lower un i t  operating costs,  a r e  generally more economi- 
ca l ly  a t t r ac t i ve  than conventional power plants if the  s i z e  and output of 
the un i t  is raised t o  a suf f ic ien t ly  high level .  Thus, nuclear power would ' 

, have the best opportunity t o  be economical i n  very la rge  ship s izes .  

I n  summary, the technology ex i s t s  t o  build nuclear-powered mer- 
chant ships. However, i t  is  not c lear  when nuclear-powered ships  w i l l  
become economical t o  f ossil-fueled vessels.  In d d i t b n ,  there  u e  subst&- 
t i a l  non-economic problems to  be solved before a nuclear merchant f l e e t  
becomes a r ea l i t y .  

3.1.2.2.2 Application of Nuclear 
., 

E n e r ~ y  i n  Aircraf t  

Nuclear-powered a i r c r a f t  have been esplorsd in considerable 
d e t a i l  since the 1950's. A major problem with nuclear-powered a i r c r a f t  i s  
the weight penalty associated with the reactor shielding t o  protect  the  
crew and passengers. It appears tha t  a nuclear-powered a i r c r a f t  would require  
a take-off weight of perhaps 1.5 mill ion pounds t o  carry a prac t ica l  pay- 
load. Because of the t o t a l  power 'plant weight, i t  seems that the  payload 
carrying a b i l i t y  would be comparatively small even though the large f u e l  
weight requirkment of conventional turbine engines has been eliminated. 
The increased pr ice  of foss i l ,  f ue l s  is a fac tor  t h a t  should help the rela-  
t i ve  economics of a nuclear-powered a i r c r a f t .  However, the cost  of the 
nuclear power plant and fuel ,  and the  cost of the  airframe to  carry the  
heavy poweq plant a re  such that  i t  is not  clear tha t  there  would be any 
economic gain. On the basis  of avai lable  data,  the high investment costs  
appear to  outweigh the f u e l  cost savings. 

In  addition t o  the economic fac tors ,  t he  environment and safe ty  - 
concerns of carrying a nuclear plant i n  an airplane, which might crash i n  
populated areas,  would seem to  be almost an unsurmountable problem t o  over- 
come. It would seem t o  be a eafe guess t ha t  wclear aircraft for  commercial 
transport purposes w i l l  not be seen u n t i l  sometime w e l l  a f t e r  the  year 2000, 
i f  a t  a l l .  



3.1.2.3 P o t e n t i a l  Applicat ion of 
Direc t  Solar  Radiat ion 

Direc t  s o l a r  r a d i a t i o n  may be  used t o  hea t  a working f l u i d  t h a t  
may be used t o  develop power i n  a hea t  engine. Thermal conversion may be 
divided i n t o  t h r e e  l eve l s :  low temperature (225-250°F) used f o r  s o l a r  
heat ing,  high temperatures (producing steam temperatures of up t o  600°F 
by concentrat ing t h e  sun 's  r a y s  by u s e  of r e f l e c t i n g  surf  aces),  and u.l t r a -  
high temperature (approaching 5000°F thr,ough t h e  u s e  of p rec i se ly  con t ro l l ed  
parabol ic  r e f l e c t o r s ) .  Only t h e  latter two a r e a s  would generate steam 
temperatures i i g h  enough t o  be considered f o r  non-highway t r anspor ta t ion .  
However, both systems r e q u i r e  t h e  u s e  of r e f l e c t o r s  which r e q u i r e  a large 
a rea  . 

Another d i r e c t  r a d i a t i o n  method i s  t h e  app l i ca t ion  of p h o t o v o l t a i , ~  
cells t o  convert sun l igh t  d i r e c t l y  t o  e l e c t r i c  power. The amount of area of 
s o l a r  c e l l s  requi red  f o r  t y p i c a l  r a i l ,  marine, and p i p e l i n e  a p p l i c a t i o n s  
was considered. The use of s o l a r  photovoltaic i s  not  poss ib le  t o  even 
consider f o r  a i r c r a f t  app l i ca t ion  because of weight l i m i t a t i o n s  and t h e  
impact of the  so la r  c e l l s  on the  aerodynamic behavior of t h e  plane. 

For marine app l i ca t ion ,  t o  genera te  10,000 SHF' (cont inual ly  f o r  
24 hours) would r e q u i r e  about .4 .2 m i l l i o n  f t2 of c o l l e c t o r  surf  ace f o r  a 
photovol ta ic  e f f i c i e n c y  of 10%. For a 485,000 DWT tanker t h e  deck area is 
0.24 mi l l ion  f t 2 .  ~ h u $  i t  is im*ract ical  t o  consider  using s o l a r  photovol- 
t a i c s  f o r  marine use .  ' Similar  c a l c u l a t i o n s  were made f o r  r a i l r o a d  and 
p i p e l i n e  app l i ca t ions  and these  indica ted  t h a t  ' i t  would be  imprac t i ca l  t o  
consider  s o l a r  photovol ta ics  f o r  these  two modes of t r anspor ta t ion .  

3.1.2.4 P o t e n t i a l  Applicat ion of 
Enerpy Storage Power Systems 

. . 

A d e t a i l e d  evaluat ionx of the  prospects  fo r  energy s to rage  devices  
were not  considered i n  t h i s  s tudy s ince  the  sub jec t  has been covered i n  a 
r e c e n t  r e p o r t  by Bolger e t  a 1  of Lawrence Livermore Laboratory*. Three 
genera l  types of energy s to rage  devices  were considered: electrochemical ,  
mechanical, and chemical/thermal. The genera l  conclusions of t h e  study were 
t h a t  t h e  p o t e n t i a l  fo r  appreciable  energy savings i n  the  non-highway sec to r  
by means of energy s to rage  devices  appear l imi ted  i n  the  near- and mid-term. 
The duty cycles  do not  lend themselves we l l  t o  t h i s  type of power systems. 
In  t h e  long-term, only hydrogen systems have p o t e n t i a l ,  but  a s  pointed out  
i n  t h i s  cu r ren t  s tudy,  t h e  long-range c o s t  of hydrogen would appear t o  l i m i t  
t h i s  app l i ca t ion .  The conclusions f o r  each mode from the  LLL study a r e  
summarized below. 

R a i l  - 
In  heavy r a i l  t r a n s p o r t a t i o q  energy s to rage  power systems are no t  

p r a c t i c a l  a s  sources of long-distance propulsive power. However, they could 
be used i n  an a u x i l i a r y  capaci ty  i n  switching engines or  i n  t r a i n s  t h a t  start 

*"Application of Energy Storage Power Systems t o  Non Highway Transportation", 
Bolger, e t  a t ,  UCRL-52333, May 1977. 



and s t o p  f requent ly  and where t h e  k i n e t i c  energy i s  a s i g n i f i c a n t  component 
of t h e  t o t a l  energy consumed and i s  worth s t o f i n g  and reclaiming. I n  rapid  
t r a n s i t  and l i g h t  r a i l  app l i ca t ions ,  energy s to rage  devices  could be used 
e f f e c t i v e l y  t o  s t o r e  and regenera te  t h e  k i n e t i c  energy now l o s t  i n  braking. 
Flywheels could serve  e f f e c t i v e l y  i n  such app l i ca t ions .  The p r inc ipa l  b a r r i e r  
t o  implementation of t h i s  concept is the  high i n i t i a l  c o s t  of a - regenera t ive  
braking system. 

Aviat ion . 

No p o t e n t i a l  app l i ca t ion ,  except the  use of hydrogen which is  
coyered i n .  the  present  s tudy.  

Mar i n e  

Very l i t t l e  k i n e t i c  o r  p o t e n t i a l  energy is  a v a i l a b l e  f o r  recovery 
r e l a t i v e  t o  t h e  t o t a l  energy requi red  dur ing normal duty cycles.  

P i p e l i n e  

No a t t r a c t i v e  a p p l i c a t i o n s  of energy s to rage  power systems were 
i d e n t i f i e d .  

3.2 Fuels Related Data Base 

3.2.1 Economics of Fuel  Manufacture 
(Volume I I I B  - Section 6)  

One major cons ide ra t ion  i n  evaluat ing  a l t e r n a t i v e  energy sources 
i s  f u e l  cos t .  The c o s t  of manufacturing t h e  d i f f e r e n t  f u e l s  and energy 
c a r r i e r s  have been developed, based on published l i t e r a t u r e .  Analysis of 
a l t e r n a t i v e  production r o u t e s  f o r  any p a r t i c u l a r  f u e l  is included, when 
t h i s  information is  a v a i l a b l e .  Also, included i n  t h e  d e t a i l e d  write-up 
is a b r i e f  desc r ip t ion  of the  processes used t o  manufacture t h e  f u e l s ,  
product y i e l d s  and q u a l i t y  where app l i cab le ,  and how the  t o t a l  c o s t  
m y  va ry  with p l a n t  s i z e  and raw m a t e r i a l  cos t .  The t o t a l  c o s t  are broken 
down i n t o  the  t h r e e  major components--(l) c a p i t a l  recovery, (2) feeds tock 
c o s t ,  and (3) opera t ing  c o s t .  

One problem wi th  l i t e r a t u r e  d a t a  is d i f f e r e n c e s  i n  economic bases,  
r a t e s  of r e t u r n ,  p l a n t . s i z e s ,  e t c .  I n  t h i s  s tudy,  a l l  of t h e  c o s t s  have 
been adjus ted  t o  a common b a s i s .  The bases s e l e c t e d  f o r  t h i s  s tudy are a s  
fo l lows : 

I 
1 

. .* 

Money on 1980 d o l l a r  b a s i s .  

Investments & opera t ing  c o s t  e s c a l a t i o n  of 7Xlyear p r i o r  t o  1980. 

Assumes 100% equ i ty  f inancing.  

8 Contingency of 25% on p lan t  investment. 



Capital  recovery fac tor  (CRF) of 0.2SIyear per do l l a r  of 
invesment.  This roughly corresponds t o  a 10% discounted 
cash flow, which may be lower than the minimum acceptable 
t o  many companies today. U t i l i t y  financing was a l so  consi- 
dered, where CRF f ac to r s  can range from 0.155 to  0,17. Thus 
'the value used i n  t h i s  study represents the  lower end o f ,  
acceptable industry re turn  l eve l s  and is somewhat higher than 
typical  u t i l i t y  recovery leve ls .  

I 

Plant s izes :  

SNG 250 MSCFID 
~ i q u i d s  50 KBID . 

Hydrogen 880 MSCFID 
Me thano 1 2000 TonsID 
E than01 1500 Tons/D 

0. By-product prices,  coal cost ,  and e l e c t r i c i t y  cost  are given 
i n  the  de ta i led  report .  

. . The cos t s  f o r  the  various f u e l s  a r e  shown i n  Figure 3-1 on the  basis  
of d o l l a r s  per mil l ion BTU (lower heating 'value*) with cost  ;increasing from 
l e f t  t o  r i gh t .  The length of the bar i n  Figure 3-1 represents  the range of cos t s  
obtained from the  l i t e r a t u r e .  In  some cases a s ing le  l i n e  i s  shown simply 
because only. one estimate was located i n  the  l i t e r a t u r e .  Even with these 
fue l s ,  there  is  uncertainty about the  cost .  For the  purpose of t h i s  study, 
the  r e l a t i v e  cost ,  on a consis tent  basis ,  is more important than the  
absolute cost .  The absolute cost  w i l l  be uncertain u n t i l  some of these 
p lan ts  a r e  ac tua l ly  b u i l t  and operating experience i s  obtained. 

The same information is' shown i n  Table 3-3 grouped i n t o  th ree  cost  
categories,  less than lO'$/MBTU, 10-20$IMBTU, and greater  than 20SlMBTU. 
Thirteen d i f f e r e n t  fuelslenergy c a r r i e r s  are projected t o  cost  less than 
10$/MBTU i n  terms of 1980 do l la r s .  It must be s t ressed t h a t  t h i s  cost 'excludee 
d i s t r i bu t ion  cost  and i n  t he  case  of both hydrogen and methane, which w i l l  
beet  f ind appl icat ion i n  l iquid form, the l iquefact ion cost .  These cos t s  
a r e  discussed i n  the  next section.  

, , 

Another way t o  consider the  same da ta  i s  to . l ook  a t  t he  cos t  of 
fuelslenergy source through the  resource base used t o  produce the  fue l .  
Information on t h i s  bas i s  is shown i n  Figure 3-2. The shale  resource base 

. f u e l s  f a l l  i n  the 4-5SlMBTU range. Coal derived f u e l s  cover a broad range, 
from 0.5 t o  45$/MBTU. For the  so l a r  (biomass) resource most of t he  f u e l s  

, a r e  i n  the 8-ld$/MBTU -range. 

*Lower heating value because the  l a t e n t  heat  of vaporization of water is  
not generally recoverable with t ransporta t ion fue l s .  
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TABLE 3-3 

COST OF ALTERNATE FUELS 
\ 

< l o  s/wm -- 10-20 s/mm 

Coal 0.9 -1.6 

Raw shale o i l  s l u r r y  2.50-3.0 

Coal-in-oil s lu r ry  2.55+ Ilethanol from coal 6.65-11.15 

LPw BTU gas 3.65-4.25 

Methanol by 

Pyrolysis of 20.75 

Solid waste 

4.20-4.40 
. . 

Shale syncrude . 

Shale d i s t i l l a t e  4.20-4.40 Uethane from sewage 12.50 Ethanol by fe r -  21.20 
a lgae  ' pentation 

Shale gasoline 4.90-5.20 h o n i a  from coal 12.30-12.90 Uethanol by QfEC, % , 29.70 : 

Coal l iqu ids  3.75-6.30 Acetylene from coal 14 .OO . Eydraziae ' >65 . 
(syncrude) 

&thane from coal 6.10-8.75 

Methanol from biomass 14.80 

Ammonia from biomass 17.55 

Direct coal gasoline 4.85-8.40 

Direct coal d i s t i l l a t e  5.35-9.00 Rydrogen by e lec t ro l -  ,19.65 
ye i s  

O i l  from organic 8.60 
waste 

Hydrogen from coal 7.90-9.60 

'. *Current raw material  cos t s  only; higher with addi t ion of processing and investoent costs.  



FIGURE. 3-2 

COST O F  ALTERNATE FUELS BY RESOURCE BASE 

$/MILLION BTU (19809)  

0 2 4 6 8 1 0  1 2  14 1'6 18 20 

FUEL/ENERGY SOURCE 

Shale . - 
Raw Shale Oil 

Shale Syncrude 
Shale Distillate 
Shale Gasoline 

- Coal - 
111. High Sulfur (Mine) 

Wyoming Low Sulfur 

Coal/Oil Slurry 

Low Btu Gas 

- a  Methane (Gas) 
i Distil late-Coal Liquids 

\ 
: Gasoli ne-Coal Liquids 

Electricity . 

Hydrogen (gas) 

, . Methanol 
1. Ammonia 

. . Acetylene 

Hydrazi ne 
Solar - 

Ethanol 
Fermentation 
Oil From Organic Waste 
Methane 

Ammonia 

Methanol 



Also, t h i s  . information i s  examined by f u e l  produced. Costs on t h i s  
b a s i s  a r e  presented i n  Table3-4. I n  the  case of methanol, f o r  example, coal  
appears t o  be t h e  most economical resource base. Where a given f u e l  can be 
produced from e i t h e r  coa l  or  biomass, t h e  most economical resource base i s  
coal .  

3.2.2 Transportat ion,  Dis t r ibu t ion  and 
Storage Cost of Al te rna te  Fuels 
(Vol. IIIB - Section 7) 

I n  add i t ion  t o  considering t h e  economics of manufacture of t h e  
var ious  a l t e r n a t e  f u e l s ,  i t  i s  a l s o  necessary t o  consider t h e  cos t  of t rans-  
por ta t ion ,  s torage ,  and d i s t r i b u t i o n  c o s t s  associa ted  with moving the  f u e l s  
to ' . the  customer. ' 8  I n  most cases,  t h e  raw mate r i a l  resources a r e  not  located  
near t h e  markets, so a l a r g e  t r anspor ta t ion  network i s  required t o  move t h e  
resource t o  t h e  conversion s i te  and u l t ima te ly  t o  t h e  customer. 

The t r anspor ta t ion  c o s t s  f o r  t h e  d i f f e r e n t  a l t e r n a t e  f u e l s  and f o r  
var ious  modes of transmission (p ipel ine ,  r a i l ,  barge, truck) have been 
summarized and put  on a common bas i s .  The c o s t s  a r e  expressed on a d o l l a r s  
per  mi l l ion  BTU per 1000 mile bas i s .  The s torage  and d i s t r i b u t i o n  c o s t s  

' 

are a l s o  covered f o r  the  major f u e l s  of i n t e r e s t .  To a r r i v e  a t  t h e  est imated 
cos t  of t h e  f u e l  de l ivered t o  t h e  customer, i t  i s  necessary t o  make some 
assumptions on represen ta t ive  d is tances .  Actual t r anspor ta t ion  and d i s t r i -  
bution c o s t s  can vary  from the  values  assumed, depending on shipping dis tance ,  
t e r r a i n ,  t a r i f f  rates, e tc .  The t r anspor ta t ion  d i s t ance  assumed f o r  t h i s  
comparison has been a r b i t r a r i l y  set a t  1000 m i l e s  i n  most cases.  The coal  
and s h a l e  o i l  l i q u i d s  have an add i t iona l  500 mile product p ipe l ine  cos t  
added t o  move t h e  product from a r e f i n e r y  t o  a bulk terminal.  For some of 
' t he  unconventional f u e l s ,  the  processing p l a n t s  may be smaller  and loca ted  
nearer  t o  t h e  point  of use .  S u f f i c i e n t  information is  given i n  the  Appendix 
t o  permit adjustments t o  a d i f f e r e n t  b a s i s  as t o  thruput .  

The t o t a l .  de l ivered c o s t  of t h e  var ious  a l t e r n a t e  f u e l s  are shown 
i n  Figure 3-3, with t h e  d e t a i l s  given i n  ~ a b i e  3-5. The c o s t s  a r e  divided 
i n t o  four  major areas--feedstock o r  raw material cos t s ,  manufacturing c o s t s ,  
upgrading c o s t s  ( includes l iquefac t ion  cos t  f o r  hydrogen and methane), and 
t r anspor ta t ion  and d i s t r i b u t i o n  costs'.. The cobts  have been rounded t o  the' 
nea res t  $0.051 M BTU which accounts f o r  some of t h e  numbers being s l i g h t l y  
d i f f e r e n t  from t h a t  number shown i n  oth,er sec t ions .  Several  i n t e r e s t i n g  
f a c t s  a r e  apparent from Figure 3-3 and from the  standpoint  of the  t ranspor ta-  
t i o n  and d i s t r i b u t i o n  c o s t s  . 

Transportat ion c o s t s  can be a s i g n i f i c a n t  cos t  i n  us ing coal  as 
a f u e l  d i r e c t l y  depending on whether e a s t e r n  o r  western coal  i s  
used. 

Transportat ion and d i s t r i b u t i o n  c o s t s  represent  around 7-8% of 
t h e  t o t a l  de l ivered cos t  of c o a l  l i q u i d s .  

Transportat ion and d i s t r i b u t i o n  c o s t s  represent  5-222 of t h e  
t o t a l  de l ivered cos t  f o r  sha le  o i l ,  methanol, and e thanol .  

8 'Transportat ion and d i s t r i b u t i o n  c o s t s  f o r  hydrogen, methane, 
ammonia and acetylene  represen t  10-25% of t h e  t o t a l  de l ivered 
c o s t  . 



shale gasoline(1 ) 

Shale diet11 la te  ( l )  . 

Coal gasoline(2 ) 

Co.al d i s t i l l a t e ( 2 )  

C O A ( ~ ) - ~ ~ - O I ~  Slurry 
, 

Methanol 

0 , coal(*) 
o ~iornass(4) 
o Solid Waste ~ ~ r o l ~ s i s ( 4 )  
a ~ E C ( S )  

Table 3-4 
Alternate Fuels Cost 

Cost $/MBTU (1980$1 

Hydrogen 

Ammonia . 

Ethanol 

o Fermentation (7)  

Methane 

o ~ o a l ( 2 )  
o Sewage f igae(4)  ' 



Table 3-4 (Cont .) 

O i l  from Organic 

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

(12) 

Cost, $/MBTU (1980s) 

8. 60 

Notes: For Table 3-4 

(1) Produced by aboveground retorting. 
(2) Coal at  21 $/Ton. 
(3)  Coal a t  8 $/Ton. 
(4) Inc ludes  waste c o l l e c t i o n  cos t .o f  20 $/Ton. 
(5)  Ocean thermal energy conversion. 
(6) Current potassium hygroxlde technology; about 13 $/MBTU f o r  developmental ' 

SPE process.  
(7 )  Corn . a t  3.75 $/Bushel 
(8) Cost about t h e  same f o r  calcium carbide  o r  coa l  a r c i n g  technology: . 
( 9 )  Current raw m a t e r i a l  c o s t s  only;  h igher  with add i t ion  of 

. processing and investment c o s t s .  
(10) Coal technology; coa l  a t  21 $/Ton. 
(11) Steam-electric cycle ;  coa l  a t  21 $/Ton. 
(12) Light  water r e a c t o r  process.  
(13) Steam-electr ic  cyc le  



FIGURE 3-3 

Total Delivered Cost o f  Alternate Fuels 

OELIVEREO COST OF FUELS 
$/ruWTU (1980) 
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I 1 r I 
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7.8- 14,4 METHANOL 
COAL 

14.9-16.6 
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DISTRIBUTION 



. . TABLE 3-5 

S W Y  OF TOTAL DELIVERED COST OF ACTERNATE FUELS 

.$/ M BTU (1980 Copt) ' J 

I 
Feedstock Fuel 

or Raw Manufacturing Upgrading Transportation 
Fue 1 Material Cost Costs and Distribution Total Cost 

Coal/Oil Slurry 2.45 ' 0.35 -- (2) 3.80 

Coal Liquids 1.20-1.70 2.60-4.60 r.60-2.70 0.50-0.65 5.90-9.90 

Shale Oil  Liquids 2.50 1.70-1.90 
\ 

Methanol 1.70-2.15 5.00-9.05 

Ethanol 9 .'OO-13-50 7.70 ( 5 )  

Hydrogen 1.70-1.80(~) 6.20-7.90 

Methane 1.90-2.70(~) 4.20-6.05 

Ammonia 2.20-2.30'~) 10.10-10.60 

Acetylene 1.85(~) 12.15 

~ r a n s p o r t a t i o n l  
DistributSon-- 

X of Tota l  

1 - -- >3.25 >>40 Hydrazine >37 I 
Elec t r i c i t y  3 .4  6720. -- 5.3 14.9 . 36 

, ' 

(1) -500 miles for  Eastern coal and 1000 miles fo r  Western coals. (5.) Corn resource baea. 
(2) Included i n  feedstock i n  raw material  .caste. (6) Liquef ac-tion coat. , 

- (3) Upgraded t o  13.5% hydrogen i n  d i s t i l l a t e .  .(7) Covered i n  manufacturing coat.  
(4) Eastern coal' based production. Plant a t  mine mouth'. , ('I 



The transmission and d i s t r i b u t i o n  cos t s  f o r  e l e c t r i c i t y  
represent  around 35% of t h e  t o t a l  cos t  f o r  l a r g e  commercial 
use r s .  

Included i n  t h e  t echn ica l  d e t a i l  sec t ion  is a c h a r t  ehbwing t h e  
flow of the  raw material from t h e  resource source t o  t h e  f i n a l  product i n  
t h e  customers tankage. The t o t a l  production, t ranspor ta t ion ,  and d i s t r i -  
but ion system f o r  coa l  l i q u i d s  i s  shown i n  Figure 3-4, t o  i l l u s t r a t e  the 
type of information t h a t  i s  a v a i l a b l e  i n  the  Appendix Volume IIIB. 

3.2.3 Energy Efficiency i n  Producing 
and Transporting Al ternate  Fuels  
(vol .111~ - Section 10) 

One of t h e  f a c t o r s  t o  consider i n  ranking t h e  var ious  a l t e r n a t e  
f u e l s  is which f u e l s  make the  most e f f i c i e n t  use  of our na t iona l  resources.  
To determine which f u e l s  r e q u i r e  t h e  least amount of a given resource,  i t  
i s  necessary t o  estimate the  thermal e f f i c i ency  of the  process used t o  pro- 
duce t h e  f u e l  from the  resource ( including t h e  energy associa ted  with 
l iquefying a gaseous f u e l ,  i f  necessary),  and t h e  energy required t o  trans-  
p o r t  the  b a s i c  resource t o  t h e  point  of manufacture and t h e  f i n a l  product 
t o  t h e  consumer. These f a c t o r s  are then combined i n  a systems approach t o  
i n d i c a t e  t h e  amount of a given resource t h a t  is  needed t o  produce a c e r t a i n  
amount of f i n a l  product. The th ree  major a reas  covered are: (1) t h e  
thermal e f f i c i ency  of t h e  processes used t o  manufacture t h e  f u e l s ;  (2) t h e  
energy required t o  t r anspor t  the  resources and f u e l s ;  and (3) t h e  combina- 
t i o n  of i t e m s  (1) and (2) i n  a systems ana lys i s  t o  ind ica te  t h e  amount of 
b a s i c  resources required .  

32.3.1 Thermal Efficiency of Processes 
t o  Manufacture t h e  Fuels 

The thermal e f f i c i e n c i e s  of t h e  va r ious  processes used t o  manu- 
f a c t u r e  a l t e r n a t e  f u e l s  a r e  summarized i n  Table3-6 f o r  t h e  non-renewable 
based f u e l s  and i n  Table.3-7 f o r  the  biomass based f u e l s .  Two e f f i c ienc ies  
are shown i n  Table 3-6; an e f f i c iencv  which accounts fo r  onlv t h e  liauil 
t r anspor ta t ion  f u e l  (€1) , and t h e  o v e r a l l  thermal e f f i c i ency  ' ( ~ 2 )  . The 
€1 e f f i c iency  is  defined a s  t h e  r a t i o  of t h e  BTU output  of t h e  primary f u e l /  
BTU input  of t h e  t o t a l  resource.  The €2 e f f i c iency  takes  i n t o  account t h e  

. heat ing va lue  of t h e  t o t a l  product,  and i s  t h e  r a t i o  of t h e  BTU output  of 
t h e  t o t a l  combustible product/BTU inpu t  of t o t a l  resource.  Figure 3-4 i l l u s -  
trates t h e  way the  two e f f i c i e n c i e s  would be ca lcula ted  f o r  a process 
producing methanol from coal .  The €2 ef f i c iency  is t h e  one normally repor ted  
i n  t h e  l i t e r a t u r e ,  but  t h e  €1 e f f i c i e n c y  i s  a l s o  u s e f u l  i n  ind ica t ing  which 
f u e l s  o r  processes may be b e s t  s u i t e d  t o  producing l i q u i d  t r anspor ta t ion  
f u e l s  . 

The biomass baaed f u e l s  a r e  shown i n  a separa te  t a b l e ,  s ince  i t  
is d i f f i c u l t  t o  compare a renewable resource base with a non-renewable 
resource  base. With a renewable base, i t  i s  a l s o  worthwhile t o  look a t  
t h e  output/ input  ratio--an ind ica t ion  of how much energy is obtained per  
t h e  energy required t o  produce the  f u e l .  For example, with e thanol  from 
sugarcane, t h e  energy output  is about breakeven with t h e  energy required 
t o  produce the  ethanol .  Of the  th ree  f u e l s  considered, it appears t h a t  
a m o n i a  produced from sugarcane would be t h e  most e f f i c i e n t  u s e  of biomass 
raw materials. 
-.. . 



FIGURE 3-4 

Coal Liquide Production, 
Transportation and Distribution Syetem 

/M . BTU (1980 ~oilars) 
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TABLE 3-6 

Fuel - 
FI. 

S-Y OF PROCESSING THERMAL EFFICIENCIES - - NON-RENEWABLE BASED FUELS 

~ o a l / O i l  Slurry 

Shale O i l  - Upgraded 

Coal Based Fuels 

- Liquids v ia  
+ Pyrolysis 
+ Lfquef action 
+ Indtrect ' 

- Coal Liquid Upgrading - Methanol - Ammonia - Acetylene 

- Eydrogen b) - Eydrogen - Liquefaction Step Only - Methane (8) - Methane - Liquefaction S t q  Only 

Other Energy Carriers 

€1 -X  829% 

(Liquid h e 1  (Total T b d  
only) Efficiency) 

70-92 70-92 
39-56 52-56 

47-51 
27-29 46-48 (30-34 more 

l ike ly )  
50-64 
44-58 

48-68 55-78 
83-91 

- Hydrogen - Electrolyeis - Electricity - Coal (conventional) 
(new technology) - Nuclear 



SUXKARY OF PROCESSING THERMAL 
BFFICIENCIES - BIOMASS BASED FUELS - 

Product Energy/ 
Process. &uergy c2 

Gput (1) Thermal Ef f icierrcy 

Ethanol 

- Sugar cane - Corn 

He than01 

- Sugar cane (pyrolysis) 

Ammonia 

- Sugar cane (pyrolysis) 
, 

1 )  See Appendix Volume IIIC - Section 10 for def init ion.  



~ x e l e  of Energy Efficiency Calculation 

Resourqa ' ( ~ o a i )  
692 x lo9 BTU/D 

Primary Liquid -- 272 x lo9 BTU/D 
Product . 

4 64 

By-Products 

- Combustible -- 110 x lo9 BTU/D 

- ~ u l f  u r /  - 10 x 109 BTU/D 
Ammonia ' 

= .BTU Output of Primary Fuel 272 0.393,0r 39.32 
"1 BTU Input of Total  Resource 692 

* 
b 

228 Power and 
b E l e c t r i c i t y  

Generation 

3 

Process 

BTU Output of Total  Combustible Product , 382 _ 0,552 or 55.22 
"2 P BTU Input of Total  Resource 692 

+ 
4 



I n  an at tempt t o  put the  biomass derived f u e l s  on a t h e d  e f f i -  
ciency b a s i s  f o r  comparison t o  t h e  coal  and sha le  based f u e l s ,  the  heat ing 
value of t h e  biomass was assumed a t  7800 B ~ ~ / p o u a d ,  which then al lows t h e  
thermal e f f i c i ency  of t h e  process t o  be calculated, .  

The €2 thermal e f f i c i e n c i e s  a r e  i l l u s t r a t e d  i n  Figure 3-5 far th ree  
d i f f e r e n t  resource bases--shale, coal ,  and biomass. A s  noted, the re  is a 
range of thermal e f f i c i e n c i e s  reported i n  the  l i t e r a t u r e  f o r  each f u e l .  
There a r e  severa l  reasons f o r  t h e  range--type of coa l  used ( i n  a coa l  based 
process) , .degree  of hea t  in tegra t ion ,  whether coa l  o r  by-products are used 
t o  generate e l e c t r i c i t y ,  e t c .  Also, f o r  processes under development, t h e  
thermal e f f i c i ency  tends t o ' b e  w e r s t a t e d , ' s i n c e  a l l  a spec t s  of t h e  problem 
have not been f u l l y  defined and an  in-depth engineering design is unavail- 
able.  

Also included i n  FLgure 3-5, a s  a  separa te  i t e m ,  is  the  e f f i c iency  
f o r  upgrading of coa l  l i q u i d s ,  l iquefac t ion  of hydrogen, and l i q u e f a c t i o n  
of methane. These e f f i c i e n c i e s  mst be considered i n  conjunction with t h e  
bas ic  process e f f i c i e n c y  t o  a r r i v e  at an "overall" e f f i c i ency .  

Several  comments on Figure 3-5: i 
I n  the  coal  l i q u i d s  a rea ,  the  l i q u e f a c t i o n  rou te  was se lec ted  as 
represen ta t ive .  The pyrolys is  and i n d i r e c t  methods have lower 
€1 e f f i c i e n c i e s ,  and o v e r a l l  thermal e f f i c i e n c i e s  i n  t h e  same 
range a s  t h e  l iquefac t ion  rou te .  

The r a t h e r  broad range associa ted  with coal  1 iquids .upgrading 
r e f l e c t s  t h e  range from (a) t ry ing  t o  upgrade c o a l  l i q u i d s  
d i r e c t l y  t o  cur ren t  d i s t i l l a t e  s p e c i f i c a t i o n ,  t o  '(b) mixing 
coal  syncrude i n t o  an e x i s t i n g  r e f i n e r y  and allowing t h e  p l a n t  
t o  optimize the  processing and feedstocks used f o r  each product. 

Note t h e  higher e f f i c i ency  associa ted  w i t h ,  methane l ipuef  a c t i o n  
(82-91%) compared t o  hydrogen l iquefac t ion  (44-58%) . 

By combining t h e  process thermal e f f i c i e n c i e s  wi th  t h e  energy . 
requirement t o  t r anspor t  the  f u e l ,  i t  i s  poss ib le  t o  c a l c u l a t e  t h e  amount 
of bas ic  resource needed t o  supply a given amount of t r anspor ta t ion  f u e l  
energy. Figure '3-6 shows the  c o a l  and s h a l e  b.ased resource required t o  produce 
a mi l l ion  BTU'S of f i n a l  fue l .  A s  expected, d i r e c t  burning of c o a l  i s  t h e  
most e f f i c i e n t  way t o  use coal,  if  i t  can be accommodated i n  a prime mover. 
The next most e f f i c i e n t  f u e l ,  from a resource  u t i l i z a t i o n  standpoint ,  is 
c o a l l o i l  s l u r r y .  Coal d i s t i l l a t e  and l i q u i d  methane are t h e  next  most 
e f f i c i e n t ,  r equ i r ing  about 1 . 8 8 ~  z i i l l ion  BTU of coa l  t o  produce a mi l l ion  BTU 
of l i q u i d  t r anspor ta t ion  f u e l .  Methanol and ammonia r e q u i r e  2 and 2.15million 
BTU of coa l  t o  produce a mi l l ion  BTU of l i q u i d  t r anspor ta t ion  f u e l ,  
r e spec t ive ly .  E l e c t r i c i t y ,  l i q u i d  hydrogen and acetylene  r e q u i r e  t h e  l a r g e s t  
amount of coal ,  of t h e  a l t e r n a t e  f u e l s  considered. 

\ 



S h a l e  
R e s o u r c e  I 

THERMAL EFFICIENCIES OF VARIOUS .PROCESSES ' . 
USED TO MANUFACTURE ALTERNATIVE FUELS 

4 Coal R e s o u r c e  

a b n g e  from 
L i t e r a t u r e  
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To'produce a m i l l i o n  BTU of d i s t i l l a t e  from s h a l e . o i l  required 
1.63 M BTU of bas ic  resource.  Data on the  biomass f u e l s  a r e  not  included 
i n  t h i s  comparison due t o  the  d i f f e r e n c e  mentioned e a r l i e r  between a renew- 
a b l e  and a non-renewable resource. 

3.2.3.2 Energy Requirements f o r  
Transpor ta t ion  of Fuels  

In moving t h e  f u e l  t o  t h e  conversion p lan t  and t o  t h e  consumer, a 
c e r t a i n  amount of energy is  required .  Table 3-8 summarizes the  primary 
e f f i c i ency  and t h e  f u e l  and e l e c t r i c i t y  ( a n c i l l a r y  energy) t h a t  would be  
needed . t o  move t h e  va r ious  f u e l s .  The energy used f o r  construc&on and 
maintenance i s  n o t  included, but  genera l ly  r ep resen t s  only about 10% of t h e  
a n c i l l a r y  energy shown. Also, any l o s s e s  dur ing  d i s t r i b u t i o n  and s to rage  
a r e  no t  included s i n c e  these  are genera l ly  e s s e n t i a l l y  zero. I n  some cases,  
d a t a  were a v a i l a b l e  from severa l  d i f f e r e n t  references ,  and t h e  range is  
shown, a s  w e l l  as t h e  va lue  t h a t  w i l l  be  used i n  t h i s  study. 

3.2.3.3 Tota l  Resource Requirements 
f o r  Various Al te rna te  Fuels  

'&vine es t ab l i shed  the  thermal e f f i c i e n c i e s  for  manufacture of 
t h e  var ious  a l t e r n a t e  f u e l s  and t h e  energy requi red  t o  t r anspor t  the  
resources  and f in i shed  products,  i t  is now poss ib le  t o  es t imate  the  t o t a l  
resources t h a t  would be required t o  provide t h e  same amount of energy f o r  
each of the  f u e l s  t h a t  could be produced from coa l  or sha le  o i l .  

a igure  3-7 shows t h e  t o t a l  resources  required t o  produce d i s t i l l a t e  
from coal .  Two types of energy a r e  represented--the amount of coa l  resource  
required and the  a n c i l l a r y  ( f u e l s  and e l e c t r i c i t y )  energy used t o  t r anspor t  
the  fue l s .  The a n c i l l a r y  energy may l i k e l y  come from a d i f f e r e n t  resource  
base, such a s  crude o i l ,  b u t - i s  included i n  the  t o t a l  fo r  completeness. 
I n  most cases ,  i t  represen t s  l e s s  than 2-3% of t h e  t o t a l  energy required.  

As shown i n  Figure 3-7, it t akes  1.82 m i l l i o n  BTU of coal. to ntn-ride e 
a mi l l ion  BTU of energy i n  t h e  form o f . d i s t i l l a t e  i n  the  customers' tanks.. In 
add i t ion ,  0.06 m i l l i o n  BTU of f u e l s  and e l e c t r i c i t y  would be requi red  t o  
move the  syncrude t o  a r e f i n e r y ,  t h e  products t o  te rminal  s to rage ,  and then 
t o  the  customer tankage. The d i s t a n c e s  assumed a r e  shown i n  t h e  f igure .  
These a r e  rough approximations of average d i s t a n c e s ,  and could vary consid- 
e r a b l y  i n  an  a c t u a l  s i t u a t i o n .  The thermal e f f i c i e n c y  assumed a t  each 
processing s t e p  is a l s o  shown i n  Figure 3-7. 

Similar  c h a r t s  f o r  the  coal-based a l t e r n a t e  f u e l s  a r e  given i n  the  
Appendix (Volume I I IC) .  Table 3-9 summarizes t h e  information from these  f igures .  
As  shown i n  Table 3-9, the  most e f f i c i e n t  way t o  use  coa l  would be t o  burn 
it d i r e c t l y ,  bu t  t h i s  has some p r a c t i c a l  l i m i t a t i o n s .  A c o a l / o i l  s l u r r y  
i s  t h e  next  most e f f i c i e n t  way, but  it  does r e q u i r e  t h e  use  of a petroleum 
product. Longer range,  the petroleum could be replaced with a coa l  o r  s h a l e  
o i l  derived l i q u i d . ,  Coal d i s t i l l a t e  and l iqu id  methane r e q u i r e  t h e  same 
t o t a l  resources ,  around 1.9 mi l l ion  BTU of c o a l  t o  pro\lide a mi l l ion  BTU. of 
energy t o  t h e  customer. Liquid hydrogen and acety lene  r e q u i r e  t h e  most 

' resource t o  provide a mi l l ion  BTU of f u e l .  



I TABLE 3-8 

~ u k n a r ~  of Transportat ion Energy 
Requirements fo r  Al ternat ive  Fuels '  

F u e l / E l e c t r i c i t y  
Required t o  Move 

Primary E f f .  
, 

t h e  Product 
BTUI10b BTU Output 

Coal - . - 
- Unit t r a i n  1.0 2 0  ~ ( 1 )  (Eastern Coal)* 

31 L (Western Coal) * - s l u r r y '  p i p e l i n e  1.0 48 L (Western Coal) . - Barge '. 1.0 1 3  L (Eastern Coal) - Train  1.0 30 L  as t e r n  - coa l ) '  . 

45 L (Western Coal) 
. . 1.0 20 L - Tra in  . . . 

Crude P i p e l i n e  1.0 48 L* 
t 16XL (36"$-~igh Flow Rate) 
46XL (18"@-~igh Flow Rate) 

\ 

Petroleum P i p e l i n e  1.0 1 5  L* 
( a l s o  c o a l  o r  s h a l e  l i q u i d s )  4 L 

4 L (25"$-~igh Flow) 
23 L (12"$-High Flow) 

;. Methanol P i p e l i n e  + 
1 "  

M e  thane 1-3.6 x l0'5~* 1 I '  
- 

. . 

Hydrogen (gas) 1-5.2 x ~ o - ~ L *  

~ l e c t r i c i  t y  transmission 
and d i s t r i b u t i o n  , 

* Value used i n  t h i s , s t u d y .  
L = t r a n s p o r t  d i s t a n c e  i n  m i l e s .  

(1) 20 times t h e  t r a n s p o r t  d i s t a n c e  i n  miles. 



Total Resources - 
106 B T U / ~ O ~  BTU Fuel 

Coal -1.82 

FIGURE 3-7 
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TABLE 3-9 

Summary of Total Resources Requirements 

BTU of ~ e s o u r c e l ~ ~ ~  of Final Product 

Direct 
Require- Ancillary 

men t Fu . e l / ~ l ec t r i c i ty  Total 

Coal- - 
For Direct Burning 1 . 0  

.4 

Coal/Oil Slurry -... 0.31-Coal 
0 . 8 2 4 1 1  

Coal D i s t i l l a t e  1.82 

. Methanol 1 .92 

Hydrogen (l iquid) 3.37 

Methane (l iquid) I. 85 

Ammonia 2 .1  

Acetylene 3.45 

Electr ic i ty  2.89 

Shale - 
shale  D i s t i l l a t e  1.59 



3 .2 .4  Environmental Impact 
i n  Production 
(Vol. I I I C  - Section 8) 

One of t h e  f a c t o r s  t o  be considered i n  t h e  preliminary screening 
of t h e  var ious  a l t e r n a t e  f u e l s  is t h e  environmental impact during production. 
P o l l u t a n t s  from a process are a funct ion of a number of v a r i a b l e s  and no 
hard numbers can be assigned t o  any process. Some of the  major f a c t o r s  . 

determining q u a l i t i e s  of e f f l u e n t s  a r e  p l a n t  design,  loca t ion ,  r a w  mate r i a l s  
and t h e  means used t o  provide u t i l i t i e s .  

An order of magnitude guide t o  t h e  emissions from t h e  production 
of va r ious  f u e l s  is given i n  Table 3-10, and a breakdown of the  a i r  p o l l u t a n t s  
are given i n  Table 3-11. Values given i n  the  t a b l e s  a r e  c a l c u l a t e d  based on 
va lues  given i n  t h e . l i t e r a t u r e .  The quan t i ty  of e f f l u e n t s  are based on 
BTU of f u e l  output .  I n  genera l ,  a p a r t i c u l a r  f u e l  o r  process should not  be 
chosen on t h e  b a s i s  of t h e  e f f l u e n t s  r e s u l t i n g . f r o m  an a r b i t r a r y  design,  
s i n c e  i t  is poss ib le  t o  modify t h e  emleeions by adding con t ro l  devices.  
However, t h e  information i n  Table 3-11 was used t o  develop the  rankings t h a t  
w i l l  be described l a t e r .  

3.2.5 Physical  and Chemical 
P roper t i e s  of Al te rna te  Fuels  
(Volume I I I A  - Section 3) 

Experience has ehom t h a t  many physica l  and chemical p r o p e r t i e s  
of a f u e l  inf luence  i ts  performance i n  t h e  engine, a c c e p t a b i l i t y  t o  t h e  
use r ,  impact on the environment, and methods of handling and d i s t r i b u t i o n .  

The ideal f u e l  should permit easy equipment s t a r t i n g  a t  ambient 
.. temperatures, give, r ap id  warm-up and acce le ra t ion ,  provide trouble-free 

operat ion,  have good f u e l  economy and adequate periods between re fue l ings ,  
keep engine and equipment maintenance t o  a minimum, not  be unduly hazardous 
and, of course, be economically a t t r a c t i v e .  Neither t h e  f u e l  nor  t h e  
exhaust should have an  object ionable ,odor .  Environmental impact involves 
f u e l  emissions encountered i n  handling, s to rage ,  and re fue l ing ,  as w e l l  a s  
t h e  na tu re  and komposition of t h e  exhaust emissions. Storage and handling 
considera t ions  a l s o  r e q u i r e  t h a t  l a r g e  volumes of t h e  f u e l  be  contained 

' w i t h o u t  se r ious  d e t e r i o r a t i o n  o r  l o s s .  f o r  periods up t o  s i x  months o r  
longer,  be mwed through pipes  and/or i n  tankers ,  barges and ' tank trucks,  
and be dispensed and metered t o  t h e  user .  This must be done s a f e l y ,  without 
s e r i o u s  environmental damage and without  s i g n i f i c a n t  contamination wi th  
water ,  r u s t  o r  d i r t .  

A d iscuss ion of t h e  s ign i f i cance  of var ious  f u e l  p r o p e r t i e s  i s  given 
i n  t h e  Appendix Volume (IIIA-Section 3 ) .  It i s  evident  t h a t  t h e  p roper t i e s  of 
t h e  f u e l  have an impact on many important c r i t e r i a .  The i n t e r r e l a t i o n s h i p s  a r e  
summarized,.in Table 3-12, which se rves  as t h e  genera l  b a s i s  f o r  ca tegor iz ing 
t h e  property d a t a  co l l ec ted  i n  t h i s  s tudy.  Typical va lues  f o r  petroleum 
f u e l s  a r e  included f o r  comparison. I n  q u i t e  a few ins tances ,  where data 
were not  ava i l ab le ,  es t imates  were made, i d e n t i f  led by parentheses around 
t h e  value. I n  t h e  case  of t h e  coa l  and shale l i q u i d s ,  t h e  p roper t i e s  
shown are f o r  products produced from eyncrudes by cur ren t ly  a v a i l a b l e  
r e f i n i n g  methods. The p r o p e r t i e s  of t h e  f u e l s  from sha le  and c o a l  w i l l  



TABLE 3-10 

Environmental Impact in Reduction # 

Fuel A i r  * 
l b s l  M BTU 

Coal** 0-9x10- 3 (1) 

Coal Liquids 0.04-0.4 (8-1) (8-2) (8-4) (8-6) 

Shale Liquids 

Raw Shale 1 .5x10- '~-3 .6~10-~ 

Syncrude 0.2 -0.4 

Methanol from 
: * Coalee 0.14 

Hydrogen from 
Coal*** . 0.12 

Ammonia from coale 0.17 

Methane from Coal 0.34 -0.6 

E l e c t r i c i t y  from 
Coal 1.9 

Water So l ids  

l b s /  M BTU l b s /  M BTU 

* See  able 3-11. . Prorated from H z .  
* Does not  inc lude coal  l o s t  i n  cleaning ee Prorated from Coal Liquids.  

o r  l e f t  i n  mine. **** Water assumed t o  be ponded. 
*** Prorated from Methanol. (1) References a r e  l i s t e d  i n  the  Appendix 

# Values a r e  pounds of emissions/l06 BTU of f u e l  output .  Volume I I I C  - Section 9.  
For c o a l  and s h a l e  derived f u e l s ,  t h e  emissions 'from . .:- 

mining should be added t o  t h e  f u e l  production emissions 
and correc ted  f o r  the .p rocess  thermal ef f ic iency.  



Details of A i r  Pollutants 

Fuel SO NO - Part iculates  Hydrocarbons 0 ther - n 
CO 

Coal (8-6) (1) 3.6x10-~ 5x10-~ 1. 7 x i 0 - ~  5x10-~ 3 x 1 0 ~ ~  8xl0-' 

Coal Liquids (8-6) 0; 04 0.23 9x10-~ 9x10-~ 7x10-~ 8 x l 0 - ~  

Raw Shale (8-6) 9 x i 0 - ~  1x1~-3 ~ X I O - ~  1x1~-4 ' 7 x 1 0 ~ ~  I X I O - ~  

Shale Syncrude (8-6) 0.11 0.04 S X I O - ~  0.04 4x10-~ 3x10-~ 

- .  Me thanpl 

From Coal (8-1) 

Hydrogen 
From Coal 

AmmonFa 
From Coal 

Me thane (8-6) 

. From Coal 

' , (8-8) (8-9) E lec t r i c i ty  
From Coal 1.2 0.7 0.01 0.01 0.04, 2 x l ~ - 4  

(1) References are l i s t e d  i n  Appendix Volume I I I C  - Section 8 



TABLE 3-12 

Re la t ion '  of F u e l  P r o p e r t i e s  and Funct ions  

V o l a t i l i t y  
I n i t i a l  B o i l  P t  
50% P t  
90% P t  
F i n a l  B o i l  Pt 

Heat of  Vapor i za t ion  

Heat of Combustion, 
BTUIL~ . 
Cetane No. 

Luminometer Ra t ing  

Smoke Po in t  

Octane KO. 

V i scos i ty  @ 100°P 

Flame Speed 

D i s t r i b u t i o n  

Flammabili ty 'Limits H 

Vapor P r e s s u r e  H 

Pour P t  

Freezing P t  

T o x i c i t y  

Flash P t  

P r h e  Hover Performonce . 
Sto rage  Compa t ib i l i t y  " S.I. 

(Bulk and Environmental w i th  Gas I n t e r n a l  Fuel  Steam 
on Vehicle) Impact . S a f e t y  Pet'. Fue l s  D i e s e l  Turbine  Comb. Cell S t i r l i n g  B o i l e r  

Fuel Odor N H M .  H n 

Codc: H 5 h igh ly  impor t an t ;  M - moderate ly  important ;  Blank. - . n o t  important  t o  func t ion .  



TABLE 3-12 (Con-) 

E f f e c t  on P l a s t i c s  

Viscos i ty  @ O°F 

Viscos i ty  @ -30eF 

S o l u b i l i t y  i n  Water 

S o l u b i l i t y  f o r  Water 

Emulsion Tendency 

Storage S t a b i l i t y  

Lubr ic i ty  

S t a t i c  Charge 

Su l fu r  

Cor ros iv i ty  

Nitrogen . 
Ash 

Sodium 

D i s t r i b u t i o n  

M 

H 

Storage 
(Bulk and 

on Vehicle) 

Compat ibi l i ty  
Environmental v i t h  

Impact - Saf* Pe t .  Fuels  

Prima Uover Performance 
' S.I .  

Gas I n t e r n a l  Fuel ' Steam 
Diese l  Turbine Comb, Cell S t i r l i n g  B o i l e r  -- 

. Code--H '- Highly important 
M Moderately importnnt 
Blank = Not important  t o  t h e  p a r t i c u l a r  func t ion  



vary with the  syncrude c h a r a c t e r i s t i c s  and'method .of r e f in ing .  This makes 
i t  extremely d i f f i c u l t  t o  p lace  a l l  t h e  ava i l ab le  d a t a  wi th in  a convenient, 
standardized format. Accordingly , considerable add it iona l  information on 
var ious  coal  and sha le  l i q u i d s  a r e  presented i n  Appendix Vol. IILA-Section 3 
a s  d i s c r e t e  s t u d i e s .  on s p e c i f i c  ;yncrudes by s p e c i f i c  r e f i n i n g  opera t ions .  

3.2.5.1 Combustf.on Proper ties 

A number of s i g n i f i c a n t  observations can be made regarding t h e  
combustion p roper t i e s  of t h e  f u e l s  shown i n  Table 3-13. The boxes around 
some of the  values  i n  Table 3-13 ind ica te  t h e  a reas  t h a t  a r e  discussed i n  
the following statements. 

The low bo i l ing  po in t s  of hydrogen, methane, ammonia, methyl- 
'amine and acetylene i n d i c a t e  t h a t  s p e c i a l  equipment w i l l  be 
required t o  s t o r e  and handle these, ma te r i a l s .  In  addi t ion  aceytlene i s  
unstable and would r e q u i r e  s p e c i a l  handling. Storage could be e i t h e r  a s  
cryogenic l i q u i d s  or pressurized gases. I n  e i t h e r  case,  there  may be 
problems i n  adapting these  f u e l s  t o  c e r t a i n  app l i ca t ions ,  a s  discussed 
fu r the r  below. 

The r e l a t i v e l y  low volumetric heat  of combustion ( ~ T U l g a l )  of '. 

t h e  a lcohols ,  hydrazine, ammonia, methylamines, methane ( 2 )  
and hydrogen (L) is  a s i g n i f i c a n t  disadvantage i n  t h a t  i t  w i l l  
r equ i re  t h e  s torage  of r e l a t i v e l y  l a r g e  volumes of these  f u e l s  
f o r  a given period of operat ion.  Seasonal s torage .  would be .  cos t ly .  

The r e l a t i v e l y  high heat  of vapor iza t ion of t h e  a lcohols ,  hydra- 
i i n e ,  l i q u i d  ammonia, l i q u i d  methane, and l i q u i d  hydrogen, 

' .combined wi th  t h e i r  low heat  content ,  means t h a t  with a carbu- 
r e t t e d  engine, s p e c i a l  pains .must be taken t o  t r a n s f e r  adequate 
heat  t o  the  in take  manifold t o  vapor ize  t h e  f u e l .  For example, 
i t  takes e i g h t  times a s  much heat  t o  provide t h e  same amount 
of combustion energy i n  t h e  vapor forni with ammonia as wi th  a 
conventional gasoline.  This is  usua l ly  waste h e a t  from t h e  
engine ( i n  exhaust o r  ,water)  and represen t s  no thermal penal ty  
to. t h e  engine. , This heat  exchange problem can be avoided by 
i n j e c t i n g  the  l i q u i d  f u e l  d i r e c t l y  i n t o  t h e  combustion chamber 
as is poss ib le  with d i e s e l ,  gas turbine  o r  similar in jec ted  
engines. 

The BTU/£ t3 of a s to ichiometr ic  f u e l l a i r  mixture r e l a t e s  t o  t h e  
amount of energy t h a t  can b e  induc ted , in to  the  combustion 
chamber of a carbure t ted  rec iprocat ing p i s ton  engine of a 
given displacement. The higher t h i s  f i g u r e ,  t h e  more power 
can be'produced from a given displacement carbure t ted  engine . 
a t  a given engine speed.. This assumes t h a t  each f u e l  i s  
being burned with an amount of a i r  t h e o r e t i c a l l y  required f o r  
complete combustion. NOx emission standards may place a l i m i t  on 
operat ing a t  s t o i c h i o n e t r i c  condit ions.  

The high octane numbers of ammonia, methane,.and methanol a r e  
noteworthy. With such f u e l s  i t  should be poss ib le  t o  design 
an Otto cycle  engine (high compression r a t i o )  t h a t  would have 
a higher thermal e f f i c i ency  than would be poss ib le  with t h e  
lower octane number f u e l s .  However, t h i s  po in t  w i l l  have t o  



Fuel Charecter iet ice Related to  Combuetion Behavior 

Heat of Combustion (Net) Heat of Vap-BTUIlb Vo la t i l i t y  (Boiling Pt)-OF Vapor Pressure 
Fuel BTUIlb BTUIGal @ Normal Boil P t  I n i t i a l  90% Final  @ 10O0F p s i  , 

Petroleum - Gasoline 18,700 - J e t  Fuel (JP 4) 18,600 - D i s t i l l a t e  18,400 

Coal 12,000-15,000 

CoalIElethanol S lur ry  (40/60)(e)10,000-11,200 

CoalIOil Slurry (40160) (e)  15,800-17,000 

Coal ~ i ~ u i d e ( c )  - J e t  Fuel (JP-4) 18,400-18,500 - Diesel (18,300) 
- Fuel O i l  (17,400) 

Shale O i l  Liquids - Raw (18,200) - Syncrude (18,500) 

Elethanol 8,640 

liydrogen 51,600 

Ammonia 8,060 

Oxy genoted Compound 
- Ethanol 11,550 - Higher Alcohols (11,600) 

Methane 21,500 

Hydratine 7,294 

Methylamine 12,860 

Acetylene 20,780 

Vegetable O i l  (Cotton Seed) 16,600 

(a) A t  7 7 O F ;  (h) A t  6 8 ' ~ ;  (c) Asournee treatment by known teclrnology t o  meet current  product spcc l f fca t ions ;  (d) Above c r i t i c a l  tempcratul-e; 
( e )  Weight percent coal/mcthonol or conl/oi l ;  ( ) IJcnotes estimated value. 



TARLE 3-13 (Continued) 

Stoichioraetrlc M x  
I Lb A i r /  BTU/£ t5 

Fuel 1b Fuel (STP) 

Petroleum 
- Gasoline 
- J e t  Fuel (JP-4) - D i s t i l l a t e  

Coal (10.3-12.5) ' (94-97) 

Coal/Hethanol Slurry (40 /60) (~)  (8 -5) (95) 

Coal/Oil S lur ry  (40/60)(e) (13.3) 100 

Coal t iqu ids(c)  - J e t  Fuel (3P-4) , (14.5) (102) 
- Diesel (14.3) (103) - Fucl O i l  (14.0) (100) 

Shale O i l  Liquids - Raw 
- Syncrude 

Hydrogen 34.6 85.2 

Ammonia 6.1 83.5 

Octane Number 
(Zero Lead) Cetane . 
RON MON Number --- 

Auto 
Igni t ion 

 emp per ah re 
OF 

Hax; Flame/: . - Limit6 - Val X Kinemrtic Vie. 
s ~ ~ ~ ~ - P ~ / s c c  - , Uppet Lower 77OP. c s  

Oxygenated Compounds 
- Ethanol 9.0 738 19 3.5 1.39 
- Higher Alcohol8 - 97 1 (105) (I:) 

Ilcthane ' 17.3 90.9 [-i%-j 105 [<Ol 1004 1.12 15 5 .O 

Hydrazine 4.3 104 520 100 4.7 0.89 

Methylamine 11.9 87.5 

Acetylene 13.3 1126_j 
-- Vegetable O i l  (Cotton Seed) 13.0 10 3 -- 

( A )  A t  77'F; (b). A t  68'F; ( c )  Assust.?) t rentsci l t  by kncm technology t o  mcct currcnt  urocluct spec i f ica t ions ;  (d) Above ~ r i t f c a l  tcmperaturc; 
(e) Weight percent coal /metI~an.~l  or cool/ .oi l ;  ( ) I i e ~ ~ o t c s  e s t i m ~ t e d  value. 



be demonstrated wi th  ammonia and methanol, in 'v iew of t h e  uncer- ' 

, t a i n t y  i n  t r a n s l a t i n g  experience based on high octane hydrocarbon 
f u e l s  t o  widely d i f f e r e n t  compounds. 

The combustion c h a r a c t e r i s t i c s  of hydrogen are such a s  t d  make 
a r a t i n g  by the  accepted anti-knock methods d i f f i c u l t  s ince  no 
octane numbers have been published. Single-cylinder engine 
combustion s t u d i e s  have indicated ,  however, t h a t  hydrogen can 
be burned i n  an Otto cycle  engine without knock over a compression 
r a t i o  range from 6: l  t o  16:l by ca re fu l  adjustment of spark 
advance and a i r l f u e l  r a t i o .  

The Cetane Number of all  t h e  f u e l s  i n  Table 3-13, except f o r  the  
d i e t i l l a t e s  from petroleum, sha le ,  and coal ,  a r e  too low t o  
make them a t t r a c t i v e  as f u e l s  f o r  an engine opera t ing on t h e  
compression i g n i t i o n  p r inc ip le .  The u s e  of cetane-improving 
addi t ives ,  supplementary sources of i g n i t i o n  (e.g., a glow plug, 
p i lo t - in jec t ion ,  o r  spark p lug) ,  blends wi th  high-cetane number 
f rac t ions ,  o r  t h e  u s e  of high compression r a t i o s  (say 22:l) a r e  
a l t e r n a t i v e  ways by which t h i s  q u a l i t y  def ic iency might be 
over come. , 

The high flame speed of hydrogen and t h e  low flame speed of 
ammonia are noteworthy. They imply t h a t  t h e  optimum engine 
opera t ing condi t ions  o r  design f o r  these  f u e l s  w i l l  b e  d i f f e r e n t  
than f o r  t h e  more conventional hydrocarbon f u e l s .  

'The except ional ly  wide flammability l i m i t s  of hydrogen a r e  
s i g n i f i c a n t .  Unfortunately,  t h e  wide flammability l i m i t s  adds 
t o  t h e  hazard of using hydrogen a s  a f u e l .  

I '  

3 .2.5.2 Vehicular Storage Require- 
ments of Fuels  

The low b o i l i n g  p o i n t s  of ammonia, methane, hydrogen, and acetylene  
present  a problem with regard t o  t h e  s to rage  of these  f u e l s .  For acetylene  
i t  would be necessary t o  s t o r e  t h e  acetylene  i n  acetone o r  u s e  calcium carbide 
t o  d l - rec t ly  genera te  acetylene .  The magnitudes of t h e  s to rage  problem f o r  
each of the  f u e l s  being considered a r e  compared t o  petroleum d i s t i l l a t e  i n  
Figure 3-8, on a weight bas i s ,  and Figure 3-9 on a volumetric bas i s .  Detai led 
d a t a  are given i n  Table 3-14. The f u e l s  t h a t  show a major weight disadvantage 
( > 1 . 5 '  r a t i o )  are coal/methanol s l u r r y ,  some coals ,  methanol, e thanol ,  ammo- 
n i a  and hydrazine. The d a t a  f o r  l i q u i d  hydrogen shows why i t  i s  of i n t e r e s t  
as a n  a i r c r a f t  f u e l ,  where weight is  c r i t i c a l .  Liquid methane has  a s l i g h t  
advantage over petroleum d i s t i l l a t e .  

\ 

While t h e  comparison of t h e  weight r a t i o  f o r  t h e  f u e l  only is a good 
b a s f s  f o r  most f u e l s ,  it is n o t  v a l i d  f o r  l i q u i d  hydrogen, l i q u i d  methane 
o r  l i q u i d  anunonia. For these  f u e l s ,  t h e  weight of t h e  conta iner  must a l s o  
be'considered. A d i r e c t  comparison w i l l  depend on t h e  s p e c i f i c  mode of 
t r anspor ta t ion .  Based on previous s t u d i e s  for  s to rage  of f u e l s  i n  
automotive app l i ca t ion  including t h e  weight of t h e  conta iner  can increase  
t h e  r a t i o  t o  2.6 f o r  l iqu id  hydrogen, 1 .78  f o r  l i q u i d  methane and 3.4 f o r  
ammonia. 
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TABLE 3-14 

Storage Requirements of Fuels 

Coal/Methanol Slurry 

~ o a l / ~ f l  Slurry 

Coal Liquids-Jet , 

-Diesel 
--Fuel Oil 

Shale Oil--Raw 
--Syncrude 

Weight 
Lbs. Fuel/Lb. of 

Petroleum Distillate 
for Same BTU Output 

. Volume 
Vol. Fuel/Vol. of 
Petroleum Distillate 
for Same BTU Output 

Me than01 2.13 2.26 

Hydrogen (k) 

Ammonia 

E thanol 

Higher Alcohols 

Methane ( a )  , 

Hydraz lne 

Me thy lamine 

Acetylene 

Vegetable Oil 

(1) Includes weight of calcium carbide and water.needed to generate the 
acetylene : 



The f u e l s  that would r e q u i r e  s u b s t a n t i a l l y  more space t o  s t o r e  a 
given amount of f u e l . a r e  methanol, l i q u i d  hydrogen, ammonia, ethanol, l i q u i d  ' 

methane, and hydrazine. I f  the  volume of the  contaioer is  a l s o  considered, 
t h e  r a t i o  would be e s s e n t i a l l y  the  same, except f o r  l i q u i d  methane and 
l i q u i d  ammonia, where a l a r g e r  volume would be required than f o r  j u s t  t h e  
f u e l  alone. 

The p r a c t i c a b i l i t y  of using hydrogen i n  vehicular  appl ica t ions ;  
and t o  a lesser ex ten t ,  methane, acetylene ,  and methylamine, w i l l  depend 
on solving t h e  s to rage  problems. Storage as a cryogenic l i q u i d  is possible,  
bu t  inc reases  t h e  c o s t  of t h e  s to rage  container,  and could c r e a t e  o ther  
problems, e.g., f u e l  l o s s e s  due t o  evaporation, and t h e  requirement f o r  
s a f e  venting p'rovisions from t h e  f u e l  s torage  enclosure.  

3.2.5.3 Bulk Handling and 
Storage of Fuels  

Table 3-15 l ists  t h e  c h a r a c t e r i s t i c s  r e l a t e d  t o  t h e  handling and 
bulk s torage  of the  f u e l s .  The boxes around some of the  values ind ica te  the  
a r e a s  t h a t  a r e  discussed below: 

1. The high f r e e z i n g  point  of hydrazine (36OF) and vegetable  o i l s  
(26'F) i n d i c a t e s  t h a t  s p e c i a l  means would be required t o  keep 
them l i q u i d  i n  s to rage  tanks i n  many areas of t h e  United S t a t e s  
a t . v a r i o u s  times of t h e  year.  One s o l u t i o n  t o  t h e  hydrazine 
problem may be t o  u s e  it mixed with unsymmetrical dimethyl \ 

, hydrazines ( f reezing point  ca. -71°F). Raw sha le  and syncrude 
a l s o  have a high f r e e z e  point  and a d d i t i v e s  o r  processing w i l l  
be required t o  reduce t h e  pour point .  

, t 2. The water m i s c i b i l i t y  of hydrazine, methylamine, methyl a lcohol  
and e t h y l  a lcohol  i n d i c a t e s  that t h e  s to rage  and t r anspor ta t ion  
system handling these  f u e l s  would have t o  be kept dry,  t o  avoid 
problems such as f u e l  i n s t a b i l i t y ,  corrosion,  etc., which could ' 

a f f e c t  performance. 

3. Storage s t a b i l i t y  of coa l  s l u r r i e s  would b e  expected t o  be 
troublesome because of s e t t l i n g  of t h e  s o l i d  coa l  from t h e  

' l i q u i d .  Close con t ro l  of c o a l  p a r t i c l e  s i z e  w i l l  be necessary. 
The use  of s t a b i l i z i n g  agents might be he lp fu l .  Some means of . 
continuous mixing may be  required.  

4. .The danger.from explosions o r  f i r e s  set  by s t a t i c  e l e c t r i c  d i s -  
charges generated i n  t h e  handling of hydrogen, methane and 
ammonia is understood t o  be low. S t a t i c  e l e c t r i c  generat ion 
i s  a maximum with m a t e r i a l s  whose conduc t iv i t i e s  are i n  t h e  
range of 1014-1018 ohm centimeters.  The conduc t iv i t i e s  of 
l i q u i d  methane and l i q u i d  hydrogen a r e  below t h i s  range. The 
conductivi ty of l i q u i d  ammonia is above t h i s  range. 

5. Ammonia and hydrazine are apparently t h e  mos t cor ros ive  . f u e l s  . 
considered. Ammonia is  corros ive  t o  mate r i a l s  conta in ing copper, 
b rass  and zinc. Methylamine would be expected t o  resemble ammonia. 
Hydrazine is  corros ive  t o  cobal t ,  copper, pure i r o n , ' l e a d ,  



Table 3-15 

Convenience i n  H a n d l i n ~  and Storinn Varioue Alternate  

Freezing , 

o r  Pour 
Fuel Point  OF 

Petroleum - Gasoline (-40) - Broadcut (-30) 

Coal -- 
~oalIMethano1 Slurry  

~ o a l / O i l .  Slurry  

Coal Liquids - J e t  Fuel (JP-4) -90 - Diesel  (-2045) - Fuel O i l  
. . 

Sol.. i n  Sol. f o r  
Water Wa t-e r Ef fec t s  

Flash Point ,  OF @ 68OF @ 68'F Emulsion Storage on 
(Closed Cup) W t %  p pm Tendency S t a b i l i t y  Metals 

-30 N i l  NP (2) &I NP( 2 1 
-30 N i l  NP (2) ~ ( 2 )  ~ ( 2 )  

N i  1 

(50) (1) 

(>130) N i l  

N i l  Np(2) 
N i  1 - ' ~ ( 2 )  
~ i l  ~ ~ ( 2 . 1  

Shale O i l  Liquids - Raw N i l  - Syncrude N i l  

Methanol -142 52 (I) Imfi.irell'zGq 
Hydrogen -435 - NP 

Ammonia -108 - 33.1 , .NP 

Oxygenated compound - Ethanol -179 . 65 (1) I z z q ~  - Higher Alcohol8 (-170) >65(l) 

Pfethane 

Hydrazine 

Methylamine . 
Acetylene 

Vegetable Oil 
(Cotton Seed? 

NP 
Corrodae Copper, Brass, I Zl 

I 

NP 

\ Corrosive t o  ~ e r t a i n - ~ e t - & d  

(I) Open cup. . , 

(2) Can be control led  by c a r e f u l  r e f in ing  and use  of additivee. 



manganese, magnesium, t i n  and zinc. Corrosion due t o  t h e  
in t roduct ion of water i n t o  t h e  f u e l  handling and s to rage  system 
i s  a l s o  a p o t e n t i a l  problem. Hydrazine decomposition is a l s o  
catalyzed by var ious  metal  contaminants. 

6.  Hydrogen can cause metal embrittlement a t  elevated pressures  
even a t  ambient temperatures. This must be considered i n  
designing systems f o r  d i s t r i b u t i n g  and s t o r i n g  hydrogen. 

3.2.5.4 Engine Maintenance 

The major f u e l  p roper t i e s  t h a t  r e l a t e  t o  engine maintenance require-  
ments a r e  the  ash  content,  t h e  amount of sodium and vanadium i n  t h e  f u e l e ,  
t h e  s u l f u r  content  and t h e  sludge forming tendency. Detai led d a t a  are given 
i n  Appendix IIIA. The f l y  ash content of t h e  c o a l  w i l l  be p a r t i c u l a r l y  
troublesome i n  many app l i ca t ions .  

The sludge tendency r e f e r s  t o  crankcase sludging i n  rec ip roca t i ag  
p i s t o n  engines. This usual ly  arises because of unburned o r  p a r t i a l l y  burned 
high bo i l ing  f u e l  components which reach t h e  crankcase by s l i p p i n g  by the  
p i s t o n  r ings .  Shale and coal  l i q u i d s  would be expected t o  be q u i t e  similar 

t t o  petroleum-derived f u e l s  i n  t h i s  regard.  However, t h i s  remains t o  b e  
confirmed by long-time engine tests. The combustion products of hydrogen 
and methane would be expected t o  be r a t h e r  innocuous as f a r  as crankcase 
condi t ions  a r e  concerned. However, t h e  f u e l s  r i c h  i n  n i t rogen,  i.e., 
ammonia, hydrazine, and methylamine, might have bad e f f e c t s  because of 
r e a c t i v e  oxidation products (e.g., Nitrogen containing high b o i l i n g  components) 
and incompat ib i l i ty  with t h e  crankcase l u b r i c a n t s  (e.g. r e a c t i o n  with lubr ican t  
a d d i t i v e s ) .  

I The quest ion of l u b r i c a n t  compat ib i l i ty  IS a l s o  of concern wi th  t h e  
a lcohols .  The unburned f u e l  o r  oxidat ion products and t h e  l u b r i c a t i n g  o i l  
may form two phases i n  t h e  crankcase, causing p r e c i p i t a t i o n  of t h e  l u b r i c a n t  
add i t ives ,  o r  have o the r  unexpected e f f e c t s .  These 'questions a l e o  can only 
be answered by long-term engine tests. 

3.2.5.5 Toxici ty 

I n  judging the  f e a s i b i l i t y  of a l t e r n a t i v e  f u e l s ,  matters of toxi-  
c i t y  and associa ted  h e a l t h  hazards must be  examined by t h e  manufacturer 
and marketer f o r  t h e  p o t e n t i a l  Impact upon employees, consumers, and t h e  a 

publ ic  a t  l a rge . ,  Table 3-16 summarizes t h e  t o x i c i t y  hazards fo r  some of 
t h e  f u e l s .  Detai led d iscuss ion on each of the  f u e l s  is  given i n  t h e  
Appendix. 

3.2.5.6 Safety 

The major i s sues  i n  f u e l  s a f e t y ,  o ther  than t o x i c i t y ,  are flamma- 
b i l i t y  and danger of acc iden ta l  ign i t ion .  

The pe r t inen t  p roper t i e s  of the  poss ib le  a l t e r n a t i v e  f u d s  are 
l i s t e d  i n  Table 3-17. Safety precautions required fo r  hydrocarbon l i q u i d s  
derived from coa l  and o i l  sha le  w i l l  be  s i m i l a r  t o  those es tab l i shed  f o r  
conventional petroleum f u e l s .  However, a  v a r i e t y  of d i f f e r e n t  precaut ions  
w i l l  be required f o r  t h e  o ther  f u e l s :  



TABLE 3 -16 

Toxicity Hazarde 

Eye, Skin, Prolonged 
Skin Nose Exposure' 

Oral Tngestion --, Penetra t ion . - Inha l a  t t o n  Contact PPPI 

Gasoline-- Low--Apart Low 
Petroleum/Coal/ from Aspira t ion 
o r  Shale 

Dis t i l l a t e - -  A Lor-Apar t 
Petroleum/Coal/ from Aspira t ion 
o r  Shale 

Methanol Very High 

Ethanol Moderate 

Methane 

Hydrogen 

Ammonia . 

Hydrazine 

~e thylamine 

Acetylene 

Unlikely 

High Moderate 500 

Low High 

Moderate . Low 

Low Low 

Moderate 

Moderate 500 

S l i g h t  t o  200 : VI +" 

Moderate 

S l i g h t  t o  1000 
Moderate. . 

' 

Asphyxiant 

Var iable  100 

1 

10 

Asphyxiant 



TABLE 3-17 

h e 1  Perf ormaace ~ r i t e r i a - - ~ a f  etv(C) 

Flammabili t v  Vapor Flash Point ,  
OF 

Toxici ty  
Dangerous Overal l  Rating 

f o r  Prolonged S t a t i c  (Relat ive t o  
Expose., ppm Charge Corrosivi ty  Gasoline) (h) 

V o l a t i l i t y  
I n i t i a l  Boil ing 

Fuel . . Point - OF 
L i m i t s  - ~ o 1 - z  Pressure 

!k!lE Lower p s i  e ioo0r . 

Petroleum - Gasoline 100 - Broadcut 100 

50 02 - 
per 1000 f t 3  

Coal - . -- . Non-Toxic - 
CoaliHethanol S l u r r y  149 

Coal/Oil S lur ry  <350 

Coal Liquids - J e t  Fuel 190 
- Diesel . 300 - Fuel O i l  ( 4 0 0 )  

Shale O i l  Liquids 
, -Mu . (100) - Syncrude (100) 

(500) 
(500) 

200 

Asphyxiant 

100 

Hydrogen 

Ammonia 

Oxygenated Compound - Ethanol 173 - Higher Alcohols . 150 

Methane -259 Asphyxiant 

Hydrazine 

Methylamine 

Acetylene -119 Asphyxiant 

Vegetable O i l  

See next.paEe f o r  footnotes. 



Footnotes t o  Table 3-17 

(a) Above c r i t i c a l  temperature. 

(b) Open cup. 

(c) D - danger; NP - no problem; LD - l e s s  danger than,petroleum hydro- 
carbons; b lank,spaces  - da ta  unavailable;  ( ) - estimated data .  

(d) Specif ic  e l e c t r i c  conductivity lo6  times higher than 'hydrocarbons. 

(e) Can be control led by care fu l  r e f in ing  and use of addi t ives .  

( f )  Corrodes copper, brass 'and zinc.  

(g) Mater ia ls  t o  be avoided include cobal t ,  copper, pure i ron ,  lead,  
manganese, magnesium, t i n  and zinc. 

(h) + = more dangerous than gasoline;  - = less dangerous than gasoline;  . 
0 = equal  t o  gasoline.  



a The lower 'flammability. limits of methanol and e thanol  are 6 vo l .  
X and 3.5 vol'. X ,  respect ively ,  versus about 1 vol .  X f o r  petro- 
leum l i q u i d s ,  but  the  flammability range is  wider. Moreover, t h e  f l a s h  
points  of the pure a lcohols  a re  h%gher than t y p i c a l  values f o r  gasol ine ,  
thereby ind ica t ing  g r e a t e r  sa fe ty .  

Ammonia has r e l a t i v e l y  narrow l i m i t s  of flammability and a high 
lower l i m i t ,  thereby making it a comparatively s a f e  f u e l  i n  
these  respects .  , 

o '  Methylamine, which is more tox ic  than ammonia, a l s o  has somewhat 
wider flammability l i m i t s  but  a  higher bo i l ing  point .  On balance, 
methylamine may.be less hizardous than ammonia. 

a Methane must be handled with g rea t  care ,  e spec ia l ly  as a l i q u i d .  
However, s a f e  handling procedures f o r  LNG have been devised by 
the  gas indust ry .    ever the less ,  vehicular  app l i ca t ions  of LNG 
would d i f f e r  from cur ren t  gas indust ry  experience and may involve 
g r e a t e r  hazard. 

a Liquid hydrogen.has been used extensively i n  t h e  space program, 
but  with r igorously  control led  handling procedures. The wide-  
spread use of l i q u i d  hydrogen i n  d i s t r i b u t i o n  networks, service 
depots,  and on board veh ic les  i s  a cause f o r  concern. 

a Acetylene is  a hazardous gaseous f u e l  t h a t  has  been handled s a f e l y  
i n  numerous i n d u s t r i a l  appl ica t ions .  Addit ional  precautions and 
new techniques would be required t o  insure  s a f e t y  i n  transporta-  
t i o n  app l i ca t ions .  

Hydrazine is  another f u e l  with se r ious  s a f e t y  problems, but  has 
t h e  advantage of being a l i q u i d  a t  ambient temperatures. 

A t  present ,  i t  is an open ques t ion as t o  whether c e r t a i n  advantages 
of f u e l s  such as hydrogen and methane a r e  s u f f i c i e n t  t o  o f f s e t  t h e  disadvan- 
tages  of t h e  s t r i n g e n t  s a f e t y  procedures that would be required  i n  commercial 
t r anspor ta t ion  app l i ca t ibns  t o  c o n t r o l  t h e  hazsidous na tu re  of t h e  f u e l s .  

3 .2.6 Fuel Log is t i c s  
(Vol. IIIC - Section 12) 

The l o g i s t i c s  of a l t e r n a t i ~ e  energy sources are considered from 
t h r e e  d i f f e r e n t  aspects:  (1) compat ib i l i ty  of a l t e r n a t i v e  energy resources 
wi th  present  f u e l s  and with t h e  cur ren t  f u e l '  d i s t r i b u t i o n  system; (2) 
i n t e r n a t i o n a l  and m i l i t a r y  consideratlPns, and (3) resource  a v a i l a b i l i t y .  

Each f a c t o r  has t h e  p o t e n t i a l  f o r  imposing important p r a c t i c a l  
c o n s t r a i n t s  on t h e  development of f u e l s  t h a t  d i f f e r  r a d i c a l l y  from those 

- a l r e a d y  i n  use. The p r i n c i p a l  purpose of . the present d i scuss ion  i s  t o  i n d i c a t e  
t h e  e.ssentia1 character  is  t i c s  of the  compatibi l i ty,  i n t e r n a t i o n a l ,  and m i l i t a r y  
considera t ions  and the  types of c o n s t r a i n t  t h a t  may be in fe r red  from these, 
c h a r a c t e r i s t i c s .  



3 .2 .'6.1. Compatibility with R e s e n t  Fuels 
and the  Current Dis t r ibu t ion  System 

For t h e  purposes of t h i s  d iscuss ion an incompatible ( a l t e r n a t i v e )  
f u e l  i s  considered t o  be one t h a t  canno't be used e f f e c t i v e l y  i n  the  e x i s t i n g  
equipment of a  p a r t i c u l a r  non-highway. t r anspor ta t ion  mode, The l a t t e r  is  a 
system of use  t h a t  comprises f u e l s ,  the  d i s t r i b u t i o n  of the  f u e l s ,  and t h e  
eventual  use  of t h e  f u e l s  i n  NH equipment. Incompatibi l i ty cf a new ( a l t e r -  
na t ive )  f u e l  with any of the  elements of t h e  system of use  would requ i re  the  
new f u e l  t o  be considered incompatible. This does wt mean Chat the  new f u e l  
should be eliminated from f u r t h e r  considerat ion i n  t h i s  s tudy.  Rather, i t  
implies t h a t  in t roduct ion of t h e  new f u e l  would be more d i f f i c u l t  and c o s t l y  
than the  ' introduction of a  compatible ( a l t e r n a t i v e )  f u e l .  I t  is a l s o -  
probable that these  d i f f i c u l t i e s  and c o s t s  would be i n s t i t u t i o n a l  a s  w e l l  
a s  technological .  

. . 
Also considered under compat ib i l i ty  with present  f u e l s  i s  t h e  

r e l a t i o n s h i p  between highway and non-highway t ranspor ta t ion  systems. From 
a f u e l  s tandpoint  the re  may be a g rea te r  s i m i l a r i t y  between individual  high- 
way systems and non-highway subsystems than t h e r e  i s  among t h e  d i f f e r e n t  
non-highway modes. I n  f a c t ,  one needs 'to consider. the  o v e r a l l  energy supply 
system, s ince  the re  a r e  i n t e r a c t i o n s  between t h e  t r anspor ta t ion  and non- 
t r anspor ta t ion  areas,.  

\ 

An o v e r a l l  r a t i n g  'of t h e  var ious  f u e l s  from a compat ib i l i ty  stand- 
point  is  given i n  Table 3-19. 

3.2.6.2 In te rna t iona l  and Mi l i t a ry  
Considerat ions  

In te rna t iona l  considera t ions  may be divided i n t o  (a)  f u e l s  and 
(b) equipment. Both a i r  and marine opera t ions  may involve i n t e r n a t i o n a l  
fuel ing.  Hence, any new f u e l ,  e spec ia l ly  an "incompatible" f u e l ,  should be 
a v a i l a b l e  .wherever i t  is needed, including fo re ign  loca ' t ions t h a t  a r e  p a r t  
of t h e  i n t e r n a t i o n a l  system. 

Equipment considerat ions and cons t ra in t s  are more complex ,than 
those t h a t  apply t o  new f u e l s .  The U.S. is  a major exporter  of equipment 
f o r  NHT systems: a i r c r a f t ,  locomotives, const ruct ion equipment., f a r m '  
veh ic les ,  e t c .  Hence, U.S.'manufacturers of such equipment must be mindful 
of the  d i f f i c u l t i e s ,  cos ts ,  and r i s k s  they would experience i f  they were t o  
develop incompatibly d i f f e r e n t  equipment f o r  t h e  U .S. and t h e i r  export  
markets, e s p e c i a l l y  i f  t h e  d i f f e r e n t  equipment .were t o  c r e a t e  an assoc,iated 
demand f o r  incompatibly d i f f e r e n t  f u e l s .  

For some years,  t h e  Department of Defense has been i n t e r e s t e d  i n  
t h e  development and t e s t i n g  of "synthetic" f u e l s  from coa l ,  o i l  sha le ,  and 
tar sands. The focus of DOD's work has been on t h e  production of f u e l s  
t h a t  meet t h e  s p e c i f i c a t i o n s  of cur ren t  petroleum f u e l s .  Fuel compat ib i l i ty  
and a v a i l a b i l i t y  a r e  of obvious importance, and r e q u i r e  considera t ion i n  
r e l a t i o n  t o  NATO and o the r  overseas defense r e s p o n s i b i l i t i e s .  



3.2.6.3 Resource Ava i lab i l i ty  

It is of paramount importance t o  consider t h a t  t h e  fuel 'demand'of 
non-highway t ranspor ta t ion  systems Is only one of a mult i tude of demands 
placed on U.S. resources,  hence ne i the r  t h e  magnitude of the  resource base 
of a given resource,  nor the  physical  a v a i l a b i l i t y  of f u e l s  o r  usable energy 
derived from the  resource,  guarantees a v a i l a b i l i t y  of the  f u e l s  o r  energy 
t o  NHT systems. One way t o  v i s u a l i z e  t h i s  is  t o  consider t h a t  t h e r e  w l l 2  
be  a "pool" of f u e l s  and energy supplf es, derived from a l l  resources.  This 
"pool" .must be divided among a l l  of t h e  va r ious  demands f o r  f u e l s  and energy . 
and i f  the  sum of t h e  va r ious  demands exceeds t h e  suppl ies  ava i l ab le ,  then 
end-uses w i l l  be constrained.  There i s  no reason, a p r i o r i ,  why one end-use 
w i l l  have p r i o r i t y  over another; ins tead t h e  establishment of p r i o r i t i e s  
w i l l  involve complex in terac t ions 'be tween s o c i o p o l i t i c a l  and economic 
f a c t o r s .  Spec i f i ca l ly ,  f u e l s  f o r  NHT systems cannot be considered, a p r i o r i ,  
t o  have a higher p r i o r i t y  than other  end-use demands. 

3.2.6.3.1 Primary Energy Resources 

The p r i n c i p a l  primary energy resources ,  except f o r  petroleum (crude 
o i l  and n a t u r a l  gas)  a r e  l i s t e d  i n  t h e  f irst-column of Table 3-18. The next 
column provides a q u a l i t a t i v e  charac te r i za t ion  of t h e  s i z e  of t h e  resource 
base  of each of t h e  primary resources.  These charac te r i za t ions  a r e  defined 
a s  follows: 

ve ry  l a r g e  implies t h a t  the resource base,  per se, is  no t  
expected t o  be a l i m i t i n g  f a c t o r  wi th in  the  next  100 years. 

l a r g e  implies t h a t  considerable f u r t h e r  development of t h e  
resource  appears poss ib le ,  bu t  t h a t  l i m i t a t i o n s  t o  develop- 

. ment are expected wi th in  about 50 years.  I n  t h e  case  of 
nuclear  energy, t h e  reference  i s  t o  rese rves  of f i s s i l e  
m a t e r i a l s  i n  t h e  U.S., and does no t  t ake  account of (a) 
imports of uranium, etc., (b) t h e  p o s s i b i l i t y  t h a t  nuclear  
fus ion  technology w i l l  become t h e  commercial b a s i s  of 
e l e c t r i c i t y  genera t ion wi th in  t h e  next 50 years ,  o r  (c) 
t h a t  breeder technology w i l l  be u t i l i z e d  commercially i n  t h e  
U.S. t o  g r e a t l y  extend t h e  n a t u r a l l y  occurring resources . 
of f i s s i l e  materials .* 

medium has  two d i f f e r e n t  implicat ions:  (a) i n  t h e  case of 
~ e o t h e r m a l  steam t h a t ,  while considerable development i s  
poss ib le ,  the  u l t ima te  p o t e n t i a l  i s  much smaller- than f o r  
resources  categorized as l a r g e  o r  very  l a r g e ,  and (b) i n  t h e  
case of hydroe lec t r i c i ty ,  while cur ren t  u t i l i z a t i o n  of t h e  
resource  is s i g n i f i c a n t ,  i t  is  approaching matur i ty  and, 
hence, does no t  represent  a s i g n i f i c a n t  incremental resource 
by comparison with those categorized as l a r g e  o r  very l a rge .  

*The p r a c t i c a l  improbabil i ty of the  combination of these  t h r e e  assumptions 
is recognized. However, t h e  assumptions a r e  bel ieved t o  be proper i n  t h e  
context  of t h e  a b w e  comparison of ' t he  U.S. resource base. 



Primary Energy Size of U.S. 
Resource Resource Base 

~ o a  2 )  , 3 )  9 very large 
(4) 

Oil , (6) very large 

pea t.(7) very large 
~iomass :tii,, large 

(121, (131, 
(14) 

Geothermal medium 
(steam) (51, (6) , 

. . 

solar (8) large or' 
very ' large . 

Nuclear 5 1 )  large 
(17) , (18) . . 

Hydro (51, ( 6 )  medium 

Other (6) not well 
(wind, tidal,' established, 
etc.) . probably medium 

. .  . , . 

TABLE 3-18 -- 
Reeource Availability 

'Availability Competing 
Current Future* Uses** 

high high major 

negligible high major 

negligible small major 
medium medium ma j or 

small medium ma j or 

small high 

medium . high 
. . 

. . 
medium med'ium 

ma j or 

major 

major 

. Representative Intermediates or 
Alt. Fuels Derivable from Resource 

coal liquids hydrogen 
methanol. methane 
[ethanol] . . ammonia 
hydrazine acetylene 
me thy lamine. slurries 

raw shale oil 
Shale syncruded 
peat liquids methane 
methanol me thane 
ethanol veg. oils 
other alcohols cr: 

electricity 

electricity . direct heat source 

electricity direct heat source 

electricity 

electricity mechanical energy 
for pumping 

*future availability refers to potential, rather than implying' a prediction of production level 
**competing uses imply that the resource is being currently used for purposes other than the production of 
non-highway transportation fuels or that there is a probability of such competing uses in the future. 

[ 1 implies an indirect synthesis route is required, thereby suggesting that ethanol production from coal is 
questionable. 

'further processing of shale sincrude would generate a range of petmleum-tyde transpdrtation fuels. 
( ) dcnotes refercnccs, which are listcd in Vol. . - Section. 12. . 

- 
. . 
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a "other" implies t h a t  the re  a r e  resources such as wind or t i d a l  
power t h a t ,  cu r ren t ly ,  a r e  not  w e l l  defined i n  ex ten t .  More- 
over, i t  appears that, i f  developed, such resources w i l l  be  
u t i l i z e d  on a l o c a l  b a s i s  and, hence, a r e  un l ike ly  t o  make 
s i g n i f i c a n t ,  d i r e c t  contr ibut ions  t o  t h e  supply of t r anspor ta t ion  
f u e l s .  While e l e c t r i c a l  production of hydrogen i s  a poss ib le  
exception t o  this genera l i za t ion ,  t h e  p o s s i b i l i t y  is  too 
i n d e f i n i t e  t o  warrant  a resource base r a t i n g  of more than 
'bed ium" . 

Avai lab i l i ty ,  as character ized i n  t h e  t h i r d  and four th  columns of 
Table 3-18, a l s o  r e q u i r e s  explanation: 

a high implies t h a t  t h e  resource cur ren t ly  supp l ies ,  ox has t h e  
f u t u r e  p o t e n t i a l  f o r  supplying, a t  l e a s t  15% of U.S. primary 
energy demand. 

a medium implies t h a t  t h e  resource cur ren t ly  suppl ies ,  o r  has  t h e  
f u t u r e  p o t e n t i a l  f o r  supplying, about 5% of U.S. primary energy 
demand . * 

a small  implies t h a t  cu r ren t  s u ~ g l y  or  f u t u r e  p o t e n t i a l  i s  o r  w i l l  
be a t  about a 1% l e v e l .  

n e g l i g i b l e  r e f e r s  only t o  cur ren t  l e v e l  of energy supplied; i t  
does not imply t h a t  t h e  resource has no importance o r  t h a t  
at tempts t o  develop i t  f u r t h e r  are misdirected.  

The column f o r  "competing uses" implies t h a t  major competition f o r  
each of t h e  resources e x i s t s  now or  i s  expected i n  t h e  f u t u r e .  For reasons 
discussed earlier, che ex ten t  of t h i s  competition cannot be precisely.  
quant i f ied .  However, "major" implies t h e  be l i e f  t h a t  from 15% t o  100% of 
t h e  a v a i l a b l e  resource may be u t i l i z e d  f o r  end-uses o the r  than NIIT systems. 

The f i n a l  columns of Table 3-18 list representative.alternative 
f u e l  products o r  in termedia tes  de r ivab le  from the  primary energy resources.  
The term "intermediate" r e f e r s  t o ' a  s t age  of processing, e.g. a syncrude 
derived from s h a l e  o i l  is conver t ib le  i n t o  a v a r i e t y  of f u e l  and o the r  
products a s  is  a petroleum crude o i l .  The d i s t i n c t i o n  between products 
and intermediates i s  fuzzy because most of the  products (e..g. methane, 
methanol, ethanol)  are conver t ib le  i n t o  o ther  products a s  wel l  a s  being 
u t i l i z a b l e  d i r e c t l y  a s  f u e l s .  There is  a f u r t h e r  ambiguity i n  t h e  case 
of e l e c t r i c i t y  which is  u t i l i z a b l e  d i r e c t l y  a s  an  energy source f o r  c e r t a i n  
types of.ground t ranspor ta t ion  system as w e l l  a s  being u t i l i z a b l e  i n d i r e c t l y  
i n  t h e  production of f u e l s .  

\. 
*In 1978, i t  is  an t i c ipa ted  t h a t  nuclear  energy and hydro power w i l l  each 

about 4% of U. S . primary energy demand. 
\ 

1. 



3.2.6.3.2 Documentation of S ize  
of Primary Resource Base 

The purpose of the  following discussion is t o  support the  charac- 
. t e r i z a t i o n s  of the  resource base i n  Table 3-18: 

a: the  quant i ty  e x t r a c t i b l e  with current  technology and 
under ex i s t ing  economic condit ions ( i  .e. "reserves") is esti- 
mated t o  range from 218 t o  259 b i l l i o n  tons. However, the re  
is geologic evidence* of the  exis tence  of 1.7 t r i l l i o n  tons 

' of coal  and t h i s  i s  the  es t imate  of " ident i f ied  resources". 
Tota l  U.S. resources of coal  have been estimated t o  be about 
4 t r i l l i o n  tons; t h i s  f i g u r e  includes both hypothet ica l  a s  
we l l  a s  i d e n t i f i e d  resources.  

o i l  shale:  i d e n t i f i e d  resources of Western o i l  sha les  have 
been estimated t o  contain about 1.6 t r i l l i o n  b a r r e l s  of o i l .  
O i l  sha le  depos i t s  a l s o  occur i n  o the r  p a r t s  of the  U.S., 
e.g. i n  Michigan. While t h e  p o t e n t i a l  recovery of o i l  from 
o i l  sha le  is very  large ,  factors** o the r  than the  s i z e  of 
the  resource base a r e  l i k e l y  t o  l i m i t  both the  pace and 
extent  of what i s  recovered. 

peat: the  estimated resource base  f o r  peat  i s  equivalent  
t o  about 60 b i l l i o n  tons of bituminous coal .  Much of t h i s  
quant i ty  is  p o t e n t i a l l y  recoverable because peat  genera l ly  
occurs a t  t h e  su r face  i n  beds*** shallow enough (averaging 
7 f e e t )  to. permit , r e s t o r a t i o n  of the  s t r ipped land t o  i ts  
o r i g i n a l  contour. However, peat  conta ins  severa l  times i t s  
own weight i n  water and nus t  be d r i ed  t o  about 35% moisture 
before  use  a s  a f u e l .  For reasons of n e t  energy and cos t ,  
drying must be simple, e f f e c t i v e ,  and performable i n  
environinentally acceptable ways. Gas i f i ca t ion  t o  SNG is 
being inves t igated;  t h i s  approach would y ie ld  some hydrocarbon- 
type l iquid 's  ( a f t e r  hydrogenation) a s  a co-product. 

bibmass: a s  discussed i n  t h e  Appendix Volume I I I C ,  t he  re-  
newabil i ty of biomass n e c e s s i t a t e s  a depar ture  from the  con- 
vent ional  concepts of "reserves" and "resources". In a sense,  
the  "resource base" f o r  biomass depends on t h e  amount of land**** 
i n  the  U.S. t h a t  is capable of growing p lan t s  a f t e r  subtrac- 
t i o n  of land u t i l i z e d  o r  reserved f o r  o ther  purposes (e.g. 
residences,  commercial buildings,  i n d u s t r i a l  p l a n t s  ,' roads ,  
e t c . ) .  Exist ing f o r e s t s  a r e  .a form of "reserves". However, 
f o r e s t s  a r e  regenerable wer a period of years ,  hence t h e  
r a t e  of ex t rac t ion  and the  o the r  resources needed t o  accom- 
p l i s h  t h i s  ex t rac t ion  are more meaningful than an es t imate  
of reserves o r  of t h e  current  resource base. 

*Not necessa r i ly  supported by engineering measurements. 
**E.g. a v a i l a b i l i t y  of water and environmental constraints . .  

***Because of extremely high moisture content ,  t h e  "beds" are bogs. Dewatering 
techniques a r e  under inves t igat ion.  

****There is  a l s o  a p o t e n t i a l  f o r  producing biomass by mar icul ture ,  e.g. off  
the  west coas t  of Cal i fornia .  



solar :  a s  with biomass there  is  no precise  def in i t ion  of a 
resource base f o r  so la r  energy. Moreover, the production of 
biomass depends d i r e c t l y  on the u t i l i z a t i o n  of solar  energy. 
However, f o r  the  purposes of Table 3-18, only the portion of 
so la r  energy used to  generate e l e c t r i c i t y  o r  heat is considered 
a s  "solar". 

nuclear: i n  the context of Table 3-18 and i t s  footnotes, the 
resource base i s  confined to  U.S..deposits of uranium ore.  
~ ~ ~ r o x i m a t e l y '  780,000 tons of uranium. has been estimated i n  
the ore  deposi ts  t ha t  have been delineated by d r i l l i n g .  While 

. . i t  is  c l ea r  t ha t  t h i s  is  not t he  f u l l  extent of the  resource, 
and i t . h a s '  been speculated t ha t  an addi t ional  1:9 mil l ion tons 
of uranium may be recoverable, there  i s  no consensus on the  
v a l i d i t y  of t h i s  number or on' how i t  should be interpreted.  
However, there  is. general agreement t ha t  shales and grani tes  
containing l e s s  than 100 ppm of uranium a r e  most unlikely t o  
become a source of uranium. Although the  .extent of the  U .S . 
uranium resource is an extremely important matter i n  i t s e l f ,  
i t  is  even more important ( for  the  purpose of t h i s  study) t o  
recognize t h a t  the  ways i n  which the resource i s  u t i l i z e d  w i l l  
be the  eventual 'determinant of the  quanti ty of useful  energy 
produced from nuclear materials .  

3.2.6.3.3 Logis t ics  of the  Pr incipal  
. . Primary Energy Resources 

There a r e  s ign i f i can t  l o g i s t i c a l  d i f ferences  among the  various 
primary energy resources. Some of t he  charac te r i s t i cs  of these differences 

. a r e  described below. The in t en t  i s  not t o  make a deta i led l o g i s t i c a l  

.. analysis  of the  primary resources. 
I 

coal: deposi ts  a r e  dispersed widely throughout much of t he  
U.S., hence coal is potent ia l ly ,  avai lable  in most locat ions .  
However, transportation cos t s  can be a s ign i f ican t  f r ac t i on  
of the delivered cost  of coal .  I n  general, t h i s  favors the  

. u t i l i z a t i o n  of coal, as c lose  a s  possible t o  the  mine o r ,  
where this is not possible,  del ivery of very l a rge  volumes 
of coal  by barge, u n i t  t r a i n ,  o r  s l u r ry  pipeline.  

o i l  shale: the  r icher  deposi ts  of o i l .  shale  a r e  concentrated 
i n  a small area,  primarily i n  Colorado and Utah but with lower 
grade deposi ts  extending i n t o  Wyoming. When consideration 
is given t o  the  f a c t  t ha t  one ton of o i l  shale  w i l l  y ie ld  only 

' about three  quar ters  of a b a r r e l  of sha le  o i l ,  i t  i s  evident 
t ha t  extract ion of o i l  from shale  nust occur i n  a mine-mouth 

. . s e t t i n g  (whether by surf  ace . r e to r t i ng  o r  by an in-s i tu  process) . 
This suggests t ha t  shale  o i l  w i l l  become pa r t  of the  o i l  supply 
of: a Western region of t he  U.S. Devonian shales  e x i s t  i n  
other  pa r t s  'of . the  U.S., e.g. Michigan, and may become a source 
of .SNG. ' 

. . 
. . , . .  . . . .  , . 
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peat :  s l i g h t l y  wer half of t h e  peat  resource is  i n  Alaska 
(31 b i l l i o n  TCE), where i t s  e a r l y  exp lo i t a t ion  is un l ike ly  
and where dewatering and land reclamation would be more 
d i f i i c u l t  than i n  the  "Lower 48". However, the re  are about 
16 b i l l i o n  TCE of peat  resources i n  Minnesota, Michigan, and 
Wisconsin; SNG p r o j e c t s  i n . t h e s e  s t a t e s  may be f e a s i b l e  
before the  year 2000. The quant i ty  of ref ined l i q u i d  co- 
products is  un l ike ly  t o  exceed 0.5 quads/yr. a t  t h i s  t h e  
o r  1 qtiadlyr. a t  any time i n  t h e  fu tu re .  Thus, peat  l i q u i d s ,  
per se, are un l ike ly  t o  be an " a l t e r n a t i v e  fuel" .  Instead,  
t h e  l i q u i d s  could be a small supplement t o  t h e  "pool" of 
suppl ies  a v a i l a b l e  f o r  a l l  purposes. 

biomass: t h i s  i s  a c l a s s  of mate r i a l s ,  r a t h e r  than a uniform 
resource. Both f o r e s t s  and crops have regional  p a t t e r n s  t h a t  
a r e  c e r t a i n  t o  inf luence  the  ways i n  which d i f f e r e n t  "biomasses" 
a r e  u t i l i z e d .  A common c h a r a c t e r i s t i c ,  t o  t h e  land extens ive  
production base (as  d i s t i n c t  from the  concentrat ion of a f o s s i l  
f u e l  resource i n  a given depos i t ) ,  is  t h a t  u t i l i z a t i o n  of 
biomass i s  l i k e l y  t o  be i n  r e l a t i v e l y  small p l a n t s  a s  c l o s e  a s  
poss ib le  t o  t h e  production a rea .  Captive u t i l i z a t i o n  of bypro- , 

ducts  by i n d u s t r i e s  t h a t  produce andlor u s e  wood i's commonplace 
' 

, and is  increas ing.  Cer ta in  a g r i c u l t u r a l  by-products, e.g. 
bagasse, f i t  t h e  same p a t t e r n  of capt ive  u t i l i z a t i o n .  

a so la r :  t h i s  source of 'energy i s  inheren t ly  d ispersed,  thereby 
favoring r e l a t i v e l y  small user  i n s t a l l a t i o n s .  The most probable 
contr ibut ions  of s o l a r  energy t o  NHT 'systems a r e  i n d i r e c t ,  e.g. 
by s u b s t i t u t i n g  f o r  o the r  forms of energy thereby r e l i e v i n g  
c o n s t r a i n t s  on t h e  t o t a l  pool of energy suppl ies .  

a nuclear: while nuclear  energy is, and w i l l  probably continue 
t o  be, produced i n  l a r g e  u n i t s  o r  groups of u n i t s  ("nuclear 
parks"), t h e  p l a n t s  themeelves may be widely dispersed throughout 
the  U.S. Nevertheless, severe  l o g i s t i c a l  c o n s t r a i n t s  9 apply 
t o  the  production of nuclear  energy because of r e s t r i c t i o n s  placed 
on t h e  movement and d i sposa l  of nuclear  wastes. 

3.2.6.3.4 . A l t e r n a t e  Fuel A v a i l a b i l i t y  

The a v a i l a b i l i t y  of t h e  p r inc ipa l  primary energy resources and t h e  
va r ious  f u e l s  derived from these  resources a r e  shown i n  Figure 3-10. A s  

.shown i n  Figure 3-10, severa l  of t h e  f u e l s  have an  a s t e r i s k  i n  t h e  t i m e  bar-- 
ind ica t ing  the  judgment t h a t  although t h a t  s p e c i f i c  f u e l  may be ava i l ab le  
i n  a given time frame, i t  is expected t h a t  i t  w i l l  be u t i l i z e d  i n  some 
other  end-use r a t h e r  than as a non-highway t ranspor ta t ion  f u e l .  

3 . 2 . 6 . 4  Fuel Log is t i c s  C r i t e r i a  

A l l  , t h r e e  fac tors ; .  a v a i l a b i l i t y ,  compat ib i l i ty  wi th  t h e  cur ren t  
system and i n t e r n a t i o n a l  considerat ions,  are summarized i n  Table..3-19. The 
f i n a l  column is a prel iminary ind ica t ion  of how t h e  var ious  f u e l s  may be 



Alternate  Fuel  A v a i l a b i l i t y  

FIGURE 3-10 
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Raw Liquids 
Upgraded Liquids 
Methanol 
Hydrazine 
Methylamine 
Hydrogen 
Me thane 
Ammonia 
Acetylene 
O i l  S l u r r y  
Methanol S lu r ry  ' 

O i l  Shale 

- Biomass 

. Raw Shale O i l  
Syncrude 

Methanol 
Ethanol 
Me thane 
Other Alcohols 
Vegetable O i l s  
O i l  from Organic Waste 

i n s i g n i f i c a n t  a v a i l - a b i l i t y  expected 
i f  a v a i l a b l e ,  would be used as blending agent  

Notes: ---- p o s s i b l e  - probable 
* probable u t i l i z a t i o n  f o r  purposes o the r  than NHT f u e l s .  



TABLE 3-19 

Fuel 'Logis tics Criteria . 

Derivative 
.Resource Fuel 

Coal . 

raw liquids 
upgraded liquids 
me than01 
ethanol 
hydrazine 
methylamine 
hydrogen 
me thane 
ammonia 
acetylene 
oil slurry 
methanol slurry- 

Oil Shale 

raw shale oil 
syncrude/produc ts 

Biomass 
methanol 
e thano 1 
other alcohols 
me thane 
vegetable oils 

high 
2A*, 3B 
ZA*, 3B 
2A, 3B 

U 
u 
u 

2A*, 3B* 
2A, 30 
2A*, 3B* 

U 
1A 
2A, 3B 

high 

medium 

insignificant 
lB* 

insignificant 

compatibility with current 
Fuels Sys tem 

no 
some problems 

Yes 
some problems 

Yes 
no 
no 
no 

some problems 
no 
no 

some problems 
some' problems 

no 
some problems 

Yes 
some problems 

Yes 
no 
no 
no 

some problems 
no 
no 

some problems 
some problems 

some problems some problems 
Yes . . yes 

some problems some problems . 

Yes Yes - - 
some problems some problems 

International 
Considerations 

variable 
generally unfavorable 
probably favorable 
probably favorable 
probably favorable 

unfavorable 
unfavorable 
uncertain 

probably favorable 
generally unfavorable 
generally unfavorable 

uncertain 
generally unfavorable 

variable, generally 
unfavorable 

generally unfavorable 
probably favorable . 

ratings as follows: 
1 1 now or by. 1980 A '= possible 
2 = by 1990 B = probable 
3 = by 2000' . U = unlikely or highly uncertain 
4 = after 2000 * = probable utilization for purposes other than NHT fuels 

variable . 
probably favorable 
probably favorable - 
probably favorable - \ 



impacted by in te rna t iona l  considerat ions. The r a t i ng  "variablet' is based on 
the. premise that ce r t a in  other countries 'have subs tan t ia l  coal. resources while 
most do not, and a l s o  t ha t  a few countries have o i l  shale resources while 
t he  majority do not. The associated concept is  tha t  countries na t  having 

' t h e  per t inent  coal  o r  o i l  shale resources would be unlikely to-be wi l l ing  t o  
d i s rup t  t he i r  f u e l  supply and t ransporta t ion systems i n  order t o  accommodate 
U.S. technological development of the  resources. However, no disrupt ion 
would occur i f  the  new f u e l s  were completely compatible with ex is t ing  f u e l s  
and t ransporta t ion Sy8temS. 

3.3 Prime Movers 

The basic  background information on the  d i f f e r en t  prime movers 
being considered i n  t h i s  study was given i n  Section 3.1.1. In  these three  
sect ions ,  the  eff ic iency of the  various types of engines a r e  covered, as 
w e l l  a s  the  po ten t ia l  environmental e f f e c t s  from using the various f u e l s  
i n  the  d i f f e r en t  type of power plants.  The l a s t  sect ion covers the  in te r -  
re la t ionsh ips  between f ue l s  and prime movers. 

3.3.1 Energy Efficiency i n  Use 
(Vol. I IE  - Section 11) 

The general  requirement f o r  a heat engine is  t o  compress a f l u id  
( a i r ,  water, helium, etc.), add heat t o  t h i s  f l u i d  a t  t he  highest  posslble  
temperature, and then r e l e a s e . t h e  exhaust a t  t he  lowest possible tempera- 
ture.  Thus, the  eff ic iency of any engine is  the  f r ac t i on  of chemical heat 
i n  the  fue l ,  which a f t e r  re lease  by oxidation is converted t o  usefu l  work 
at  a sha f t  o r  i n  the  case of a i r c r a f t  t o  useful  th rus t .  The thermal e f f i -  
ciency of a prime mover is  much more a function of i t s  design and operating 
conditions, .than of the  par t i cu la r  f u e l  t h a t  is ueed. 

The eff ic iency of an engine is la rge ly  a function of its compres- 
s ion  r a t i o ,  i ts  tolerance t o  a high top working temperature and its a b i l i t y  
t o  complete the  combustion of L t s  f u e l  while the  working f l u i d  is still  
under considerable compression. The thermal eff ic iency f o r  four d i f f e r en t  
types of prime mwers, shown below, i l l u s t r a t e s  t h i s ,  s ince each va r i e s  i n  
compression r a t i o  and Inlet and o u t l e t  working f l u i d  temperature. 

Gas 
Diesel Otto Turbine Steam Turbine 

Out 600°F 1000°F 900°F 80°F 

Comp. Ratio 7 2000 ps ig  - Vac. 

% Eff. 40 30 2 5 3 5 

I n  t h i s  study a l l  e f f ic ienc ies  a r e  expressed a s  the  percentage of 
t he  net  heating va lue  of the f u e l  which is  converted t o  work. 



q 3.3.1.1 Thermal Efficiency of 
Various Prime Movers 

The list of prime mwers i n  order of efficiency is a s  follows: 

Engine % Efficiencv 

Fuel c e l l l e l e c t r i c  motor 

Gas turbinelcombined cycle 

Diesel 

S t i r  l i n g  

Free pis ton 

~ o i l e r / s t e a m  

Otto 

Gas turbine 

This tabulation of ranges has been made f o r  p lan t  size i n  the  5-50- 000 
HP range which is  the  range of most i n t e r e s t  f o r  non-highway transportation.  

The four prime mwers marked with a s t e r i sk s  a r e  those f o r  which a 
l a rge  amount of p rac t ica l  experience is  available,  and t h e i r  e f f i c i enc i e s  a r e  
r ea l l y  not i n  doubt f o r  any f u e l  which is compatible, o r  which can be made 
to  be compatible by reasonable engine modification. 

, . 

The probable eff ic iency f o r  combinations of varioue fue l s  and prime 
mwers have been l i s t e d  i n  Table 3-20. Tihere bla9>ks ex i s t  i n  t h i s  tab,le i t  
is f e l t  from a review of the  l i t e r a t u r e  t h a t  ' there is. very,  l i t t l e  hope o f .  
effect ing a match. For example, although pu1veriz.d coal  has been demon- 
s t ra ted  t o  run i n  gas turbine engines and coa l /o i l  s l u r ry  t o  run i n  d i e s e l  
engines, the  experimental work:has shown major problems. However, i n  t he  
case of slow speed 'diesel .  engines, these problems may be t o l e r a t e d  and deserve 
fur ther  consideration. 

Overall,  i f  c given f u e l  can be burned i n  a par t i cu la r  prime 
' 

mover, the  thermal eff ic iency of the  prime mover w i l l  be about the  same, 
f o r  a l l  fuels .  There a r e  a few exceptions t o  th ig  general izat ion which i s  
descrj '  ad i n  ~ b c t i o n  3.3.1.4. 

3.3.1.2 Advantages of Various 
Prime Mwers 

Diesel'Engines. From an eff ic iency standpoint the d i e s e l  engine is 
favored among the  time.proven engines. ' In addi t ion t o  having a high 
thermal eff ic iency at  f u l l  load, i t  maintains its eff ic iency a t  pa r t  
load. It is f o r  t h i s  reason t h a t  the  d i e se l  has cothe t o  dominate 
ra i l road 'and marine propulsion. 



TABLE 3-50 

Sparlc 
Closed o r  Gas 

Boi ler  Cycle P i l o t  Turbine Fuel 1 

Steam S t i r l i n g  Gas Ign i t ed  Diesel  Open c e l l /  E l e c t r i c  Free 
Fuels Turbine Engine Turbine 0 t t o  Diesel  Fumigated Cycle E l e c t r i c  Motor P i s ton  

Coal/methanol s l u r r y  

Coal /o i l  s l u r r y  

Coal 

Coal l i q u k i s  

Shale l i q u i d s  

Methanol 

Hydrogen 

Carbon monoxide 

Ammonia 

Ethanol 

Methane 

Hydrazine 25-35 30-40 25-30 -- -- -- 25-32 50-60 - -- 
Methylamine 25-35 30-40 25-30 -- - - 25-32 -- -- -- 
Acetylene 25-35 30-40 25-30 -- -- -- 25-32 -- -- - 
Vegetable o i l  25-35 30-40 25-30 -- 35-40 - 25-32 -- -- 25-30 

E l e c t r i c i t y  27-38 33-44 27-33 -- -- -- -- -- 95 -- 

Notes (1) Methanol and e thanol  have been c red i t ed  wi th  higher e f f i c i e n c i e s  than o the r  f u e l s  4n those  
s i t u a t i o n s  where waste h e a t  can be used regenerat ively  t o  overcome t h e i r  high l a t e n t  heat  
of vapor iza t ion.  

(2) ~ l t h o u ~ h  c o a l  derived l i q u i d  f u e l s  a r e  shown i n  genera l  a s  having app l i ca t ion  t o  both Otto 
and Diesel  cyc le  engines, the  Otto required good octane p roper t i e s  whatwer  s i z e  the  engine 
may be and the  Diesel ,  good cetane  a t  1 e a s t . i n  the  smaller  engines. 

(3) The f r e e  p i s t o n  engine is thought t o  be much l e s s  s e n s i t i v e  t o  the chemical na tu re  of the  
f u e l ,  than the  engines i n  Note (2) . 

( 4 )  Although e l e c t r i c i t y  has been-included a s  a poss ib le  b a i l e r  f u e l  i n  t h i s  t ab le ,  i t  would of 
'course be b e t t e r  used with an e l e c t r i c  motor. 



Free Pis ton Engines. The f r e e  p i s ton  engine is  a form of hybrid between 
t h e  d i e s e l  and the  gas turbine ,  which gives  a thermal e f f i c i ency  
below the  d i e s e l  i t s e l f ,  but  a  l ike l ihood of g rea te r  f l e x i b i l i t y  toward 
t h e  range of f u e l  candidates. It i s  not  near ly  so dependent upon good 
i g n i t i o n  q u a l i t y  of the  f u e l  and i t  has been s t a t e d  t h a t  i t  can burn 
any t l~ ing  from gasol ine  t o  bunker f u e l  o i l .  

Gas rurbine. The e f f i c iency  of t h e  gas tu rb ine  i s  not  as high as some of - 
the  o the r  engines, because i n  some ins tances  e f f i c iency  has been traded 
t o  ob ta in  low weight per u n i t  of power ( a i r c r a f t )  and because of t h e i r  
low c o s t  per horsepower and l ack  of cooling water requirement (p ipe l ine  
puml~ing). The e f f i c iency  can be improved by the  use of regenera tors  and 
combined cycles.  I n  addi t ion ,  increas ing t h e  turbine  i n l e t  temperature 
w i l l  improve e f f i c iency .  The gas turbine  i s  more l imi ted  than t h e  
d i e s e l ,  the  f r e e  p is ton,  o r  a  boiler/steam turbine  combination i n  i t s  
a b i l i t y  t o  accept  poor grade f u e l s .  There a r e  ind ica t ions  t h a t  l i q u i d  
hydrogen and a lcohols  could g ive  higher e f f i c i e n c i e s .  

Spark o r  P i l o t  Igni ted  Engines (Otto Cycle). 'In non-highway t ranspor ta t ion ,  
these  engines are pr imar i ly  used i n  small a i r c r a f t  and boats  and i n  
c e r t a i n  p ipe l ine  appl ica t ions .  The upper l i m i t  on e f f i c iency  f o r  this type 
of engine is  about 34% and they r e q u i r e  a f u e l  with a high octane number. 
There a r e  some s p e c i a l  advantages f o r  hydrogen and a lcohols  wi th  t h i s  
type of engine. 

8 Externally Fired Engine (Steam Turbines, S t i r l i n g  and Closed Cycle Gas 
Turbines). The e f f i c iency  of engines where the  f u e l  is  burned ex te rna l ly  
depends on th ree  fac to r s :  (1) e f f i c i ency  of t h e  combustion equipment, 
(2) t h e  operat ing temperature range of the  working f l u i d ,  and (3) t h e  
e f f i c iency  of the  turbine  o r  engine. One f e a t u r e  of the  ex te rna l ly  f i r e d  
engine i s  t h a t  they may be considered as omniverous, and only s l i g h t l y  
a f fec ted ,  a s  f a r  a s  e f f i c i ency  goes, by t h e  q u a l i t y  of f u e l  used. 

8 Fuel C e l l / E l e c t r i c  Motor. The f u e l  c e l l l e l e c t r i c  motor has t h e  h ighes t  
e f f i c i ency  of the  prime movers considered and the  e f f i c iency  is maintained 
a t  a l l  loads, and may even be b e t t e r  a t  p a r t  load than a t  f u l l  load. 
However, the  f u e l  cells a r e  much heavier  than t h e  i n t e r n a l  combustion 
engine producing equal power. . . 

3.3.1.3 Fuel/Engine Incompat ib i l i t i e s  

There are some f u e l s  t h a t  do not have the  physical  p roper t i e s  t o  
be compatible with a d i e s e l  engine. There a r e  a t  l e a s t  three l e v e l s  of 
incompat ib i l i ty :  (1) t h e  f u e l  may not  i g n i t e  a t  a  reasonable compression 
r a t i o :  (2) the  f u e l  may i g n i t e ,  but  wi th  such a delay  t h a t  t h e  conversion 
of heat t o  work cannot be optimized and engine damage may r e s u l t ;  and (3) 
t h e  f u e l  may i g n i t e  but  take  so  long ta burn t h a t  i t s  hea t  content  i s  n o t  
released and t h e r e  is  unburned f u e l  i n  the  exhaust gas.  There are s e v e r a l  
modificat ions that can be  made t o  overcome these  problems. These include 
fumigation f o r  t h e  d i e s e l  engine, a d d i t i v e  treatment,  e.g. centane improver 
o r  double in jec t ion .  Af ter  these  modificat ions have been made and t h e  f u e l  

0 
becomes usable,  t h e  thermal e f f i c i e n c y  of t h e  engine i s  c l o s e  t o  that of 
t h e  conventional engine running on more conventional f u e l s .  



3.3.1.4 Fuel Proper t ies  t ha t  
Enhance Efficiency 

There a r e  ce r t a in  fue l s ,  mainly hydrogen and the  alcohols,  which 
have proper t ies  which permit modifications t o  conventional engines t h a t  
w i l l  enhance t h e i r  thermal eff ic iency.  Thus, with hydrogen, s lnce  i t  has 
a wide range of flnmmability, i t  can be run i n  a spark ignited engine with 
a very lean mixture, r e su l t i ng  i n  imprwed eff ic iency.  This improvement 
, i n  eff ic iency i s  a l s o  due t o  the  rapid cornbustion,characteristic and the  
spec i f i c  heat proper t ies  which knprwe the  thermodynamic cycle. In addi- 
t ion ,  l iqu id  hydrogen can a c t  as a heat s ink and allow higher i n l e t  
temperatures t o  a gas turbine, thus providing be t t e r  thermal eff ic iency.  

To a lesser extent  t he  alcohols exhibi t  some of the  spec ia l  
proper t ies  of hydrogen, 1.e. a b i l i t y  t o  operate a t  leaner limits than 
gasoline and the  a b i l i t y  t o  absorb heat by v i r t u e  of t he i r  r e l a t i ve ly  
high l a t e n t  heat  of vaporization.  The thermal efficiency of any engine 
using methanol as f u e l  can be increased i f  waste engine heat  i s  avai lable .  
t o  convert the  methanol t o  the  gaseous s t a t e .  The degree of improvement 
i s  grea te r  with methanol than f o r  ethanol. 

3.3.2 In-Use Emissions with 
Alternat ive  Fuels 
(Val. I I I C  - Section 9) 

An evaluation of a l t e rna t ive  fue l s  f o r  non-highway t ransporta t ion 
must take i n t o  aonsideration the  po t en t i a l  enviroynental e f f e c t s  from the 
use of these fuel's i n  t he  various types of prime movers. While the emission 
impact of each fuellpowerplant canbination, not  ruled out  by non-emission 
considerations, needs t o  be evaluated, i t  is  of i n t e r e s t  t o  look a t  the  
contr ibut ion of non-highway t ransporta t ion t o  the  t o t a l  emission burden, 
shown i n  Table 3-21. A s  indicated,  the  non-hinhwap t r a n s ~ o r t a t i o n  emissions 
are a r e l a t i v e l y  minor contributor t o  t he  to ta l ,  U.S. emissions burden. 
However, par t i cu la r  modes can Impact t o  a greater  extent i n  localized areas .  
For ,example, a i r c r a f t  could be a source of par t i cu la te  and NOx near 
a i rpo r t s ;  emissions from ra i l roads  could be a problem i n  urban areas; 'and 
with some marine fue l s ,  emissions may force  t he  use of one f u e l  i n  pa r t  
while another , fue l  could be used on the  open seas.  

3.3.2.1 Emissions of Various 
~ng ine /Fue l  Systems 

In recent  years,  numerous invest igators  have studied the perfor- 
mance of various prime movers with non-petroleum fue l s .  It i s  d i f f i c u l t  
t o  .define i n  a quant i t a t ive  fashion the  e f f e c t s  on emissions from switching 
a par t icu la r  t ransporta t ion sec tor  t o  a l t e rna t ive  fue l s  and prime movers. 
Certain enginelfuel  combinations have been studied from an emiss2ons view- 
point .  The major cbnclusions from these s tud ies  a r e  sumnarized below. 

Alcohols 

The use  of alcohols i n  spark-ignition engines would lead t o  
somewhat .lower emission of CO, hydrocarbons, -and NOx, due t o  operating with 
leaner combustion. Aldehyde emissions a r e  l i k e l y  t o  be higher and there  
may be some unburned alcohol emissions.. 



Grand Total 

Railroads . 

Mrcraf t 
Marl ne Vessels 
.. . . : ::?lines 

Sub-Total 
X of Grand Total 

TABLE 3-21 

Non-Highway Transportation . 
Contribrltion to U.S. Bniesions 

U.  S . Emissions, Millions Tons/yr 

Particulates (1) 

- 

(1) Derived from May 1976 report of the National Emission Data System. 
(2) Benzo (a) pyrene - estimated i n  th is  study. 



With a s t r a t i f i e d  charge spark i g n i t i o n  engine, the re  was an  
inc rease  i n  CO and hydrocarbons and a decrease i n  NOx when alcohols were 
tes ted .  

The use  o i  a lcohols  i n  gas turbines  would prdduce 1aver.NOx 
and smoke emissions,. but  increased CO and hydrocarbon emissions. However, 
t h e  CO and hydrocarbon emissions from a gas  tu rb ine  are low, 'so emissions 
would not  be a major f a c t o r  t o  consider.  

a Hydrogen 

The use  of hydrogen i n  a gas turbine  would e l iminate  CO, C02, 
hydrocar;bon and smoke emissions. There is c o n f l i c t i n g  d a t a  on t h e  impact on 
NOx emissions. 

a Other Gaseous Fuels  

There are no major b e n e f i t s  o r  d e b i t s  wi th  gaseous f u e l s  o ther  
than f o r  ammonia. With ananonla, NOx emissions may be a problem. 

a Coal and Shale O i l  Liquids 

The emissions from c o a l  or  sha le  o i l  l i q u i d s  are expected t o  be 
t h e  same a s  f o r  'petroleum f u e l s  i f  the  coa l  and sha le  l i q u i d s  are re f ined  
t o  be f u l l y  equivalent .  There may be a problem with NOx emissions due t o  
p o t e n t i a l l y  higher f u e l  n i t rogen l e v e l s .  Also, t h e  higher aromatic content  , 

with  coa l  l i q u i d s  could cause increased smoke emissions and carc inogenic i ty  
problems wi th  p a r t i c u l a t e  emissions. 

a Coal and Coal /Slurr ies  

The u s e  of c o a l  i n  any type of prime kove would cause problems 
i n  emission .levels, e s p e c i a l l y  i n  par t i c u l a t e a  . 

3.3.2.2 Summary of Emissions E f f e c t s  
of Fuels  and Prime Movers 

A q u a l i t a t i v e  summary of t h e  emissions of var ious  fuel/prime mover 
combinations compared t o  present  f u e l s  is  given i n  t h e  Appendix Volume I I I C .  
Since a c t u a l  da ta  on most of these  is  not  ava i l ab le ,  es t imates  were'made based 
on f u e l  p roper t i e s  and t h e i r  e f f e c t s  on emissions i n  c e r t a i n  types of combustion 
systems, i.e., heterogeneous and homogeneous. It is s a f e  t o  assume c e r t a i n  
t rends  t h a t  are l i k e l y  t o  occur with t h e  use  of p a r t i c u l a r  f u e l s .  The 
d i r e c t  combustion of c o a l  e i t h e r  s t r a i g h t  o r  i n  l i q u i d  f u e l  s l u r r i e s  w i l l  
l ead  t o  increased p a r t i c u l a t e  emissions i n  any of t h e  powerplants no t  
normally f i r e d  wi th  coal .  Liquids produced from coal  o r  s h a l e  wi l l .d i rec t iona l ly  
inc rease  n i t rogen oxide emissions because of higher f u e l  n i t rogen and probably 
more p a r t i c u l a t e s  due t o  increased aromat ic i ty .  On t h e  whole, a lcohols  w i l l  
probably improve t h e  in -use  emissions p i c t u r e  because of t h e i r  b e n e f i c i a l  
e f f e c t  on NOx. Hydrogen w i l l  c l e a r l y  improve emissions in-use i n  any prime 
mwer because of reduced CO, C02, HC, p a r t i c u l a t e s  and probably N h .  
The u s e  of methane would a l s o  decrease  in-use emissions i n  many prime movers. 



3.3.3 Prime Mwer - Fuel In te rac t ion  
(Vol . I1 I A  - Section 4) 

The r o l e  of t h e  f u e l  i n  t r anspor ta t ion  i s  t h a t  i t  shall release 
i t s  heat  of combustion and t h a t  hea t  s h a l l  be t ransferred  t o  a working 
f l u i d  which can be expanded through an engine t o  convert a r e a ~ o n a b l ~  high 
percentage of the  input  heat  (usually between 25 and 40%) t o  work. This ' 

work is  applied as r e a c t i v e  t h r u s t  i n  jet  a i r c r a f t ,  applied t o  t h e  tu rn ing  
of wheels o r  screws i n  t h e  r a i l  and marine t r anspor ta t ion ,  o r  applied t o  
t h e  s h a f t  of a pump o r  compressor f o r  p ipe l ine  movements. 

Both t h e  f u e l  i t s e l f  and i ts  products of combustion come i n  
contact  with p a r t s  of t h e  engine. Impur i t ies  such as ash  and s u l f u r  can 
cause depos i t s  o r  corrosion and may shor ten  i t s  working l i f e  or  cause 
increased maintenance c o s t s  r e l a t i v e  t o  opera t ion on a cleaner f u e l .  Phy- 
s i c a l  p roper t i e s  such a s  f reezing point  and v i s c o s i t y  can a f f e c t  t h e  
movement of t h e  f u e l  through f i l t e r s  and spray p a t t e r n  of burners and 
i n j e c t o r s ,  and thus i n t e r f e r e  wi th  t h e  completion of combustion. 

The way a given f u e l  bums  may make i t  incompatible wi th  some 
types of engines. The c l e a r e s t  example of d i f f e r e n t  combustion behavior 
i s  seen between high octane number gasol ine  which is  exce l l en t  f o r  t h e  
spark ign i t ed  Otto cycle ,  and d i e s e l  f u e l  o i l  made from petroleum d i s t i l l a t e  
and characterized by a good cetane number. 

I n  t h e  following sect ions ,  some of t h e  c r i t i c a l  f u e l  p r o p e r t i e s  
f o r  each p a r t i c u l a r  type of prime mover are discussed. 

3.3.3.1 Diesel Engine 

The d i e s e l  engines used I n  non-highway t ranspor ta t ion ,  notably i n  
r a i l r o a d s  and sh ips  are not a s  c r i t i c a l  of f u e l  chemistry as t h e  smaller, 
higher speed t ruck and automobile d i e s e l  engines. A s  mentioned a b w e ,  
the  measure of combustion q u a l i t y  f o r  a d i e s e l  engine is  cetane  number. A 
clean d i s t i l l a t e  f u e l  f o r  marine s e r u i c e  shows c l o s e  t o  40 ce tane  number, 
and t h e  l i g h t e r  d i s t i l l a t e s  used i n  t rucks  show mostly 45 and sometimes 
higher. Thus, a good cetane r a t i n g ,  while d i r e c t i o n a l l y  preferred ,  is n o t  
always mandatory f o r  l a r g e  marine d i e s e l  engines. 

S imi lar ly ,  r a i l r o a d  locomotives have been operated success fu l ly  
on highly aromatic f u e l s  made from t a r  sands, f u e l s  with ce tane  numbers 
too low t o  be ra ted  on t h e  standard engine procedure, bu t  having a probable 
r a t i n g  i n  t h e  v i c i n i t y  of 30 cetane,  poss ib ly  28. Thus, cetane number 
considera t ion is l e e s  important f o r  slower speed engines. 

Fuels  made from shale ,  o r  from coa l  by Fischer-Tropsch syn thes i s  
may be  expected t o  have good cetane p r o p e r t i e s  and t o  be more f u l l y  compat- 
i b l e  with ' t he  d i e s e l  engines used a t  sea and on t h e  r a i l r o a d s ,  but  o the r  
more aromatic f u e l s  t h a t  can be expected from o ther  c o a l  l i q u e f a c t i o n  
processes are not  necessa r i ly  excluded, p r w i d e d  they a r e  upgraded. 

a The d i e s e l  engine, i n  t h e  s i z e s  which ' a re  app l i cab le  tonon-highway 
t ranspor ta t ion  have shown .themselves t o  be t o l e r a n t  of metallic impur i t i e s  
i n  t h e  f u e l  up t o  an ash  content of 0.1% mass, 'though s p e c i a l  f e a t u r e s  such 



as water cooled valves  have been employed t o  withstand aggressive a t t a c k  
from vanadium compounds which a r e  a. frequent  const i tuent  of r e s idua l  
petroleum f u e l s .  A primary requirement of t h e  d i e s e l  engine is  t h a t  t h e  
f u e l  shall pass  t h e  c l o s e  to lerances  of the  f u e l  handling equipment, pump 
ahd i n j e c t o r s ,  without producing too rap id  wear, and shall be wel l  atomized 
as i t  passes from t h e  i n j e c t o r  i n t o  t h e  combustion chamber. Wit-h f u e l s  
conta in ing u n d i s t i l l e d  res idue ,  t h e  clean-up is accomplished ueual ly  by 
cen t r i fug ing  enroute t o  t h e  engine, and v i s c o s i t y  con t ro l  a t  t h e  i n j e c t o r s  
is obtained by preheat.  Both of these  f e a t u r e s  may be considered s t a t e  
of t h e  art. 

3 .3.3.2 Gas Turbines (Open- Cycle) 

Gas tu rb ines  are much more demanding of f u e l  q u a l i t y ,  and as a 
genera l  r u l e ,  t h e  more e f f i c i e n t  t h e  gas  turbine  is made, the  c leaner  the  
f u e l  has t o  be. Cleanl iness  i n  p a r t i c u l a r  means an absence o r  near absence 
of sodium and potassium contaminants, and a con t ro l  of t h e  amount and nature  
of o t h e r  ash  forming c o n s t i t u e n t s  such a s  vanadium, n ickel ,  l ead ,  calcium, 
r u s t  and silicates. 

Synthet ics  l i k e  l i q u i d  hydrogen, t h e  a lcohols ,  methane and low 
contaminant d i s t i l l a t e  f u e l s  are a l l  poss ib le  f u e l s  f o r  high e f f i c iency  gas 
turbines .  Among these  methane and c lean  d i s t i l l a t e  f u e l s  are w e l l  proven 
a t  today's i n l e t  temperatures and s u f f i c i e n t  t e s t i n g  has  been done with 
hydrogen and methanol t o  show t h e i r  s u i t a b i l i t y .  Ammonia has l ikewise  
been demonstrated successful ly .  

Modifications of t h e  f u e l  handling equipment, pumps and flow 
d i v i d e r s  are needed t o  accommodate f u e l s  of low v i s c o s i t y ,  and preheating 
together with t h e  use of air b l a s t  nozzles w i l l  be required  t o  obta in  a 20 
cen t i s toke  (or lower) atomizable f u e l  at  t h e  burners when high v i s c o s i t y  
f u e l s  are used. 

Liquid f u e l s  which have a high l a t e n t  heat  of evaporat ion l i k e  
methanol o r  are supplied r e f r i g e r a t e d  l i k e  hydrogen can help provide some 
of b lade  cooling and may permit tu rb ine  i n l e t  temperatures (and thus 
e f f i c iency)  t o  be r a i s e d  higher than would be  poss ib le  wi th  more conventional 
f u e l s  . 

One p o t e n t i a l  problem on using a lcohols  i n  gas  turbines  i s  t h e  
poss ib le  contamination of t h e  f u e l  wi th  s a l t  water-if t ranspor ted  by tanker 
o r  barge mwement. Sodium contamination even a t  a concentrat ion of one p a r t  
pe r  m i l l i o n  of f u e l  can be very  damaging i n  causing s u l f i d a t i o n  of the  
b lade  mater ia l .  Operators pay g r e a t  r e s p e c t  t o  sodium contamination whatever 
the f u e l ;  contamination by sea water i s  avoided wherever poss ib le ,  and when 
i t  does occur, adequate cent r i fuging,  washing o r  s e t t l i n g  time i s  provided 
t o  remove it. The p a r t i c u l a r  f e a r  wi th  methanol is  t h a t  i t  would d i s so lve  
t h e  aqueous p a r t  of t h e  seawater and leave  t h e  salts i n  a very  f i n e l y  
divided s o l i d  s t a t e  which might be impossible t o  s e t t l e ,  and which could not  
be  washed ou t  because of t h e  complete m i s c i b i l i t y  of methanol wi th  water. 
Ethanol would have t h i s  same p o t e n t i a l  hazard. 



. 3 . 3 . 3 . 3  Free Piston Engine, 

The f r e e  piston engine converts i ts  f u e l  t o  combustion gas i n  what 
is  essen t ia l ly  a d i e se l  cycle and then presents t h i s  gas t o  a gas \ turbine 
f o r  expansion and conversion t o  useful  work. The highest  tempergtures occur 
i n  a water cooled cylinder between opposed pis tons  and thus t he  f r e e  pis ton 
engine is  to le ran t  of d i r t y  f u e l s  t o  about the  same extent t h a t  the  d i e s e l  
is, namely up to  0.1% of ash and possibly higher with modification. 

The combination of a d i e s e l  cycle gas i f i e r  and companion gas 
turbine has the  capabi l i ty  of burning many kinds of fuels: It appears t o  
be more widely omniverous than the d i e s e l  engine i t s e l f  i n  that the  combus- 
t i on  charac te r i s t i cs 'o f  the  fuel ' ,  pa r t i cu la r ly  cetane number a r e  much l e s s  
important . . Theref ore, if ce r t a in  . l iqu ids  derived from coal, having perhaps 
very low cetane numbers, tu rn  o u t . t o  be poor i n  d i e se l  operation the  
pos s ib i l i t y  remains t ha t  they might be used , in  f r e e  pis ton engines. 

. . 

3 . 3 . 3 . 4  Otto Cycle Engines 
\ 

Otto cycle engines,' e i t h e r  spark $gnited or  p i l o t  igni ted (dual 
f u e l  d iese l lgas  engine) have t o  da t e  been r e s t r i c t e d  t o  pipel ine  pumping 
i n  t he  non-highway t ransporta t ion sec tor ,  and methane has been the  pr incipal  
f u e l  employed. To achieve eff ic iency,  these engines a r e  of high compression 
r a t i o ,  about 13:l and f u e l  of high octane number is e s sen t i a l  t o  t h e i r  use 
under tha t  condition. Methanol, ethanol and hydrogen a r e  c lear ly  candidates, 
requir ing very l i t t l e  modification of ex i s t ing  designs. However, i n  the  
case of.hydrogen unless i t  i s . in tended  to  run on a very lean  mixture, there  
a r e  problems of pre-ignition or  flash-back to  be overcome. 

3 . 3 . 3 . 5  Externally Fired Engines 

The only point  of in te rac t ion  of f u e l s  with external ly  f i r e d  
engines such a s  steam turbines,  S t i r l i n g  engines and closed cycle gas tur-  

, bines is  a t  the  boi ler  o r  f i r e d  heat  exchanger where the  heat  of the 
combustion gases is  transferred through tubing to  the working fluid-- 
boi l ing water, a i r ,  ,hydrogen or helium, e t c .  Thus, the  design problems 
a r e  those normally faced by bo i l e r  manufacturers.. Inasmuch a s  bo i l e r s  have 
not been produced with outstanding success t o  burn a l l . t y p e s  of coal  and 
l i g n i t e ,  the. heaviest  types of petroleum f u e l  and a l l  kinds of waste 
products, the  use  of some f u e l s  contemplated for  these external ly  
f i r e d  engines, w i l l  have to  be studied c,arefully.  

3 . 3 . 3 . 6  Unconventional Fuel-Prime 
Mover Combinations 

This review has not touched a l l  the  possible  combinations of f u e l s  
and prime movers, and the  in te rac t ions  which could occur. Some combinations 
a r e  c l ea r ly  not necessary t o  consider. For example, coa l /o i l  s l u r r y  is 
e n t i r e l y  incompatible with the  f u e l  c e l l  and with spark ign i ted  Otto engines. 
Among the  unconventional combinations which have been t r i ed ,  t h e  l i t e r a t u r e  

a shows the  following: 



Fuel - 
Powdered coal and 

coa l /o i l  s lu r ry  

.Prime Mover 

Diesel engine 

Ammonia Gas turbine 

Coal Gas turbine 

While d i e se l  engines have been made t o  run on coal,  i n  both 
cases there  was a s ign i f ican t  l o s s  of eff ic iency and operating problems. 
In  one case a f a i r l y  d i l u t e  s lu r ry ,  15% of solvent refined coal ground t o  
2 micrometers was used. Even with t ha t  careful  preparation, the  comren- 
t i ona l  f u e l  i n j ec t i on  system plugged i n  shor t  time. 

The coal  f i r e d  gas turbine shows good promise i f  t he  coal  is 
burned i n  a f lu idized bed, because the  pa r t i c l e s  emitted from such beds 
a r e  s o f t  and f r i a b l e ,  ra ther  than vi t reous l i k e  the ash pa r t i c l e s  which 
come from coal  f i r e d  d i r e c t l y  i n to  a refractory l ined combustor. 



4. SELECTION OF ALTERNATE FUELS 

4.1 Methodology and 'Ranking of Fuels 
(Vol. I I I C  - Section 13) 
(Vol. I I I A  - Section 2) 

In  the  prel iminary screening phase, a method has been developed 
t h a t  w i l l  a l low one t o  s e l e c t  a l t e r n a t e  f u e l s  i n  a sound, l o g i c a l ,  and 
t echn ica l  manner. The main emphasis isk2 on t h e  fuels/pr ' ime mover/user i n t e r -  
a c t i o n  and i t  is  assumed t h a t  technology i s  a v a i l a b l e  t o  produce t h e  f u e l s .  
The t h r e e  major f a c t o r s  coniidered were: (1) f u e l  manufacture' c r i t e r i a ;  
(2) f u e l  performance c r i t e r i a ;  and (3) f u e l  l o g i s t i c s  £,actors .  A Liker t  
s c a l e  was used t o  put  t h e  var ious  f a c t o r s  on a b a s i s  which al lows d i s s i m i l a r  
f a c t o r s  t o  be combined i n t o  an overa l l ' r ank ing .  The t y p e  of scale used 

. allowed any given c r i t e r i o n  of q u a l i t y  t o  be r a t e d  r e l a t i v e  t o  some standard a s  

+2 s ign i fy ing  "much b e t t e r "  
+1 s ign i fy ing  "bet ter"  
0 s ign i fy ing  "equivalent o r  "don't know" 

-1 s ign i fy ing  " in fe r io r"  
-2 s ign i fy ing  "much i n f e r i o r "  

I n  the  f u e l  manufacturing a rea ,  t h r e e  f a c t o r s  were considered; 
(1) the  cos t  o f .  production, d i s t r i b u t i o n  and s torage;  (2) o v e r a l l '  energy 
e f f i c i ency  up t o  point  of use; and (3) t h e  environmental impact i n  production. 

The r a t i n g  s c a l e  used f o r  the  c o s t  of production, d i s t r i b u t i o n  and 
s to rage  was a s  fol lows:  

Ranking 
Cost Range - $1 M BTU 
(Delivered t o  Customer) 

The r a t i n g  s c a l e  used f o r  t h e  o v e r a l l  energy e f f i c i e n c y  category was as 
follows-- 

Ra t ing  BTU of ~esource/BTU of Fuel  

1-1.3 
1.31-1.7 
1.71-2 
2.01-2.5 

> 2.51 



A s i m i l a r  r a t i n g  s c a l e  was es t ab l i shed  f o r  t h e  environmental c r i t e r i a .  
The o v e r a l l  environmental r a t i n g  was then combined with the  o v e r a l l  
energy e f f i c i e n c y  r a t i n g  and the  c o s t  r a t i n g ,  t o  a r r i v e  a t  an overa l l  
manufacture r a t i n g ,  a s  shown i n  Table 4-1. Similar  r a t i n g s  were made 
f o r  t h e  f u e l  performance a r e a  ( t o x i c i t y ,  s a f e t y ,  ma te r i a l s  compat ib i l i ty ,  
s to rage  requirements, convenience i n  handling and s to rage  and-environmental 
impact during use) and for  the  f u e l  l o g i s t i c s  a rea  ( f u e l  a v a i l a b i l i t y ,  
compa t ib i l i ty  with present  system, and i n t e r n a t i o n a l  cons idera t ions) .  The 
rankings f o r  these  two a r e a s  a r e  given i n  Tables 4-2 and 4 - 3 .  

To a r r i v e  a t  an o v e r a l l  ranking,  the  manufacturing, performance 
and l o g i s t i c s  r a t i n g s  were combined, assuming equal weight for  the  th ree  
a r e a s ,  and a r e  shown i n  Table 4-4. While the  absolute  numbers have no 
meaning, they do al low the  f u e l s  t o  be grouped' into four a r e a s  for  
cons idera t ion  i n  the  d e t a i l e d  evaluat ion  phase. 

4.2 Compatibi l i ty of Fuels and 
Prime Movers 
(Vol. IIIC - Section 13) 

.In evaluat ing  the  performance p o t e n t i a l  f o r  each f u e l ,  i t  is  
necessary t o  cons.ider t h e  compat ib i l i ty  of the  f u e l s  and prime movers. A 

. .  matr ix  was es t ab l i shed  f o r  t h e  18 d i f f e r e n t  f u e l s  and t h e  8 d i f f e r e n t  types 
of prime movers, and a ' r a t i n g  es t ab l i shed  f o r  each combination using a  L ike r t  
s c a l e  ranging from t h e  "best" where no modificat ions would be required t o  
use t h e  f u e l  i n  t h e  cu r ren t  designs t o  t h e  "worst" where i t  would not be 
p r a c t i c a l  t o  use t h e  f u e l  ' s ince an e n t i r e l y  new design would be required.  
From t h i s  exe rc i se  i t  is  poss ib le  t o  deteruiine t h a t  some f u e l s  simply a r e  
not  p o t e n t i a l l y  usable  i n  c e r t a i n  types of engines,. a s  shown i n  Table 6. 

Based on t h i s  type of a n a l y s i s ,  i t  i s  poss ib le  t o  ge t  a  semi- 
quantitative comparison of t h e  r e l a t i v e  d i f f i c u l t y  of s u b s t i t u t i o n  of f u e l s ,  

, i n t o  t h e  types of engines being considered i n  t h i s  s tudy.  The following list 
g ives  the  r e l a t i v e  ease  of s u b s t i t u t i o n  of the  f u e l s  ( l i s t e d  i n  order  of 
increas ing d i f f i c u l t y  o f . s u b s t i t u t i o n ) .  The broadcut f u e l  was considered 
f o r  poss ib le  a i r c r a f t  app l i ca t ion .  

Broadcut (petroleum) 
Shale d i s t i l l a t e  
Coal d i s t i l l a t e  
Me thane 
Me than01 
Ethanol and higher a lcohols  
O i l  from organic  wastes 
Coal gasol ine  
Shale gasol ine  . 
Coal and s h a l e  f u e l  o i l  
Hydrogen 
Ammonia . . 

Acetylene 
Hydrazine 
Methylamine 
Coal /o i l  s l u r r y  
Coal/methanol s l u r r y '  
Coal 



TABLE 4-1 . 

Fuel Manufacture Criteria--Ratings 

Cost Overall  Energy Environmental Impact 
Rating Eff ic iency i n  Production 

Overall  - 
Rating Fuel 

Coal/Methanol S lu r ry  

Coal/Oil S l u r r y  

c o i l  

Coal Liquids - D i s t i l l a t e  - Gasoline 

Shale Liquids - D i s t i l l a t e  - Gasoline 

Methanol from - Coal - Biomass 

Hydrogen ( ~ i ' ~ u i d )  from - Coal - E l e c t r o l y s i s  

Ammonia from - Coal - ~ i o m a s s  ' 

. Oxygenated Compounds - Ethanol-Corn - Ethano 1--Sugarcane 

Methane (Liquid) from - Coal 

Hydrazlne 



TABLE 4-1 (Cont'd) 

b e 1  Marmf acture Criteria-Ratings 

Cost Overall Energy Environmental Impact Overall 
Fuel Rating Efficiency i n  Production Rating 

Me thy lamine 

Acetylene -2 -2 0 -1.3 

-1 0 O i l  from Organic Waste 

E l e c t r i c i t y  from - Coal/Muclear -1 -2 - Solar -2 0 .  

I 

*No d i r e c t  information avai lable ,  bu t  given same r a t i n g  as ammonia because of chemical o ih i l a r i t y .  
**Probably around -1 i f  ove ra l l  energy- e f f  icicncy included energy t o  manufacture the r ecov3y  quipment . 



Fuel 

Petroleum / 
. - Preaent Specification - Broadcut 

Coalhtethanol Slurry 

Coal/Oil Slurry 

Coal Liquids - Gasoline - DieaelIJet Fuel - Fuel O i l  

Shale Oil Liquids - Rav - Syncrude 

Uethanol 

Hydrogen 

Ammonia 

Oxygenated Compound - Ethanol - Higher Alcohole 

Methane 

Ue thylamine 

Acetylene 

Oil from Organic Wseta 

Toxicity 

0 
0 

0 
-1 

0 

-1 
0 

-1 

0 
0 

-1 

0 

-2 

-1 
-1 

0 

-2 

-2 

0 

0 

Storrue Reauirammot8 
Weight Volume 

(We1 o d d  (Fuel only1 5 
Comranisnca 
i n  Handling 
and Storaue 

taoirommnt8l 
Impact f i r i n #  0mnl.l 

U8 s Ratlam 



International Fuel Availability Compatibility v l th  Preeent 
by 1990 Futle Syetem - Fuel Coneideratione 

Coal 
Coal-in-Ml Slurry 
Coal-in-Me than01 Slurry 
Coal Liquide (Upgraded) 

Shale O i l  (Raw) 
Shale Liquide (Upgraded) 

%than01 from Coal 
Hethanol from Biomaee 

Hydrogen from Coal 
Hydrogen by Electrolyeie 

Methane from Coal 
Ammonia from Coal 
Ammonia from Biomese 
Hydrazine 
Me thy lamlne 
Acetylene 

Ethanol from Corn 
Ethanol from Sugarcane 

011 from Organic Waete 

Electr ici ty from 'coal 
Electr ici ty from Nuclear Energy 
Electr ici ty from Solar Energy 



Overall Ranking of Fuels f o r  Non-Highway Transportat ion 

-- - . -- ..--W-iteria . - 
Fuel ~anufac tur e ~ e r f o r m a n c e  Logieties 

Shale Liquids 
Raw Shale O i l  
Syncrude-Gasoline 

- D i s t i l l a t e  

Coal/Oil S lurry  

Coal 

Coal Liquids (by Process) 
Gasoline 
D i s t i l l a t e  

Methane from Coal 

O i l  from Organic Waste 

Oxygenated Compounds 
Ethanol-Corn 
Ethanol-Sugarcane , 

Methanol from 
Coal 
Biomass 

E l e c t r i c i t y  from 
Coal . . 
Nuclear 
Other Solar  

Coal/Methanol S lu r ry  ' 

Hydrogen from 
Coal 
E lec t ro lys i s  

-Ammonia fr.om 
Coal 
Biomass' 

Hydrazine 

Methylamine 

Acetylene . 



It i s  a l s o  p o s s i b l e  t o  o b t a i n  a  semi-quant i ta t ion  comparison 
of which types of prime movers have t h e  g r e a t e s t  degree of f l e x i b i l i t y  
f o r  u s ing  d i f f e r e n t  types  of f u e l s .  The fol lowing i s  a list of t h e  prime 
movers i n  descending o rde r  of f u e l  f l e x i b i l i t y :  

\ 

1. Boi le r l s team t u r b i n e  
2. S t i r l i n g  
3 .  S t a t i o n a r y  non-a i r c ra f t  gas t u r b i n e  
4 .  Free p i s t o n  engine 
5. A i r c r a f t  gas  turbine* 
6 .  Otto c y c l e - s t r a t i f i e d  charge 
7 .  Slow speed d i e s e l  
8. Medium speed d i e s e l  
9. Otto cycle-normal spa rk  i g n i t i o n  

There is a l a r g e  gap between t h e  r a t i n g s  on t h e  f i r s t  t h r e e  prime 
movers l i s t e d  and t h e  o t h e r  s i x .  Thus, t h e  f i r s t  t h r e e  show t h e  g r e a t e s t  
p o t e n t i a l  f o r  burning p r a c t i c a l l y  any type  of f u e l  and a r e  t h e  l i k e l y  candi- 
d a t e s  f o r  f u e l  s u b s t i t u t i o n .  These a r e  a l s o  t h e  types  of prime movers t o  be  
considered i n  t h e  f u t u r e  s i n c e  they  o f f e r  g r e a t e r  f l e x i b i l i t y  t o  u se  poorer  
q u a l i t y  f u e l s .  

'i 
4.3 S e l e c t i o n  of Fuels  and Prime Movers f o r  Each Mode 

of Non-Highway Transpor t a t ion  (Vol. IIIC - Sect ion  14)  

One of t h e  major o b j e c t i v e s  of t h e  pre l iminary  sc reen ing  was t o  
narrow down the  b e s t  of a l t e r n a t e  f u e l s  and prime movers f o r  more d e t a i l e d  
eva lua t ion .  The same methodology descr ibed  above w a s  used t o  rank  t h e  
f u e l s  t h a t  would be of p o t e n t i a l  i n t e r e s t  f o r  each t y p e  of prime mover. 
The v a r i o u s  prime movers of i n t e r e s t  f o r  each mode of non-highway' is  shown 
i n  Table 4-6. I n  some c a s e s ,  t h e  number of prime movers is  g r e a t e r  than  can  
be  included i n  a n  in-depth s tudy .  I n  t h e s e  c a s e s  t h e  lis't of prime ,movers 
was narrowed down, based on t h e  c h a r a c t e r i s t i c s  of t h e  type  of  engines  used 
i n  each mode of t r a n s p o r t a t i o n .  

The f u e l s  and prime movers recommended f o r  c o n s i d e r a t i o n  i n  t h e  
d e t a i l e d  e v a l u a t i o n  phase a r e  shown i n  Tables  4-7 through 4-10. The numbers 
shown i n d i c a t e  t h e  r e l a t i v e  ranking  of t h e  f u e l s  f o r  each  type  of prime mover. 
This  is  a p re l imina ry  ranking.  

*Non engine r e l a t e d  f u e l  f a c t o r s  would move a i r c r a f t  gas  t u r b i n e  f u r t h e r  
down t h e  l i s t .  



TABLE 4-5 

Summary of Fuel/Engines m a t  Are Incornpat i b l e  

Ot to  cyc le  Gas Turbine 
Normal S t r a t i f i e d  Diesel  S ta . t  ion- Free  

Fuels  Spark Charge Marine Railroad a ry ( , l )  .. ~ i r c r a f t  . S t i r l i n g  P i s t o n  Steam - - 
Petroleum - Broadcut ' X 

Coal , x .  X X X 
Coal/Oil  S l u r r y  ' X X ' X '  

X X X Coal/Me than01 S l u r r y  

Coal Liquids - Gasoline 
' . - D i e s e l / J e t  Fuel X - Fuel O i l  X X 

I 

Shale o i l  Liquids . 

- ,  Gasoline - D i e s e l I J e t  X 
' - Fuel  O i l  
.Methanol 
~ t h a n o l / ~ i g h e r  Alcohols 

Me thane 
Hydrogen 

Ammonia 
Hydrazine 
Me thylamine 

Acetylene X " X  
O i l  - Organic waste' 

X -- Ind ica ted  fucl/cny.ine combinations t h a t . a r e  incompatible. - 
(1) For some f u e l s ,  clean-up would be  ahead of the  gas  tu rb ine ,  o r  i n  t h e  case of c o a l ,  a FBC u n i t  would be  used, 



TABLE 4-6 

Prime Havere of Interest for Non - R- ntkrrl 

Mode of Transportation 
Type of Prime Mover Pipeline - Rail Marine Airciaf t 

Diesel ~ n g i n e  X 8 8 
Gas Turbine 

- Turboprop - Advanced Turbofan - Supersonic Propulsion 

Electric Motor 

Internal Comb. 
Engine (SI) 

Fuel Cell 

St ir l ing Engine 

Steam.Engine 

- Stratif ied Charge 

Free -Piston 

0 %jar Prime Xover %a use Currently 
a 



TABLE 4-7 

Fuele/Prime Movers Selected for  In-Depth Study for  Aircraft 

Fue 1 

Shale D i s t i l l a t e  

Coal D i s t i l l a t e  

Methane (II) 

Hydrogen ( a )  

Broadcut Petroleum 

Gas Turbine 

1 

2 

3 

4 

Not Rated 

Otto Normal 
Spark  nit ion (1) 

(1) W i l l  not be covered 'in-depth. Possible fuel  of interest  
are gasoline (from shale or coa l ) ,  ethanol, methanol, 
and me thane- (9,) . 

. . 



TABLE 4-8 

Fuele/Prime Movere Selected for In-Depth Study for Pipeline 

Stationary* 0tto Cycle ' 

Dies el* Gas Stratified Spark Electric Fuel 
~ u e l / ~ n e r g y  Carrier (Med . .Speed) Turbine Charge Ignited Motor - Cell 

Methane (I,) 

Ethanol 

Methanol 

Electricity 

* W i l l  include combined cycle consideration. 
**Will be included i n  study. 



TABLE 4-9 

FuClelPrime &re Selected f o r  In-Depth Study f o r  . ~ a i l r o a d e  
P 

Steam S t i r l i n g  Gas 
~uel /Energy c a r r i e r  Diesel Engine Engine Turbine ~ l e c  t r i c ( l )  Fuel Ce l l  

Shale D i s t i l l a t e  1 1 . 1. - 1 * 
Coal D i s t i l l a t e  

Raw Shale O i l  

O i l  from Organic Waste 

Me thane 

Ethanol 

Coal/Oil Slurry  

Coal 

, 
(1) Beyond scope of t h i s  study t o  make an in-depth comparison of r a i l  e l e c t r i f i c a t i o n  

.with other  modes. , , 
. . 

*Light d i s t i l l a t e  a s  feed t o  a steam reformer. 



TABLE 4-10 

Fuels /Rime Movere Selected  for In-Depth Study for m i n e  

Fuel 

Shale Liquids 

Raw Shale O i l  

Coal Liquids 

o i l -  from Organic Waste 

~ o a l / ~ i l  Slurry 

Methane (A) 

Coal 

Diesel Engine 
Free 

Piston 

1 

2 

3 

4 .  

5 

6 

Gas 
Turbine 

Fuel 
S t i r l i n g  - Cell 

*Light d i s t i l l a t e  



PIPELINES 

E. N. Cart,  Jr. 
E. W. Nicholson 

5.1 Background 

P ipe l ine  systems can be divided i n t o  th ree  b a s i c  types; l i q u i d s ,  
gases,  and s l u r r y  \pipelines. The l i q u i d  p ipe l ines  can be subdivided i n t o  
crude o i l  l i n e s ,  petroleum product l i n e s ,  water supply, waste water l i n e s ,  
and s p e c i a l  products such as p e t r o c h b i c a l s ,  l i q u i d  ammonia, e t c .  I n  t h e  
fu tu re ,  c o a l  derived l i q u i d s ,  sha le  o i l  based l iqu ids ,  and alcohols could 
a l s o - b e  moved by pipel ine .  The major gas mwed v i a  p ipe l ine  is  n a t u r a l  
gas, but  o ther  gases a r e  moved today wer r e l a t i v e l y  l imi ted  d i s t ances .  
I n  t h e  fu tu re ,  low o r  medium BTU gases, SNG from coa1,and hydrogen may 
a l s o  be moved by pipel ine .  Two coal-water s l u r r y  p ipe l ines  have been 
b u i l t  and operated and severa l  are i n  t h e  planning s tage .  I n  t h e  f u t u r e ,  
coal-methanol s l u r r i e s  have a l s o  been proposed as an a l t e r n a t e  to.coa1- 
water s l u r r i e s .  (5-1) A r ecen t  s tudy by Banks, e t  a1(5-2), g ives  t h e  
energy consumption f o r  t h e  var ious  types of p ipe l ine ,  which. is summarized 
below. 

Energy Consumption, '. 

Quads, 1976 
\ . . 

Gas - 
Natural Gas 

Liquids 

Crude O i l  
Petroleum Products 
Water Supply 
Waste Water 

Slurry  

Coal-Water 

5.1.1 Type of R i m e  Movers Used f o r  
Various Types of P ipe l ines  

5.1.1.1' Petroleum Liquids 

The majori ty of prime niovers f o r  petroleum l i q u i d s ,  crude and 
p roduc t s , ' a re  e l e c t r i c  motors. As shown i n  Figure 5-1, 77% of t h e  i n s t a l l e d  
pump horsepower f o r  crude o i l w a s s u p p l i e d  by e l e c t r i c . m o t o r s ,  while 15% 
of the  pumps w e r e  d r iven  by d i e s e l  engines . With petroleum products, 
'81% of t h e  d r i v e r s  were e l e c t r i c  notors ,  while gas rec ip roca t ing  engines 
and gas turbines  supply t h e  b d a n c e  of t h e  d r i v e r s .  ~ e t a i l s  a r e  given i n  
Table 5-1. One advantage. f o r  e l e c t r i c  motors is. t h a t  t h e  motors can be con- 
t r o l l e d  remotely and no manpower i s  required  on site.. One disadvantage 



Gas , 

Turbine 

FIGURE 5-1 

Installed Compressor & Pump. Hot sepower 
for Petroluem Liquid & Natural Gas Pipelines 

19 70-71 

Percent of Total Horsepower 

Diesel 
Eng. 



TABLE ' 5-1 

Instal led Pump Horsepower (BHP) - Petroleum Liquids Pipeline 

1970-71 
I 

, - 
Crude O i l  Products 

BHP % BHP X - - 
. Reciprocating Gas Engines - Gas 147,280 3. 6,120 < 1  

. . .  - ~ i e s e l / G a s  211,230 - 4 178,430 - 11 

SUB TOTAL 
-. 

358,510 7 -  184,,550. 11 

Diesel Engine 

TOTAL RECIPROCATING 

Gas Turbine 

Steam Turbine . 

Electr ic  Motor 

TOTAL 

Source: Reference 5-2 



with constant-speed AC motors is t h a t  t h r o t t l i n g  of ' the l i q u i d  flow is 
sometimes necessary t o  cont'rol thruput  and t h i s  can r e s u l t  i n  waste of 
energy. AC motors a r e  now becoming a v a i l a b l e  t h a t  provide f o r  control led  
phase changing s o  t h a t  power, and the re fo re  throughput, can be  'adjusted 
a s  des i red .  Also, variable-speed l inkages  can be provided between t h e  
motor and t h e  c e n t r i f u g a l  pump. 

5.1.1.2 Natural  Gas Uti l i t ies 

A s  shown i n  Figure 5-1, i n  1970-71 rec iprocat ing gas engines 
accounted fo r  71% of t h e  i n s t a l l e d  compressor horsepower i n  t h e  movement 
of n a t u r a l  gas. Gas ' turbines  account f o r  another 22% of t h e  i n s t a l l e d  prime 
movers, s o  t h a t  toge the r ,  93% of t h e  compression energy i s  supplied by gas 
taken from t h e  p ipe l ine .  Whether t h i s  w i l l  b e  economical i n  . t h e  fu tu re ,  
a s  t h e  value of t h e  gas being transmitted increases ,  i s  one of t h e  ques t ions  
t h a t  w i l l  be'answered by t h i s  study. The d i s t r i b u t i o n  of t h e  n a t u r a l  gas 
i n s t a l l e d  compressor horsepower between transmission,  d i s t r i b u t i o n ,  
s to rage ,  and f i e l d  and gathering i s  given i n  Table 5-2. 

5.1.1.3 Water Pumping 

water pumping can be subdivided i n t o  th ree  groups : (I)' agr icul -  
,: t u r a l  w e l l s ,  (2) municipal water and sewage, and (3) t h e  Ca l i fo rn ia  

aqueduct. The type of prime mwer and i n s t a l l e d  horsepower f o r  these  
t h r e e  a reas  are a s  follows: 

I n s t a l l e d  Type of Prime 
Horsepower Movers 

Agr icu l tu ra l  Wells 7,500,000 100% d i e s e l  engines 

Municipal Water & 
Sewage 930,000 50% e l e c t r i c  

50% rec ip roca t ing  

Ca l i fo rn ia  Aqueduct 900,000 100% e l e c t r i c  

Source: Reference (5-4) 

5.1.1.4 Coal-Water S l u r r i e s  

The longest  and l a r g e s t  coal-water s l u r r y  p i p e l i n e  b u i l t  t o  
d a t e  is  the  Black Mesa l i n e  connecting t h e  Black Mesa, Arizona, c o a l  
f i e l d  t o  t h e  Mohave Generating S t a t i o n  i n  southern Nevada. Four pump 
s t a t i o n s  a r e  required ,  u t i l i z i n g  p i s ton  pum s wi th  e l e c t r i c  motor d r i v e s  
and hydraulic couplings f o r  speed control . (  5 1 )  

5 . 1 . 2  Factors  Considered Important i n  
Prime Mover-Fuel Se lec t ion  

The f a c t o r s  t h a t  are considered i n  s e l e c t i n g  a type  of prime 
mwer and t h e  f u e l  t o  be used are as follows: 

I 

I n i t i a l  i n s t a l l a t i o n  c o s t  
'@ Energy cos t  



-* 
TABLE 5-2 

Instal led '  Compressor Horsepower i n  Natural G a s  . U t i l i t i e s  - 
Ins ta l l ed  Compressor and Pump Horsepower (BHP) 

Natural Gae Utiliti,es Only 

Field + 
Compressor Drive ~ran6miss ion Die tr ibu t ion Storage G a t h e r i x  Total  % 

! I .  
- 

Recip. Gas Engine 7,573,030 680,760 1,042,390 1,540,225 10,836,405 7 1  

Diesel - 16,740 - 16,740 < 1 

I ; Dual Fuel - - - - - 
! 

Total  Recip. 7,573,030 697,500 1,042,390 1,540,225 10,853,145' 72 

i: G a s  Turbine 3,090,940 - - 264,160 3,355,100 2 2 
I 1  

< 

Steam Turbine 129,540 , 42,180 - - 171,720 . 1 

Elec t r i c  470,850 333,570 . - - 804,420 , 5 1 :  I 

I 

I a 

Pipel ine  Miles 252,621 595,653 3,704 66,556 

. . . . . .. .. . . . . ? ' s ,  

% > 

! Source: Reference 5-2 . . , 

t 
' . \\ 

i 



Maintenance and operating cost  , * 

Maintenance and operating panpower 
Available energy supply. I n  the  fu tu re  i t  w i l l  be . 

important t o  consider t h i s  a s  a non-petroleum source. 
R e l i a b i l i t y  
Multiple re loca t ion  p o s s i b i l i t i e s ,  i.e. - can t h e  equipment 

be used a t  more than one s i t e .  

Each of these f a c t o r s  w i l l  be considered i n  the  f i n a l  ranking of the  f u e l s  
and pr ime movers . 
5.2 Summary and Conclusions 

5.2.1' ~ i q u i d s  Pipel ines  

The e l e c t r i c  motor is  expected t o  be  t h e  most economical prime mover 
over t h e  s i z e  range considered, 500 t o  5000 horsepower, provided t h e  
cost  of t h e  f u e l  used f o r  a d i e s e l  or  gas tu rb ine  -cos t s  more t h e  
$4/MBTU. 

e .  If  t h e  cos t  of l i q u i d  f u e l s  is l e s s  than about $4/MBTU than e i t h e r  a 
d i e s e l ' o r  a gas turbine  would give  a lower t o t a l  annual cost. A l l  of 
the a l t e r a a t e  f u e l s  considered a s  poss ible  f u e l s  f ~ r ~ p i p e l i n e  se rv ice  
have a cost  g rea te r  than $4/MBTU; the re fore ,  i t  is  unl ikely  any 'of 
these'would be used i n  place  of.  e l e c t r i c  motors, unless  t h e  cos t  of 
providing e l e c t r i c  power t o  a s i t e  was very high. 

The choice between a d i e s e l  engine and a gas turbine  d r ive r  would 
depend on the  s i ze .  A t  t h e  500 hp s i z e  t h e  two types a r e  about equal 
i n  .annual cost .  Above . t h i s  s i z e  range the  gas tu rb ine  is  cheaper t o  
operate. The gas turbine  has a lower i n i t i a l  investment and maintenance 
cost  but t h e  annual f u e l  c o s t s  a r e  ,greater than f o r  a d i e s e l  engine. 

In  add i t ion  t o  being more economical on an annual cos t  bas i s ,  t h e  
e l e c t r i c  motot is a l s o  more a t t r a c t i v e  from ,the i n i t i a l  cos t  standpoint;  
can be contro'tled from remote locat ions ,  'and is preferred from a t o t a l  
energy conservation.standpoint. I f  the  e l e c t r i c  power i s .genera ted  by 
coal  o r  nuclear power, then t h e  l i q u i d  p ipe l ine  energy requirements 
can be converted t o  ,non-petroleum sources. 

. t 
There is  no incent ive  t o  consider the  use of f u e l  c e l l s  f o r  l i q u i d  
pipel ine  appl icat ions .  

5.2.2 Gas Pipel ines  

a The most economical and o v e r a l l  energy e f f i c i e n t  prime mover-£ u e l  
combination is t h e  e l e c t r i c  motor using coal  o r  nuclear energy' t o  

. generate t h e  e l e c t r i c i t y ,  as long a s  t h e  f u e l  cos t  is grea te r  than' 
$4-5/MBTU. This means t h a t  i t  i s  more economical t o ' u s e  an 
e l e c t r i c  motor d r i v e  t o  compress SNG o r  hydrogen r a t h e r  than a gas 
turbine  o r  gas reciprocat ing engine using SNG o r  hydrogen from coal  
a s  t h e  f u e l .  The cost, .of both of these  f u e l s  is expected t o  

' axceed $5/M)TU. 

The geographical locat ion of the  p ipe l ine  has a major impact on what i s  
prac t i ca l .  I f  the  compressor s t a t i o n  is' very l a r g e  o r  i f  an e l e c t r i c a l  
power system i s  not  reasonably c lose ,  the  economics.could change i n . f a v o r  
of a gas tu rb ine  d r ive r .  



With a low or  medium BTU gas i t  may be more a t t r a c t i v e  t o  use a 
, ga s  turbine,  depending on the cost  of e l e c t r i c i t y .  A s i t e  spec i f i c  
study would be required t o  answer t h i s  question. 

I 

In  the  smaller s i z e  ranges of 500 hp, the annual cost  of operation 
f o r  an e l e c t r i c  motor, a gas turbine,  and a gas engine a r e  e s sen t i a l l y  
equal. As the  s i z e  of the  dr iver  increases,  the e l e c t r i c  motor becomes 
more a t t r ac t i ve .  

On an' annual cost  bas i s ,  there  is  a small advantage f o r  a molten 
carbonate f u e l  c e l l  compared to  a gas turbine and gas engine. There 
is  no advantage f o r  ,a H3P04 e l ec t ro ly t e  f u e l  c e l l ' f o r  gas pipel ine  
application.  

Molten carbonate f u e l  c e l l s  a r e  not projected t o  be a s  a t t r a c t i v e  a s  
e l e c t r i c  motors f o r  gas compression a t  the  investment l e v e l  assumed 
i n  t h i s  stud,y. A ,25% reduction i n  investment would be required f o r  
the  annual operating cost  f o r  a f u e l  c e l l  system. t o  be breakeven with 
an e l e c t r i c  motor dr ive .  , 

Fuel c e l l s  do have a s ign i f ican t  advantage wer gas turbines i n  f u e l  
eff ic iency a t  par t  load. However, i n  ac tua l  pract ice ,  t h i s  s i t ua t i on  
i s  generally.handled by adding compression capacity i n  increments and 

I running a l l ,  u n i t s  a t  maximum capacity. 

There does not appear t o  be enough incentives for  t he  use of f u e l  c e l l s  
i n  gas transmission operations t o  j u s t i f y  supporting the  development 
of f u e l  c e l l s  f o r  t h i s  purpose alone. I f  f u e l  c e l l s  a r e  commercialized 
f o r  other appl icat ions ,  t he i r  po ten t ia l  f o r  use  i n  pipel ine  services  
should be considered when b e t t e r  information on cos t s  and e f f ic ienc ies  
becomes available.  It is not expected t ha t  molten carbonate fue l  c e l l s  
w i l l  be avai lable  commercially before 1990. Presumably, these conclu- 
s ions  w i l l  be firmed up by the  contracted study on appl icat ions  of 
fue l  c e l l s  t o  pipel ine  operations being made fo r  t h e  Department of 
Energy. 

5.3 Economic Factors 

Since economics is a major fac tor  i n  se lec t ing  the  type of 
prime mover and the  fue l ,  comparisons have been made among the  investment, 
maintenance and operating and fue l s  cos t s  fo r  various conventional 
types of prime movers. In  addit ion,  s imi la r  est imates were made f o r  f u e l  
-cells f o r  gas pipel ine  applications.  The basic  cost  re la t ionsh ips  were 
developed-by Emcon Pipel ine  Company, from l i t e r a t u r e  references and a r e  
presented i n  Appendix 5-A. along with a sample calculat ion t o  i l l u s t r a t e  
t h e i r  application.  Estimates of the  cost  and operating cha rac t e r i s t i c s  
of the f u e l  c e l l s  studied were obtained from United Technologies Corpora- 
t ion  (UTC) and these da ta  a r e  a l so  included i n  Appendix 5-A. The f u e l  
c e l l s  are described i n  the appendix Volume A. 



Investments, as calculated from the re la t ionships  given i n  
Appendix Table 5-A-1, represent t he  t o t a l  c ap i t a l  cos t s  fo r  each-pipeline 
compruseion s t a t i on .  These cos t s  include prime mover, compresSor, controls,  
piping and land required,  but exclude storage tanks, dehydration equipment, 
housing, major o f f i c e  s t ruc tures  and major s i t e  improvements i f  they a r e  
required. 

5.3.1 Liquid Pipel ine  Prime Movers 

In  considering the  type of prime movers t o  consider f o r  fu tu re  
application,  the  types of prime movers now in use serve a s  a good s t a r t i n g  
point. Therefore, the  three  basic  types of prime movers considered a r e  
t he  d i e se l  reciprocating engine, a gas turbine,  and an e l e c t r i c  AC motor 
(constant speed drive) each with a centr i fugal  pump. Table 5-3 summarizes 
the  e f f ic ienc ies  used f o r  each of these prime movers. For a l l  cases a 
constant "pipeline horsepower" (PHP) of 2000 HP was used, resu l t ing  
i n  a prime mover horsepower requirement of 2500 for  a pump eff ic iency of 
80%. It was assumed tha t  a s i ng l e  uni t  would be required, except fo r  the  
constant speed AC mofor case, where i t  was' a2,sumcd that three un i t s  would be 
required. The bas i s  f o r  the  investments a re  given i n  Appe~dix 5-A.. The 
annual operating cost  a r e  based on three  factors .  

(1) A c a p i t a l  charge of 20%, which may be lower than would be 
acceptable t o  most pipel ine  companies since this represents  
about a 10% DCF. If a higher cap i t a l  recovery f ac to r ,  
representat ive  of a 15% DCF is used, then t he  e l e c t r i c  AC 
motor case becomes even more a t t r ac t i ve .  

(2) Maintenance cost ,  and 

(3) An energy cos t  which is a function of the  thermal eff ic iency 
of the  prime mover and the  assumed f u e l  cost .  The da ta  
shown i n  Table 5-3 a r e  based on a l iqu id  fue l  cost  of 
$4.9/MBTU and an e l e c t r i c i t y  cost  of 5,1c/KWH. 

Based on the  information i n  Table 4-3, several  observations can 
be made about t h e  three  t y p e s  of dr ives .  

From an i n i t i a l  investment-standpoint, the  e l e c t r i c  motor 
is the  most a t t r a c t i v e ,  followed by the  gas turbine,  and 
then t h e  d i e se l ,  a s  s h k  below. 

Investment - f o r  a Single Unit ($1980) 

For a 2000 PHP 
Requirement 

E l ec t r i c  Motor - Constant speed. 308kS + $123/HP 5OOk$ 

Gas Turbine 460kS + $308/~P 1230kS 

Diesel 430kS + $461 /~P  e1580kS 



TABLE 5-3 

Liquid Pipeline Pr ime Mover Economics 

Efficiencies,  X 

Prime Mover (LHV) 

Motor 

HP .Required- - Prime Mover 

Number of Units 

Investment - $M .(1980) 
. v*, 

Advanced 
- Diesel Engine Gas Turbine 

+ Centrifugal '+ Centrifugal 
Pump Pump 

~ l e c t r i c  AC Motor '+ 
Centrifugal Pump 

constant 
Speed 

Annual Cost; $M/yr 

Capi ta l  Charges .32 .25 

Maintenance & Operation -13 .098 
(1) Energy .66 - .72 - 

(1) ih3sumed f u e l  cost  of $~.~/MBTu for  d i e se l  and gas turbine and S.lc/KWH fo r  e l e c t r i c i t y .  



The maintenance cost  is i n  the  same rank order as the i n i t i a l  
investment, a s  shown below. 

- 
Elec t r ic  Motor 

Gas Turbine . . 

Diesel 

k$/yr f o r  2000 PHP Case 

49 

The energy cost ,  however, is  i n  the  reverse sequence, based 
on the f u e l  cost  assumed; as shown below. 

k$/yr f o r  
2000 PHP case Fuel Cost 

$1106 Bnr 

656 Diesel . . 4.9 

Gas Turbine 7 23 4.9 

~ l e c t r i c  Motor 80 3 14.9 ( .s .~cI/KwH) 

On a t o t a l  annual cos t ' ba s i s ,  the  e l e c t r i c  motor is  s t i l l  the 
most. a t t r a c t i v e ,  a s  shown below. 

-a1 cost-k$/yr-2000 PHP Case 

20% Capital  32% Capital  
Recovery (-10% DCF) Recovery (-15% DCF) 

Elec t r ic  Motor 970 1060 

Gas Turbine 107 0 1210 

Diesel 1110. ' 1300 

The cost  of energy represents 60-80% of the t o t a l  annual 
operating cost .  

5.3.1.1 Variation of Annual Cost f o r  
Various Type Rime Movers 
with Size of Driver 

The comparisons shown above have been f o r  the case where 2000 
pipel ine horsepower i s  required. Since t h e  investment and maintenance 
cas t  a r e  made up of a fixed and a var iab le  cost  term, it is necessary t o  
see  i f  the  same ranking holds up over the  range of i n t e r e s t ,  500 t o  5000 
PHP. As shown i n  Figure 5-2, f o r  a f u e l  cost  of $I.P/HBTU f o r  l iqu id  
f u e l  and 5.l~/lWH f o r  e l e c t r i c i t y ,  the  e l e c t r i c  AC motor is t h e  most 
a t t r a c t i v e  type of prime mover. A t  t he  500 HT s i z e  the  d i e s e l  and gas 
turbine have the  same annual cost .  



5.3.1.2 Ef fec t  of Fuel Cost on 
Selec t ion of Prime Mover. Type 

The e f f e c t  of f u e l  cos t  on t h e  s e l e c t i o n  of t h e  type of prime 
mover f o r  l i q u i d  p ipe l ine  opera t ion i s  shown i n  Figure 5-3. At a f u e l  
cos t  of $B,/MB.Tu t h e  d i e s e l ' a n d  .gas. tu rb ine  have abqut t h e  same annual. 
opera t ing cos t .  Below $8/MBTU, t h e  gas t u r b i n e  has  a lower opera t ing 
c o s t ,  even though i t  has a lower thermal e f f i c i ency .  A l l  of these  compari- 
sons a r e  based on 'an  advanced gas tu rb ine  design with a 34% ef f i c iency .  
A t  t h e  thermal e f f i c i ency  t y p i c a l  of curre; designs,  t h e  d i e s e l  is  c l e a r l y  
more economical than the  gas turbine .  The annual cos t  f o r  t h e  electric 
motor is  shown f o r  t h e  v a r i a b l e  speed case  and f o r  an e l e c t r i c i t y  c o s t  
of S.lc/KWH and 4.2cIKWH.. The 4.2c/KWH is based on a bus ba r  e l e c t r i c i t y  
cos t  of 3.3c/KWH, and a d i s t r i b u t i o n  c o s t  of 0.9c/KWHB half  of what was 
used i n  . the  base case. Thus, with e l e c t r i c i t y  a v a i l a b l e  a t  S.~C/KWA, 
the  e l e c t r i c  motor w i l l  breakeven with t h e  .d iese l  a t  a f u e l  cos t  of $4.41 
MBTU and with ihe  gas turbine  , a t  a f u e l  cos t  of /$~.B/I.BTU. A l l  of t h e  
l i q u i d  f u e l s  considered i n  t h i s  s tudy have a ' d e l i v e r e d  f u e l  c o s t  g r e a t e r  
than $4:9/MBTU, the re fo re  i f  e l e c t r i c i t y  i s  ava i l ab le  a t  t h e  pump site, 
it would be  t h e  preferred  type of prime mover. 

I n  t h i s  comparison i t  is  assumed t h a t  e l e c t r i c  power l i n e s  a r e  c l o s e  
t o  t h e  s i t e .  I f  t h i s  i s  not the  case,  charges may be incurred f o r  connection 
t o  the  main l i n e s .  For example, i n s t a l l a t i o n  of a 500 hp booster  motor c o s t s  
$20,000 f o r  a power l i n e  t o  be b u i l t  seven m i l e s  t o  the  site. C5-5) I n  some 
cases ,  the  charges have been considerably higher - around $100/hp f o r  new 
e l e c t r i c a l  f a c i l i t i e s ' .  While these  high r a t e s  may apply i n  only . a  few cases ,  
they need t o  be considered f o r  any s i t e  s p e c i f i c  s tud ies .  

5.3.1.3 . P o t e n t i a l  f o r  Fuel  C e l l  i n  
Liquid P ipe l ine  Service 

In  Section 3.1.2.1.4, t h e  p o s s i b i l i t i e s  of u t i l i z i n g  f u e l  cells 
t o  power pumps and compressors in .  p ipe l ine  systems were discussed.  .For  
l i q u i d  o i l  p ipe l ines ,  t h e  majori ty of t h e  pumping i n  t h e  U.S. i s  a=com- 
plished through use of AC motors connected t o  u t i l i t y  g r i d  power, a s  
discussed above. It was concluded t h a t  it  is unl ikely  t h a t  f u e l  c e l l s  
could produce e l e c t r i c  power a t  r e l a t i v e l y  small l o c a l  pumping s t a t i o n  I 

s i tes a t  lower cos t  than would be  a v a i l a b l e  f r o m ' u t i l i t y  c e n t r a l  s t a t i o n s .  , 
Furthermore, t h e  c a p i t a l  investment required f o r  t h e  p i p e l i n e  opera to r t  
would b e  considerably hi'gher i n  t h e  f u e l  cel l  case. This  ques t ion i s  
t o  b e  examined i n  more d e t a i l  i n  a study being made f o r  t h e  Department 
of Energy, and no f u r t h e r  considera t iqn of t h i s  app l i ca t ion  w i l l  b e  
included here.  The comparison of f u e l  c e l l s  t o  o ther  types  of prime 
movers w i l l  b e  made f o r  gas p ipe l ine  app l i ca t ions .  

5.3.2 Gas P ipe l ine  Prime Movers 

With gas , 'p ipel ines ,  t h e  major type  of prime mover i n  u s e  today 
is  t h e  rec iprocat ing gas engine, wi th  a rec iprocat ing compressor .using 
n a t u r a l  gas d i r e c t l y  £ran t h e  l i n e  as f u e l .  The gas  t u r b i n e  has  a l s o  
been ueed with c e n t r i f u g a l  compressors as w e l l  as t h e  e l e c t r i c  motors 



FIGURE 5-2 
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TABLE 5-4 

Eff ic iencies ,  X (LHV) 

Prime Mover (LHV) 

Inver te r  

Compr essor 

Motors 

\ Gears 

HP Required - Prime Mover 

No. of Units 

Investment, $M 

Gas P ipe l ine  Prime Mover Economics 

Gas Turbine Recipr. Gas 
+ Centr i f .  Engine + 

Compress . Recipr. Compress. 

Annual Costs, $M/yr 

Capi ta l  Charges 0.59 

Maintenance 61 Operation . 0.25 

Energy 2.17 

I .  

TOTAL . 3 .or 

' AC Motor' on 
U t i l i t y  Grid + 

Centrif . Compress . 

( l ) ~ f f i c i e n c y  could  a l s o  be a s  high a s  90%. 80% used i n  t h i s  study for comparative purpose only. .. 



with  c e n t r i f u g a l  compressors. These are t h e  t h r e e  types of prime movers 
t h a t  w i l l  be considered, p lus  the  use of f u e l  cells t o  opera te  a DC motor 
d r iv ing  a c e n t r i f u g a l  compressor. 

The gas p ipe l ine  mover economics are summarized i n  Table 5-4 
f o r  t h e  t h r e e  types of prime mover being considered. A l l  t h ree  prime 
movers are cobpared f o r  8 constant  "pipel ine  horsepower" (PHP) of 5000, 
r e s u l t i n g  i n  a prime mover horsepower requirement of 6250 HP f o r  an  
assumed 80% compressor e f f i c i ency .  The e f f i c i e n c i e s  assumed f o r  each type  
of prime mover are ehown i n  Table 5-4, as w e l l  as t h e  number of units 
used f o r  each case. 3. 

Based on t h e  infoqnation i n  Table 5-4, severa l  observations 
can be made about these  th ree  types of d r ive r s .  

From an i n i t i a l  investment standpoint ,  t h e  e l e c t r i c  motor 
is  t h e  most a t t r a c t i v e ,  followed.by t h e  gas turbine.  

a The maintenance c o s t  f o r  t h e  e l e c t r i c  motor and t h e  gas 
tu rb ine  are e s s e n t i a l l y  t h e  same, wi th  t h e  rec iprocat ing 
gas engine having a higher maintenance c o s t .  

o The energy cos t ,  a t  an assumed gas p r i c e  of $5.9/MBTU, 
i s  t h e  lowest fo r  t h e  gas rec iprocat ing engine, followed 
by t h e  e l e c t r i c  motor and t h e  gas turbine .  

On a t o t a l  annual cos t  bas i s ,  t h e  e l e c t r i c  motor case i s  
t h e  most a t t r a c t i v e  f o r  ' the condit ions assumed. 

. . 

The c o s t  of energy represen t s  .60-75% of t h e  t o t a l  annual 
opera t ing cos t .  

5 .3 .2 .1 ,  Var ia t ion  of Annual Cost f o r  
Various Types of Gas. Prime 
Movers with Size  of Driver . . 

The comparison shown a b w e  was f o r  t h e  5000 p ipe l ine  horsepower 
case. Figure 5-4 shows how t h e  annual cos t  compares f o r  t h e  th ree  d i f f e r e n t  
types of prime movers as a funct ion of compressor horsepower required.  A 
gaseous f u e l  c o s t  of $5.9@8TU is  assumed and an e l e c t r i c  power cos t  
of S.~C/KWH. A t  t h e  smaller  s i z e  range, a l l  th ree  types of prime movers 
are an economic s tandoff .  A s  t h e  s i z e  of t h e  compressor requirement increases ,  
t h e  e l e c t r i c  motor becomes more a t t r a c t i v e  i n  the  500-5000 hp range. The eco- 
nomics between the  rec iprocat ing gas engine and the  gas tu rb ine  a r e  very c l o s e  
and o the r  f a c t o r s  would deterrnim which type of prime mover would be used. 

5.3.2.2 Ef fec t  of FueJ Cost on 
Se lec t ion  of Prime Mover Type 

The e f f e c t  of f u e l  cos t  on t h e  s e l e c t i o n  of t h e  type of prime 
mover f o r  gas p ipe l ines  i s  shown i n  Figure  9-5. The gas  tu rb ine  i s  t h e  
most economical below a gas c o s t  of $S/MBTU. This'ass-es an advanced 
gas tu rb ine  with a 34% thermal e f f i c i ency .  A t  t h e  c u r r e n t  thermal e f f  i- 
ciency of 27.5%, t h e  breakeven point  between a rec ip roca t ing  gas engine 
and a gas turbine  is a t  a gas c o s t  of about $3/MBTU. I f  t h e  cos t  of e l e c t r i c i t y  . 



FIGURE 5-4 
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drops t o  4.2CIKWH (3.3CIKWH a t  the  bus bar and 0.9~1KWfI d i s t r i bu t ion  
cost ;  half of the assumed cost)  the  breakeven point drops t o  $ ~ / M B T U .  
The breakwen polnt between the  gas turbine and the  reciprocating engine 
is $~/MBTu, for  t h i s  s i z e  dr iver .  

Thus, i f  the  cost  of the  gas being moved i s  greater  than $4-51 
MBTU, i t  would be  more economical t o  rise e l e c t r i c  motor dr ives  ra ther  
than gas turbines or  gas reciprocating engines. This would imply t h a t  
SNG and H2 (produced from coal o r  v i a  nuclear power) should not be used 
as the  fue l  f o r  gas'compression--an e l e c t r i c  d r iver  would be more economi- 
ca l .  I n  t h e  pas t ,  when na tura l  gas was priced a t  $1-~IMBTU, the  gas 
turblne or the  gas reciprocating engine was t he  most economical type 
dr iver .  

These comparisons assume t h a t  e l e c t r i c  power i s  reasonably 
c lose  the the  s i t e .  The locat ion of the  pipel ine  can have a bearing on 
what i s  prac t ica l .  I f  a power plant  would need t o  be b u i l t  especial ly  
f o r  the pipel ine  load, the e l e c t r i c a l  r a t e s  may be considerably higher 
than 'assumed i n  t h i s  study. 

The only case  where i t  may be more a t t r a c t i v e  t o  use  a gas 
turbine ra ther  than an e l e c t r i c  d r ive  would be f o r  compressing lowlmedium 
BTU gas. I n  t h i s  study, the cos t  of producing a medium BTU gas is esti- 
mated a t  $4.25/MBTUY so  tha t  depending on the  cost  of e l e c t r i c i t y ,  
an e l e c t r i c  motor may not be more economical. A s i t e  spec i f ic  study 
would be required t o  make t h i s  decision.  

5.3.2.3 Poten t ia l  f o r  Fuel Cells 
i n  Gas Pipel ine  Service 

It is possible  t h a t  f u e l  c e l l s  might -economically be u t i l i z e d  i n  
gas pipel ine  compression operations. I n  t h i s  case, DC power from t h e  f u e l  
cell would be used to  operate DC motors dr iving cen t r i fuga l  compressors. 
One advantage of t h i s  appl icat ion i s  t h a t  weight and volume required f o r  
the  f u e l  c e l l  would not be l imited,  a s  they may be i n  mobile appl icat ions  
8 u c h . a ~  locomotives and ships .  A t  the  present time i n  the  U.S., most 
na tura l  gas transmission l i n e  compression is accomplished through use  of 
combustion turbines dr iving cen t r i fuga l  compressore o r  reciprocating gas 
engines operating reciprocating compressors. However, a s  pointed out i n  
Section 3.1.2.1.4, t he  e f f ic ienc ies  ava i lab le  from present and known 
advanced design prime movers a r e  a t  l e a s t  a s  good a s  can be projected 
f o r  H3P04 e l ec t ro ly t e  fue l  c e l l s ,  and c lose  t o  those expected from molten 
carbonate fue l  c e l l s .  

Nevertheless, a rough economic comparison was made among the  
current combustion turbine and reciprocat ing engine types of prime movers 

.and the  two types of f u e l  c e l l s .  Advanced versions of t h e  conventional 
d r ive r s  were a l s o  considered. The comparisons were made f o r  a compressor 
s t a t i o n  of 6000 t o  7000 HP (a l a rge  percentage of a l l  compressor s t a t i o n s  
i n  the  U.S. a r e  t h i s  s i z e  o r  smaller) because a t  high capac i t i es  combustion 
turbines have a r e l a t i ve ly  greater  advantage over f u e l  c e l l s  i n  cost 
per horsepower than they do a t  the  6000 t o  7000 HP l eve l .  A case was a l so  
worked f o r  dr iving a cen t r i fuga l  compressor with an AC motor taging power 
from a u t i l i t y  grid; at  the  r e l a t i v e  energy cos t s  projected f o r  t he  fu tu re  
i n  t h i s  study. 



Eff ic iencies ,  X (LHV) 

Rime Mover (LHV) 

Inver ter  

Compressor 

Motor - 

Gears 

HP Required-Prime Mover 

No. of Units 

Investment, $M 

Annual Costs, $M/yr 

Capital  Charges 

Maintenance & Operation 

Energy 

TOTAL 

TABLE 5-5 . . 

Application of Fuel C e l l s  to .  Pipelines 

. .Recipr. H3P04 . Molt. CO " 
Gas ' Gas Fuel Cel l ,  Fuel ~ e l j ,  

Turbine + Engine + DC Motor + DC Motor + 
Centrif . Recipr . Centrif . Centrif .. 
Compress. Coahpress . Compress. . Compr ess  . 

80 80 80 80 

9 5 95 

98 9 8 

6250 6715 6715 

1 1 F.C. 1 F.C. 
3 Mot/~omp 3 ~ o t / ~ o m p  

2.93 4.53 4.33 

Molt. ~ 0 3 "  
Fuel Cel l ,  
Inverter  , 
AC Motor + 
Cen. Comp. 

1 F.C. 
3 ~ot/Comp 

AC Motor 
on U t i l i t y  

Grid + 
Centrif . 

Compress. 



The r e s u l t s  of the various cases developed are presented i n  
Table 5-5. It w i l l  be seen tha t  the base cases--the gas turbine and the  
reciprocat ing gas engine--are both superior t o  t h e  H3P04 f u e l  c e l l  case 
i n  investment and i n  t o t a l  annual costs.  The cases f o r  the  molten carbo- 
na te  f u e l  cell a r e  s l i g h t l y  be t t e r  than the  base cases i n  annual costs ,  
although t h e  investments f o r  t he  f u e l  c e l l  cases a r e  72 higher than f o r  
t he  gas engine and about 50% higher than f o r  t he  gas turbine. There i s  
l i t t l e  dif ference between the  two molten carbonate f u e l  c e l l  cases; i t  
was thought t h a t  the  use  of AC motors, which a r e  only 40% of t he  cost  of 
DC motors plus the  speed increasing gears required, would r e s u l t  i n  a 
lower cap i t a l  cost ,  but the  cos t  of the  inver te r  required i n  the  AC case 
together with the  eff ic iency l o s s  issocia ted with the  inver te r  o f f s e t  
this cost  advantage. 

The lowest annual cost  case, however, and the  one with the  lowest 
investment, is t h a t  based on using AC motors taking power from u t i l i t y  gr ids .  
This is based on u t i l i t y  power costing 5.1clkWhr compared t o  SNG cost  of 
$5.90/k SCF. The cos t s  of these two forms of energy w i l l  have t o  be com- 
pared i n  the  fu tu re  to  ascer ta in  whether the  resu l t ing  dif ferences  i n  annual 
pipel ine  compression cos t s  maintain t h e i r  r e l a t i v e  posit ions.  

Consideration was given t o  p o s s i b i l i t i e s  f o r  improvement i n  
performance of the  base case combustion turbine and the  gas engine through 
incorporation of advanced technology. Simple-cycle gas turbine e f f ic ienc ies  
of up to  37% have been predicted based on higher i n l e t  gas temperatures, 
probably with some kind of blade cooling. Eff ic iencies  of over 40% a r e  
possible  with combined cycles,  but such equipment is  not  f ea s ib l e  a t  the  
small capacity l e v e l s  being considered i n  t h i s  study. Eff ic iencies  with 
regenerative cycle turbines a r e  probably l imited t o  about 35-36%(5-1). 
Assuming t h a t  37% eff ic iency can be obtained with a simple-cycle machine 
i n  this s i z e  range, without s ign i f ican t  increase  i n  cap i t a l  investment 
per horsepower, the  t o t a l  annual costs  on t h e  same basesaas  the  other  
cases i n  Table 5-5 -muld be $2.9 mill ion,  about a stand-off with the  molten 
carbonate f u e l  c e l l  case. For a reciprocating gas engine of the  capac i t i es  
being considered, the  incorporation of an organic bottoming cycle does 
seem f easible.(5-1) This could increase the ove ra l l  eff ic iency of t h e  
system to  45% with l i t t l e  increase i n  cap i t a l  cost  per horsepower; t h i s  
would a l so  r e s u l t  i n  t o t a l  annual cos t s  of $2.9 mill ion.  

It is a l s o  possible  t o  improve the  e f f i c i enc i e s  of t he  f u e l  c e l l s  
through design modification, a t  some penalty i n  c a p i t a l  cost .  This can be 
accomplished by incorporating addi t ional  e lect rode surface i n  the  f u e l  
c e l l s ,  thus reducing current densi ty  and increasing eff ic iency.  About 10% 
improvement i n  e f f ic iency  (4 t o  5 percentage points)  might be achieved on 
a cost-effective basis .  Even a 102 improvement i n  the molten carbonate 
f u e l  c e l l  cases, however, would not reduce the  t o t a l  annual cos t s  f o r  those 
cases below the  t o t a l  cos t s  f o r  the  operation of AC motors on u t i l i t y  
g r id  power. 

The r e s u l t s  of t h i s  study ind ica te  no advantage f o r  H3P04 electro-  
l y t e  fue l  c e l l s  f o r  pipel ine  applications,  and only a s e l l  advantage 
f o r  molten carbonate f u e l  c e l l s  a s  compared to  t he  base case gas turbines 
and gas engines. On the  other  hand, advanced gas turbines and gas engines 
may overcome most of t h i s  indicated advantage f o r  the  molten carbonate 
f u e l  ce l l s .  



Fuel c e l l s  do have a s i g n i f i c a n t  advantage wer gas tu rb ines  
i n  ' f u e l  e f f i c i ency  a t  p a r t  load. I n  a, gas  t r ansmisehn  system i n  which 
throughput is increas ing with time, t h e  use .o f  f u e l  cells would have an  
advantage over gas turbines  I f  t h e  equipment was required t o  opera te  a t  
reduced capacity while l i n e  throughput was.,building up. Generally, howwer, 
t h i s  s i t u a t i o n  is handled by adding compression capaci ty  in increments 
and running a l l  u n i t s  at.maximum capaci ty .  

A 25% reduct ion i n  investment would be required f o r  t h e  annual 
opera t ing c o s t  f o r  a f u e l  cel l  system t o  be,breakeven wi th  a n  electric 
motor drive.  

If f u e l  c e l l s  a r e  developed and commercialized f o r  o the r  appl i -  
ca t ions ,  t h e i r  p o t e n t i a l  f o r  use i n  p i p e l i n e ' s e r v i c e s  should b e  considered 
l a t e r  when b e t t e r  information on c o s t s  and e f f i c i e n c i e s  become ava i l ab le .  
It is  not expected t h a t  molten carbonate f u e l  c e l l s  w i l l  be  a v a i l a b l e  ' 

commercially bef o re  1990. ' Presumably, these  conclusions w i l l  b e  firmed 
up by t h e  contrac ted  study on app l i ca t ions  of f u e l  c e l l s  t o  p ipe l ine  
operat ions,  being made f o r  t h e  ~ e ~ a r t m e n t  of Energy. 

5.4 Overal l  Energy E f f i c i e s  - L 

One f a c t o r  t o  be  considered i n  s e l e c t i n g  t h e  prime mover and ' 

f u e l s  t h a t  may be  used i n  t h e  f u t u r e  i s  t h e  amount of b a s i c  resource 
required t o  produce a c e r t a i n  amount of work, e i t h e r  pumping l i q u i d s  o r  
compressing a gas. The e f f i c i e n c i e s  of t h e  var ious  prime movers were 
es tabl ished i n  t h e  prel iminary screening and t h e  amount of resource  needed 
t o  produce a BTU of f u e l  at  t h e  engine. I n  t h i s  s e c t i o n  t h e  two d i f f e r e n t  
e f f i c i e n c i e s  a r e  combined i n  terms of t h e  thousands of gross BTU of primary 
f u e l  (e.g. coal ,  s h a l e ,  biomass, e t c . )  required t o  produce one horsepower 
(2-544 BTU of work energy), taking i n t o  account a l l  t h e  energy l o s t  i n  
conversion t o  engine f u e l ,  l o s t  in t r a n s p o r t a t i o n  t o  t h e  engine, and 

* l o s t  as r e j e c t  hea t  a t  t h e  engine i t s e l f .  

The f i g u r e s  were ca lcu la ted  us ing t h e  followfng expression: 

BTUIHPh = ,2544 - x F1 x F2 
(Mine t o  Shaf t )  E 5, 

E = Engine e f f i c iency  i n  n e t  BTU expressed as a f r a c t i o n ,  ;$: 

e.g. .375 f o r  d i e s e l  engines. 

= A f a c t o r  r e l a t i n g  t h e  gross  BTU of t h e  engine f u e l  t o - .  
. i t s  n e t  BTU content .  This is  a func t ion  of the  hydroi  , 

gen content  of t h e  f u e l  and ranges from 1.18 f o r  
hydrogen t o  1.02 f o r  coal .  

F2 - A f a c t o r , r e l a t i n g  t h e  g ross  BTU content  o i  t h e  primary 
f u e l  a t  source t o  t h e  g ross  BTU content  of t h e  r e s u l t a n t  
engine f u e l  de l ivered t o  t h e  customer's tank,  e.8. 1.82. 
BTU of coa l  a t  t h e  mine are needed t o  produce 1.00 BTU 
of c o a l  l i q u i d  a t  the.engine.  These f a c t o r s  are given 
i n  Section 3.2.3.3. 



. . . The engine e f f i c i e n c i e s  used are genera l ly  t h e  mid-point f i g u r e s  
of t h e  ranges shown i n  Table 3-20, v iz :  

Engine 

Diesel 
Gas Turbine - Conv. - Adv. 
Otto 
S t r a t i f i e d  Charge 
E l e c t r i c  Motor 
Recip. G a s  ~ n g i n e  with Methane 
Combined Cycle f o r  gas turbine/steam 
or d iese l lbot tom Rankine 

The f a c t o r s  f o r  t h e  f u e l s  are :  

F1 (gross lnet )  - 
Raw Shale 
Refined Shale 
Coal Liquids 
M e  thane 
Me than01 
E l e c t r i c i t y  

Efficiency E 

P2 (mine BTUlfuel B N )  - 

*1.080 f o r  c o a l  derived gasol ine .  

For f u e l s  having hea t  content  i n  t h e  range 18,000 ~ l ' U / l b ,  f a c t o r  
F1 is approximately 1 + 0.5 (percent H2 i 100). For o the r  f u e l s ,  F1 was 
derived from t a b l e s  of net  and gross  hea t  content.  

The mine-to-shaf t e f f i c iency  f o r  the  prime mover/f u e l  combinations 
a t e  shown i n  Table 5-6. 

The combined cycle  with a steam turbine  is  included i n  t h e  tabu- 
l a t i o n ,  even though such equipment may not be economically f e a s i b l e  a t  t h e  
capacity l e v e l s  being considered i n  t h i s  study. 'This w i l l  i l l u s t r a t e  the  
p o t e n t i a l  f o r  t h i s  .type of prime mover, from an energy conservation standpoint .  

The r e l a t i v e  ranking of the  variou.6 f u e l s  by resource  base and 
type of prime mover is shown i n  Table 5-7. The most energy e f f i c iency  
prime mover/fuel combination is t h e  e l e c t r i c  motor, us ing coa l  t o  produce 
t h e  e l e c t r i c i t y .  Nuclear power could a l s o  be used t o  genera te  t h e  elec-  
t r i c i t y  bu t  t h e '  e f f i c i ency  would be on a d i f f  erenet b a s i s .  Since t h e  
e l e c t r i c  motor is a l s o  the  most economical, t h i s  p a r t i c u l a r  prime mover- 
energy combination would appear t o  be t h e  prime choice f o r  f u t u r e  p ipe l ine  
use ,  except i n  cases where i t  is not  f e a s i b l e  t o  run - .  e l e c t r i c  power l i n e s ,  
such as of f shore  production platforms. 



TABLE 5-6 

Mine-to-Shaf t Ef f i c i enc ies  f o r  Poesible 
Pipeline Fuels/Prime Movers 

Fuel Cel l  
Gas Turbines Otto .Cycles Comb ined Cycle E l e c t r i c  Molt: 

Fuel - Conv. Adv. Dieeel - Strat. ~team(2) Motor C O T  

Refined Shale 11.5 15.7 12.7 14.4 10.3 - . 

Coal D i s t i l l a t e  13.0 17.8 14.4 16.3 , 11.6 -. . . 

Raw Shale O i l  8.0 10.9 8.8 -- 7.2 

Shale Gasoline -- 15.9 12.9 -- 10.4 

Coal Gasoline -- 18.2 14.7 16.7 

Methane (Coal) 14.1 19.2 15.6 i 3  .a(1) 

Methanol (Coal) - 20.1 16.2 19.7 

(1) Recip . gae engine. 
(2) Included even though current ly  impractical  i n  p ipe l ine  prime =over s i z e  range. 



Coal 

Shale 
Shale 

Coal 
. Shale 

Shale 
.Coal 
Coal 
Coal 
Coal 

TABLE 5-7. 
. . , . ". . 

Ranking of Prime ~ o v e r / ~ u &  ~ A b i n a t i o n  f o r  Pipeline Application - 
Overall Mine-to-Shaft Energy Efficiency Baals 

5 < 't - , .  r Mine-to-Shaft 
Fuel Prime Mover Ef f iciency , k BTU/Hph 

\ 

Elec t r i c i t y  E lec t r ic  Motor 7.8 

Raw Shale O i l  Diesel 
Raw Shale O i l  - Adv. Gas Turbine 

M e  thane M o l t .  Fuel Cell  
Refined Shale O i l  Diesel 

Shale 0i l .Producta  Adv. Gas Turbine 
Coal D i s t i l l a t e  Diesel 
Me thane Recip. Gas Engine 
M e  thane H3P04 Fuel C e l l  
D i s t i l l a t e  Gas Turbine 



The next  most energy e f f i c i e n t  prime mover/fuel combination is 
using raw sha le  o i l  i n  a d i e s e l  o r  advanced gas turbine.  It i s  quest ionable 
i f  raw s h a l e  o i l  could be used i n  a d i e s e l ,  but  research i n  t h i s  a rea  may 
i n d i c a t e  i f  t h e  problems could be overcome. Also l o g i s t i c a l  problems 
would probably l i m i t  the  p o t e n t i a l  f o r  using r a w  ehale  o i l .  Some upgrading 
o r  use of a d d i t i v e s  would be required t o  be a b l e  t o  pump t h e  mate r i a l .  

The uee of methane (coal' resource bdse) i n  a molten car,bonate 
f u e l  c e l l  would rank next ,  but a s  pointed out  i n  t h e  economics eect ion,  
would not  be a s  economical as t h e  e l e c t r i c  motor case. 

5.'5 ~ u e l . s / ~ r i m e  Movers of 
. .  . Poss ible  Future I n t e r e s t  

5.5.1 Liquid Pipel ines  

The t h r e e  bas ic  types of prime movers t h a t  w i l l  probably be used 
i n  the  f u t u r e  a r e  e l e c t r i c  motor, advanced gas  turbines ,  and d i e s e l  
engines. A simple ranking system, shown i n  Table 5-8, was used t o  a r r i v e  
at t h e  r e l a t i v e  ranking of these  th ree  prime movers. A s  'expected, t h e  
e l e c t r i c  motor i s  the  most a t t r a c t i v e  o f ,  t h e  th ree  primemovers and is, 
l i k e l y  t o  be used i n  almost a l l  f u t u r e  app l i ca t ions  involving l i q u i d  ''. 
pipe l ines ,  except i n  loca t ions  where providing e l e c t r i c  power t o  a s i te 
i s  very expensive. 

The choice between gas tu rb ine  and d i e s e l  is very  c lose .  Gas 
turbines  would probably be se lec ted ,  s ince  i t  would be easier t o  u s e  t h e  
l i q u i d  being pumped i n  a gas tu rb ine  than a d i e s e l .  While a gas t u r b i n e  
i s  more c r i t i c a l  on f u e l  requirements from a "cleanlinesst '  s tandpoint ,  
i t  is less sens , i t ive  than a d i e s e l  engine on f u e l  'composition. The poss ib le  
f u e l s  t h a t  may be used would be r a w  s h a l e  o i l  l i q u i d s ,  s h a l e  d i s t i l l a t e s ,  

. .t. .. . coa l  l i q u i d s  and alcohols.  However, as pointed .out  i n  this study,  i t  
1 :  is  un l ike ly  t h a t  i t  w i l l  .be economical t o  u s e  these  l i q u i d s  as f u e l s ,  

compared t o  e l e c t r i c i t y  f o r  an  e l e c t r i c  motor. 

J 
The t h i r d  choice on type of p r h e  mover would be t h e  d i e s e l ,  

with s h a l e  o r  upgraded coa l  l i q u i d s  as f u e l s .  . 

Thus, t h e  f u t u r e  f u e l s  and prime movers f o r  l i q u i d  p ipe l ines  
are as follows. . 

Prime Mover - Fuel . . . 

Major User E l e c t r i c  Motor 

Very Limited Use Advanced Gas 
Turbine 

Even More 
Limited Use 

Diesel 

E l e c t r i c i t y  from coal  
f i r e d  power p l a n t  

Raw Shale O i l  
Shale O i l  Liquids 
Coal Liquids 
Alcohols 

Shale  O i l  Liquids 
Upgraded Coal Liquids 



TABLE 5-8 

Relative Ranking of Future Liquid Pipeline Prime Movers 

Electric Advanced 
Motor Diesel Gas Turbines 

In i t i a l  Installment Cost 

Maintenance Cost 

Energy Cost 

Total Annual Cost 

Overall Energy Efficiency 

Proven Reliabil ity 

Total Overall 8 15 13 

Total Ueing Annual . 
Energy Coet Plus 3 .  
Last Two Factors 



TABLE 5-9 

Relative Ranking of Future Gas Pipeline Prime Movers 

Electric Reciprocating Advanced 
Motor Gas Engine Gas Turbine 

Init iab Cost 

Maintenance Cost 

Energy Cost 

Tota-l Annual Cost 

Overall Energy Efficiency 

Proven Reliabil ity 

Total Overall 

Total Using Annual 
IInergy Cos t Plus 
Last Two Factors 



5.5.2 Gas Pipel ines  

The three  basic  types of prime movers tha t  w i l l  probably be 
used i n  t he  f u t u r e  a r e  e l e c t r i c  motors, reciprocating gas engines, and 
gas turbines. A simple ranking system, shown i n  Table 5-9, i l l u s t r a t e s  
the  r e l a t i v e  rankings f o r  these three  syrtasns. Clearly the e l e c t r i c  
motor is  the  choice f o r  al l  locat ions  where i t  is  possible t o  bring power 
t o  the  site. Where it is not possible t o  use an e l e c t r i c  motor d r iver ,  
e i t he r  an advanced gas turbine or reciprocating engine w i l l  be used. The 
gas turbine probably would be selected,  simply because i t  has greater  
f l e x i b i l i t y  i n  handling d i f f e r en t  types of gases,. In  the  case of methane, 
the  choice would be a toss-up. 

The types of fue l s  tha t  may be used i n  gas turbines would be 
the  gases being compressed, such a s  low or  afedium BTU gases, o r  methane. 
However, i n  the  case of methane i t  would be more economical and energy 
e f f i c i e n t  t o  use e l e c t r i c  motor dr ivers .  

Fuel c e l l s  may have a po ten t ia l  i n  the long term (2000+) if the  
cost  can be reduced by a t  least 25% r e l a t i v e  t o  e l e c t r i c  motor 
dr ivers .  

5.6 Possible R&D Ideas 

Since t he  most l i k e l y  prime mover t o  be used f o r  fu tu re  pipel ines  
is  the  e l e c t r i c  motor, the amount of U D  f o r  a l t e rna t e  f u e l s  is  f a i r l y  
l imited.  From the  pipel ine  companies viewpoint, the more important fu tu re  
i s sues  they w i l l  be facing a r e  possible regulatory cons t ra in t s  and pipe- 
l i n e  construction technology f o r  extreme environments. 

Some possible areas where R&D may be usefu l  a r e  a s  follows: 

a Continue t o  make improvements i n  ex is t ing  gas turbine dr ives  
t o  increase t he  e f f ic iency  of t he  current engines, e.g. , 
regenerat ion, bottoming cycles,  e t c  . 
Invest igate  ways t o  incorporate bottoming cycles i n  t o  the  
current reciprocating gas engines. 

Determine i f  raw ehale o i l  l i qu ids  can be used i n  the  types 
of d i e s e l  engines used i n  p ipe l ine  service.  

. . 

a Follow the  R&D a c t i v i t y  i n  molten carbonate f u e l  c e l l s .  
I f  major cost  reductions take place, r e l a t i v e  t o  t he  cos t  
of e l e c t r i c  motors, t h i s  type of f u e l  c e l l  may look , 

a t t r a c t i v e  longer range i n  gas p ipe l ine  service .  

a It may be worthwhile t o  make a planning study t o  imresti-  
gate  a coal-fired, cogeneration s t a t i o n  f o r  a very l a r g e  
pumping s ta t ion .  It would appear t h a t  e l e c t r i c  power 
generated from a la rge  coal  f i r e d  plant  would be more 
a t t r ac t i ve .  



APPENDIX 5-A 

DATA AND CALCULATIONS 

Economic Comparison of Fuel C e X l s  with Conventional 
Prime Movers i n  G a s . ~ i p e l i n e  Operations . I 

. . 

i 
.' , . . 

Bases f o r  Economic Comparisons 
. . 

The c o s t s  involved f o r  var ious  types of conventional p i p e l i n e  
s t a t i o n s  were calcula ted  from a series of r e l a t i o n s h i p s  provided by Exxon 
P ipe l ine  Company, which are given i n  Table 5-A-1. These re la t ionsh ips  
were developed by Exxon P ipe l ine  from l i t e r a t u r e  references.  The inves t -  
ment c o s t s  ca1culate"d from these r e l a t i o n s h i p s  include prime mover, \ 

compressor, con t ro l s ,  piping and land required ,  but  do not  include t h e  
items l i s t e d  under IV-G i n  t h e  Table. 

The. cos t  and performance'infonnation f o r  f u e l  c e l l s  were 
obtained through telephone conversations wi th  a r epresen ta t ive  of United . 

Technologies Corporation (UTC). These d a t a  a r e  summarized i n  Table 5-A-2. 

I Assumptions 

- The Pipel ine  Horsepower (PHP) required f o r  compressing the  gas a( l 

each s t a t i o n  is  c o n s t a n t ' a t  5000 HP. 

- 80% ef f i c iency  f o r  both c e n t r i f u g a l  and rec ip roca t ing  compressors.' 

- A l l  co=ts  are i n  1980 d o l l a r s .  A 7Xlyr i r d l a t i o n  r a t e  was used t o  
' &.just c o s t s  t o  1980 from other  years .  

I - 20% c a p i t a l i z a t i o n  r a t e  on. investments. 

- 'Operating hours / to ta l  hours per year (T) = 0.9. '. 

Case I - Gas Turbine.with Centr i fugal  Compreisor 

- 5000 
Turbine HP required = 

. E~ 
= - = 6250 HP . 0.8 

Investment 

Investment P 300k$ + 200k$/unit + $300/EIP (I-B-3, Table 2-A-1) 

Assume single'turbine-compreasor u n i t  

Then investment 300k$ + 200k$ + $300 x 6250 = $2.38M (1977 $1 
= $2.93M (1980 $1 



Note: This formula i s  based on current ly  ava i lab le  combustion 
turbines  of about 30% eff ic iency a t  f u l l '  load based on 
1000 Btu/SCF gas. Since t he  SNG being considered i n  t h i s  
study has a lower heating value (LHV) of 870 B~U/SCF 
(Section 7, Task 11 repor t ) ,  the  corresponding eff ic iency 
of t h i s  turbine  i s  34% on a LHV basis .  

Capit .a1 Charges 

A t  20Xlyr cap i t a l i z a t i on  r a t e ,  

Capi ta l  charges = $2.93M x 0.20 585k$/yr (1980 $) 

Maintenance Costs 

= 2Ok$ + lOk$/unit + (30 x I I P ) T ~ ' ~  (11-B-2, Table 5-A-1) 

= 30k$ + (30 x 6250)0.95 = 208kSIyr (1977 $1 
= 255kSly-r (1980 $) 

Fuel Costs 

=- (gas cos t ,  cIkSCF) T (111-C , Table 5-A-1) 
4.5 E x E e  

P 

SNG cost = $ 6 . 0 0 / ~  Btu at point of manufacture. 

L H V ' O ~  SNG 870 Btu/SCF 

Therefore, cos t  of SNG = $ 5 . 2 2 / k ~ ~ ~  (LW) a t  point  of manu- 
fac ture .  Assume $5.90/kSCF (LW) to  allow some cos t  of transmission 
t o  average compression s t a t i on .  

5000 
Fuel Cost = O w  5 $2.17M/yr (1980 $1 590 x 0 . 8 0 x 0 . 3 4  

Total  Costs 

Case I1 - Reciprocating Gas Engine with Reciprocating Compressor 

PIIP 5000 
Turbine HP required = = = 6250 HP 

P 
'Investment 

'= 300kS + 175k$/.unit + $450/HP 

Assume s ing l e  engine-compressor u n i t  

(I-B-4, Table 5-A-1) 



Capital  Charges 

A t  20%/yr cap i t a l i z a t i on  r a t e ,  

Capital  charges = $ 4 . 2 6 ~  x 0.20 = 810k$/yr (1980 $) 

-, Maintenance Cost6 

Fuel Costs (111-C , Table 5-A-1) 

' PHP 
r- 

T 
4.5 (c/kSCF) E Ee 

P 
Take E, = 3 9 % ~ ~ ~  (Ref. 5-11 

Total Costs I 

Case I11 - Phosphoric Acid Elec t ro ly te  Fuel Cel l  with DC-Motor-Driven 
Centrifugal  Compressor 

Investment 

Fuel Ce l l  

Investment = $300/IIP (1980 $1 (Table 5-~:2) ' 

DC Motors, Gears and Centrifugal  Compressors 

For AC motors (3600 RPM) + cen t r i fuga l  compressors - .  

~nvestment = 250k$ + 125k$/unit + .$175/HP (1977 $) (I-B-1, Table 5-A-1) 
= 308k$ + 154k$/unit + $215/HP (1980 $) . 

AC motore (1750 HP, 3600 RPM) cost= $ 2 5 1 ~ ~  (1978 $)* 
Efficiency = 95% , 

Q 

DC motors (1750 .HP, 850 RPM) cos t  $57/HP (1978 $)* 
Efficiency = 95% 

Speed increasers  (850 t o  3600 RPM) cos t  $9/HP (1978 $)** 
Efficiency = 98% 

*Information obtained from Louis Allis representa t ive ,  June 1978. 
**Information.obtained from Lufkin Gear Co. representa t ive ,  June' l978.  



Increase  i n  c o s t  f o r  DC motors + speed inc rease r s  v s  AC 3600 
RPM motors 

, 
Assume 3, u n i t s  f o r  s t a t i o n  (DC motors not  normally a v a i l a b l e  

above around 2000 HP; a l s o ,  multiplicity of u n i t s  d e s i r a b l e  f o r  s t a t i o n  
r e l i a b i l i t y ) .  . . 

Horsepower required f o r  motor s 

Tota l  investment f o r  DC motors, speed inc rease r s  and compressors, 
allowing some e x t r a  c o s t s  f o r  i n s t a l l a t i o n  over t h a t  required f o r  AC motors 

= 320k$ + $170/unit + $265/HP 
= 320k$ + 510k$ + $265 x 6380 = $2.52M (1980 $) 

Horsepower required f o r . f u e 1  cell  

tP 
PHP = 5000 

0.98 x 0..8 x 0.95 = 6715 HP 
Eg x.Ep. E, 

Fuel C e l l  investment = $300/HP = $300 x 6715 = $2.0I.M (1980 $) 

Total  Investment = $2.52M + $2.0lM = $4.53M (1980 $) 

Capi ta l  Charge8 

~t 20%/,yr c a p i t a l i z a t i o n  r a t e  

Cap i ta l  charges = $4.53M x 0.20 = 906k$/yr (1980 $) 

Maintenance Costs , 

Fuel C e l l  

Tota l  opera t ing and' maintenance c o s t s  = 0.18dHPhr (1980 $) 
. . .  (Table 5 -A-2) 

HPhrlyr - 6715 x 8760 x 0.9 = 52.9 x l o 6  ' 

= lOOk$/yr (1980 $) . Maintenance 'coats. = 52.9 x 1 0  x 100 
DC Motors, Gears and 'Compressors 

For AC motors and compressors 

= 15k$ + (10 x HP) (1  + 2T) (11-B-1, Table 5 -A-1) 
= 15k$ + (10 x 6380) (2.8) = 195k$/yr (1977 $) 

= $ 2 4 0 1 ~  (1980 $) 

But maintenance of DC motors and gears  would be somewhat g r e a t e r ;  
assume 300k$ /yr t o t a l .  

. , . . 



Total  . . . - 
= 300k$ + look$ = 400k$ ' (1980 $) 

Fuel Costs 

PHP - -i;5 (c/kSSF) 
T 

E p . ~  Ee %I x Eg 

I 

(Based on 11.142, Table 5-A-1) 
' .  7- 

Ee ( fue l  c e l l  ef f ic iency)  = 41% from   able 5-A-2' - ,  

. 

5000 0.9 . . 
4.5 0.8 x 0.41 x 0.95 x 0.98 ' ' 

1 

Total Costs 

a $0.91M + $0.40M.+ $1.93M = . $3.24M . ,  . (1980 $) 

Case IV - Molten Carbonate E lec t ro ly te  Fuel C e l l  with DC-Motor-Driven 
r '  Centrifugal  Compressor -_ 

I .  '. 
I Investment 
I 

Horsepower requirements f o r  f u e l  c e l l  and motors same as i n  Case 
, 111: 6715 and 6380. 

Fuel C e l l  

Investment = $270/HP (1980 .$) (Table 5 -A-2) 
$270 x '6715 = S1.81.M 

DC Motors, Gears.and Compressors 

Il. Same as f o r  'Case 111; $2.52M (1980 $). 

Total  Investment = $1.8lM + $2.52M = $4.33M (1980 $) . '  

I1 Capital  Charges 

A t  20%/yr cap i t a l i z a t i on  r a t e  

Capital  charges = $4.33M x 0.20 - $ 0 . 8 6 ~ / ~ r  (1980 $) 
. . 

Maintenance Costs 

Same as f o r  case  111: 400k$/yr (1980 $) 

Fuel .Costs 



Ee ( fue l  c e l l  ef f ic iency)  50% from Table 5-A-2. 

5000 
E- 

0.9 
4.5 (590) 0.8 x 0.50 x 0.95 x 0.98 

Total Costs 

IP $0.86M + $0.40M + $1.58M = $2.84M/yr (1980 $) 

Case V - Molten Carbonate E lec t ro ly te  Fuel C e l l  Including Inver ter  with 
' 

AC-Mo tor-Driven Centrifugal  Compressor 

Horsepower required f o r  f u e l  c e l l  

L: 
PHP = 5000 

0.96 x 0.95 x 0.8 6850 HP (Ei = 96%- 
E i  ,I Em Ep . Ref. 5-3) 

Horsepower required fo r  motors 

Investment 

.Fuel Ce l l  
\ . . Cost ex i nve r t e r  = $ 2 7 0 1 ~  (1980 $) (Table 5-A- 2) 

Inver ter  Cost = $ 6 0 / k ~  (1977 $) ( ~ e f .  5-3) 
= $55/HP (1980 $1 

Theref o re ,  investment fo r  f u e l  c e l l  p lus  i nve r t e r  = $325/HP (1980 $) . 
Fuel c e l l  investment = $325 x 6850 = $2.23M (1980 $) 

AC Motors and Compressors 

= 250k$ + 125k$/unit + $175/HP (I-B-1 , Table 5 -A-1) 

Total  ~nvestment  = $2.33M + $2.11M = $4.34M (1980 $) 

Capi ta l  Charges 

A t  20Xlyr cap i t a l i z a t i on  r a t e  * ' 

. Capi ta l  charges = $4.34M x 0.20 = $0 .87~/yr  (1980 $) 



Maintenance Costs 

Fuel ceil- 

Total  operating and maintenance cos t s  = 0.18c/HPhr (1980 $), 
(Table 5-A-2) 

6 HPhr/yr = 6850 x 8760 x 0.9 = 54 x ' 1 0  

6 0 18 Maintenance cos t s  54 x 10 x + = 100k$/yr (1980 $) 

I AC Motors and Compressors , . 

=. 15k$ + ($10 x HP) (1  + 2T) (11-B-1, Table 5-A-1) 
= 15k$ ($10 x 6250)(2.8) - 190kSlyr (1977 $) 

= 235k$/yr (1980 -$)  

Total  - 
, . 

a = look$ + 235k$. = 335kSlyf (1980 $1 

Fuel Costs 

PHP 
= (c/kSCF) 

T 

E e x E i X E , x E p  
(Based on 1 1 1 - C ,  Table 5-A-1) 

I Total Costs . 

, , . . = S0.87M + $0.33M + $1.62M = $2.82M/yr (1980 $) , 

Case V I  - AC Motor Opkrating Off U t i l i t y  Grid with Centrifugal  Compressor 

II Compressor 

Motor horsepower required = - PHP = - 5000 = 6250 HP (3 un i t s )  Ep 0.8 . 
Investment 

= 250k$ + 125k$/unit + $175 /~P  (I-B-1 , Table 5-A-1) 
= 250k$ + 375k$ + $175 x 6250 = S1.72M (1977 $) 

= $2.11M (1980 $) 

I1 Capital  Charges 

I A t  20Xlyr cap i t a l i z a t i on  , ra te  



Energy Costs 

T = 69 x PHP (~IkWhr) - 
=P 

(111-A, Table 5-A-1) 

From Table 7-1 of the Task I1  report, e l ec tr i c i ty  costa including 
d$stribution costs  are projected to be $14.9/M Btu i n  1980. This i s  
equivalent to S.l~/kWhr. 

Energy coat. - 69 x 5000 r 5 .1  # - $1.98M/yr (1980 $) 

~ o t a l  Costs 



TABLE 5-A-1 

pipefine Sta t ion Cos t  ~ a c t b r s  , 

I. ~nvestment Cost , 

A. Liquid pumping.stations (with cen t r i fuga l  pumps), . i. 
1. ~ l e c t r i c  AC motor - 175kS + 75k$/unit + $lOO/W 
2. E l ec t r i c  AC motor with var iab le  output - 175k$ + 125k$/unit + 

$120/HP , . 

3 .  Gas turbine  - 225k$: + 150k$/init  :+ $2$0/&:" 
4. Gas engine - 225k$ + 125kS/unit + $.375/HP 

B. Gas compressor s t a t i o n s  

1. E lec t r i c  AC motor and cen t r i fuga l  compressor.- 
250kS + 125kSlunit + $175/HP 

2. Elec t r i c  AC motor with var iab le  output and cen t r i fuga l  compressor - 
250kS + 175k$/unit + $200/HP 

3. Gas turblne  and cen t r i fuga l  compressor - 300kS + 200k$/unit + 
$3OO/HP 

4. Gas engine and reciprocat ing cdmpressor - 300k$ + 175k$/unit. + 
$450/HP 

11. Maintenance Costs (by type of prime mover) ($/yr) 

A. Liquid pumping s t a t i o n s  

- 'i 

1.. E lec t r i c  - 5k$ + ($5 x HP) (1 + 2T) . 
2 .  Gas turbine  -10k$ + lOk$/unit + ($25 x HP)  TO*^) 
3. G a s  engine - 10kS + 5k$/unit + ($40 x HP) (T 6.5) 

B. Gas compressor' s t a t i o n s  

1. Elec t r i c  - 15kS + ($10 x HP)(l + 2T) 
2. Gas turbine  - 20k$ + lOk$/unit + (30 x HP)(roe5) 
3. Gas engine - 20kS + 5k$/unit + (50 'x W )  ( ~ 0 . 5 )  

111. Energy Costs (by type of prime mover) ($/yr) 

A. E l ec t r i c  (constant speed with cen t r i fuga l  pump o r  compressor) a 

B, Gas engine 
Gas tu rb ine  

C. Liquid f u e l  = PHP x 22.3 x 5 
BTU x TIT+ 

EP .Ee 



TABLE 5-A-1 (Cont 'd) 

. I V .  Estimating Basis  

A. 1977 cos t s .  
B e  500 t o  5,000 HP prime mover u n i t s .  
C. :, Unattended automated/ramo te  con t ro l  s t a t i o n  operat ions.  

. . D. '- Fuel o r  e l e c t r i c  power' r e a d i l y  ava i l ab le  a t  customary connection cos t .  
E.- Costs apply t o  on-land U.S. lower 48 locat ions .  . 

F. No *taxes included. 
G. No sto.rage tanks, .dehydrat ion equipment, housing o r  major o f f i c e  

s t r u c t u r e s ,  o r  major s i te  improvements. 
H. 95% AC motor e f f i c i e n c y  . and 1,000 BTU/SCF f u e l  gas. ' 

I. Investments include c o s t s  of piping and land. 

V. Notations . 

A. HP = I n s t a l l e d  Horsepower 
B. PHP = Pipeline,horsepower f o r  f l u i d  movement, hydraulic o r  ad iaba t i c  

compress ion  
C. - Pump o r  c&pressor e f f i c i e n c y  (0.70 t o  Os85) 
D. Ee = Engine o r  tu rb ine  e f f i c iency  

,, E. Ev = AC motor v a r i a b l e  d r i v e  equipment e f f i c i ency  , 
Variable frequency d r i v e  = 0.93 
Variable speed coupler = 0.70 @ 314 load ' . 

= 0.95 @ f u l l  load 
F. Eg = Gear t r a i n  e f f i c iency  , 
G. F, = Motor e f f i c iency  
H. El = Inver te r  e f f i c i e n c y  

opera t ing hours 
I. T = Time f a c t o r ,  t o t a l  hour s 

ptlPl iquids  
= 1.7 x 10-5 Q (Pd. - Ps) 

r 'I 

( N  ) = 8.6 x Q Ts Z s  (Pd) ( N ) 
pwga.es 
Q = Flow rate, BPD f o r  l i q u i d s ,  MSCFD f o r  gases 
Pd = S t a t i o n  discharge  pressure ,  p s i s  
Ps = S t a t i o n  suc t ion  p ressure  ps ia  
N = Gas s p e c i f i c  hea t  r a t i o ,  & 

c, 
Ts = Suction temperature, O R  

Zs = Compressibi l i ty f a c t o r  @ Ts 6 Ps 
k = thousand 
M = m i l l i o n  



TABLE 5-A-2 

Fuel Cel ls  Costs and Character is t ics  

I H3PO4 -Molt. Co3 
Electrolyte  Electrolyte  

Total Erected Cost* 

$/kW ( 1 h 7  $) 

$/m (1980 $1 . 

Efficiency, % (LHV) 

Ful l  Load 

Par t  Load 

Maintenance Costs** 

~/kWhr (1977 $) 

c/Whr (1980 $1 

Based on information obtained from United Technologies Corporation 
representat ive ,  June 1978. 

*Including f u e l  processor, f u e l  c e l l s ,  controls ,  piping, heat  . 
exchangers, dry cooling towers, but not inver te rs  (output is ",. 

DC power a t  around 500 vo l t s ) ,  Includes . $55/kW '(1977 $) f o r  
i n s t a l l a t i on .  

**Includes cos t  of f u e l  c e l l  module replacement. No rou t ine  
operators. required; u n i t s  run unattended with occasional 

. inspec t ion.  
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3 .  Percival  
E. W .  Nicholson 

6 . 1  BACKGROUND 

Lloyds Register  1977 (6- l ) ,  gives a breakdown o f  four  p r inc ipa l  types ' 

o f  wor1.d shippi,ng: - 
O i l  tankers 

Dry bulk c a r r i e r s  

Container ships : . .  

Other types. 

The fo l lowing f i g u r e  shows the  d i s t r i b u t i o n  .of vessel s i z e  i n  these . . 

various classes o f  t rade .  



Most container ;hips r e g i s t e r  between 20,000 and 50,000 gross tons. 

O i l  tankers tend t o  be la rger  ships, most ranging from 20,000 t o  
120,000.tons, w i t h  some very la rge  c a r r i e r s  over 250,000 tons t o  over 500,000 
tons. 

The horsepower requirements f o r  these various vessei s  fa1 1  w i t h i n  
a  remarkably narrow range considering the v a r i a t i o n  i n  vessel size. A 45 000 
HP engine i s  s u f f i c i e n t  t o  d r i v e  the l a rges t  o i l  tanker whereas 10 000 HP i s  
required for  the r e l a t i v e l y  small s ized 20,000-ton tanker. 

The t o t a l  i n s t a l l e d  horsepower i n  free-world shipping (6-1) i s  j u s t  over 
200 m i l l i o n ,  o f  which three quarters i s  cu r ren t l y  provided by diesel  engines, 
the r e s t  by steam turb ines and a handful o f  gas turbines.  

Some 10 m i l l  i o n  o f  the t o t a l  horsepower are employed f o r  purposes 
o ther  than propul sion, namely f o r  e l e c t r i c  generation, pumps, winches and 
other  a u x i l i a r i e s .  These a u x i l i a r i e s  are  almost 100% d iese l  driven, the fue l  
i n  use today being clean petroleum d i s t i l l a t e  fuel s i m i l a r  t o  t h a t  used i n  
t rucks and r a i  1  roads, 

The main propuls ion diesel  engines are o f  two types: crosshead en- 
gines which are low speed (about 100 RPM two s t roke) ,  and t runk engines 
usual ly  fou r  stroke, averaging 250 RPM. 

The 1 ow-speed engines are fueled e i t h e r  by bunker fue l  o i l  (def ined 
below) o r  by blends t y p i c a l l y  85% of bunker fuel ,  15% o f  d i s t i l l a t e .  

The medium-speed engines genera l ly  receive a  blend which i s  h igher 
i n  i t s  propor t ion o f  d i s t i l l a t e  content, ranging from 40% up t o  100%. Thus 
the fue l  for  the medium-speed engines has tended to 'cost  15 o r  20% more than 
t h a t  used f o r  the s l  ow-speed engines . 

Steam turb ines are found most ly i n  l a r g e r  ships (above 50,000 tons) .'. 
Bunker fue l  o i l  i s  cu r ren t l y  the universal  fuel f o r  steam ships. 

Gas turb ines are found i n  some naval vessels, and i n  a  few 
- container ships. Before 1974, they were fueled exc lus ive ly  w i t h  very clean 

d i s t i l  l a t e  fue l  f o r  which special  precauttons were taken t o  exclude sodium 
and vanadium (coming from sea water and bunker f ue l  contamination, respect ive ly) .  
Since the sharp r i s e  i n  fue l  p r i c e  i n  1974, some o f  the container ships (bu t  
no t  the naval vessels) have been operated on blends o f  bunker fue l  w i t h  d is -  
t l l l a t e .  These vessels have endeavored t o  use f ue l s  s i m i l a r  i n  qua1 i t y  and cost  
t o  those used. by d iese l .  engines. ' However, whereas a  simp1 e cent r i fuge opera- 
t i o n  su f f i ces  t o  cond i t i on  such blends f o r  d iese l  engine operation, an on- 
board hot water washing technique f o l  lowed by vanadium i nhi  b i  t l on '  i s  requ i red 
f o r  gas turbines. 



A recent  s tudy@ -6) f o r  t h e  Mar i t ime ~ d m i n i s t r a t i o n  l i s t s  t h e  sh ip  
popu la t i on  engaged i n  f o r e i g n  t rade  w i t h  t h e  U.S. as shown below. 

Vessels i n  Fore ign Trade w i t h  U.S. 

Energy U t i l i z a t i o n  
Number %.. Fuel Consumed BTU/ton M i  l 'e 

L i n e r s  
Tramp 
Dry Bu lk  
Tanker 

Source: Ref. 6-5 

The above data  would i n d i c a t e  t h a t  about h a l f  of t he  vessels ( tramp) would 
have d.1oad f a c t o r  around 40-50%, b u t  t h a t  a t .  l e a s t  30% o f  t h e  f u e l  i s  
consumed by vessels w i t h  l o a d  f a c t o r s  i n  . the 75-90% range (Tanker and .Dry 
Bu lk ) .  Since vessels have a l ong  s e r v i c e  1 i f e ,  i t  i s  necessary t o  consider  
t h e  bes t  f u e l  t o  use over  t h e  1 i f e  o f  t h e  vessel .- A1 so, one needs t o  
consider  i f  t h e  "mix" w i l l  change i n  th.e f u t u r e . ,  Since the  l a r g e r  s i z e  
ships have a h igher  energy u t i l i z a t i o n  f a c t o r  on a BTU/ton-mile basis ,  
d i r e c t i o n a l l y  one would expect t o  see a move towards l a r g e r  s i z e  vessels. 

There a r e  two p r i n c i p a l  f ue l s ,  bunker f u e l  o i l  and marine d i e s e l  
o i l ,  used today i n  wor ld  shipping,  e i t h e r  separa te ly  o r  i n  blends. The 
f o l l o w i n g  t a b l e  shows typ i i za l  q u a l i t y  c h a r a c t e r i s t i c s :  

TABLE 6-1 

Bunker Fuel Marine ,Diesel O i l  
O i  1 ( D i s t i l l a t e  Fuel ) 

Density,  15OC (60°F) 0.98 0.86 

V ~ S C .  cs/50°C 400 4 - 8  

S u l f u r ,  % 

Ash, % 

Sodium, ppm 50 l e s s  than 1 

Vanadi urn, ppm 80 - 300 less.  than 1 

a 



The next  t a b l e  shows the 1977 f r ee  wor ld  f l e e t ,  i t s  d i v i s i o n  by en- 
gine type and the approximate amount o f  energy i n  quads de l ivered i n  the form 
o f  the two f ue l s  l i s t e d  above. 

TABLE 6-2 
1977 Worl d F lee t  I n s t a l  1 ed Horsepower 

.Horsepower Supplied by Fuel Type 
M i  11 ions o f  ~orsepower Bunker F.O. Blends D i s t i l l a t e  

Steam 6 0 6 0 -- - - 
Diesel ' Low ;speed 11 5 35' 80 . . - - 

Med. speed ' 33 -- 14 19  

Auxi 1 i a r y  10 -- - - 10 '. 

Gas t u rb i ne  negl i g i b l e  - - - - - - 
Total  21 8 9 5 94 2 9 

.: : 
- 1  Quads energy per year 
t 2.2 2.1 0.6 
. . 

( B ~ U  x 1015) 

Compared w i t h  t o t a l  U.S.A. energy consumption, o f  the order 75 
quads/year, the f r ee  wor ld  f l e e t  used 5 quads i n  1977.* On1 a small percent- 

.: age o f  these f ue l s  comes from U.S. sources (about 0.8 quads ! . 
CURRENT COSTS OF SHIPPING 

Current p r i ces  f o r  the 5 quads o f  energy discussed i n  the sec t ion  
above, average $2.40/mil l ion n e t  B tu  (1977 d o l l a r s )  o r  $2.77 i n  1980 do l l a r s .  

(6-2) The average e f f f c i e n c y  o f  a l l  propuls ion engines a t  sea i s  39% ? 

which means t h a t  the fue l  cos t  per horsepower hour produced i s :  

I t  i s  more convenient t o  look  a t  the cost  per horsepower year. 
I f  the  sh ip  i s  a t  sea for  330 days per year the t o t a l  number o f  hours run  
i s  7920, so a horsepower year can be def ined as 7920 horsepower hours. Then 
the fuel cost  o f  the horsepower year i s  7920 x $0.018 = $143. This i s  
representa t ive  o f  cu r ren t  f u e l  costs  f o r  a horsepower year. While t h i s  represents 
a h igh  load f a c t o r  (go%), the impact o f  d i f f e r e n t  load factors w i l l  a l so  be 
considered. 

* Free wor ld energy consumption was about 180 quads i n  1977; marine f ue l  con- 
sumption accounted for  2.7% o f  t h i s  t o t a l  . 



The other  cost  components are those associated w i t h  cap i ta1 , re -  
covery and w i t h  the maintenance o f  the engine and system used, be i t  steam, 
d iese l  ,;gas tu rb ine  o r  any other k ind o f  prime mover. 

Regarding c a p i t a l ?  i t  was necessary t o  decide how much. o f  the 
machinery and energy produc~ng auxi 1 i a r i e s  should be counted as "engine 
components.'! Using Exxon I n te rna t i ona l ' s  system o f  accounting, a uniform 
p rac t i ce  was used i n  t h i s  study of igc lud ing s i x  components w i t h .an  example 
given below: 

Low-Speed D i  esel 
Prooul s ion 

Engine 1.77 186 

B o i l  e r  0.42 44 . 

Propel 1 e r  system 0.18 19' 

Aux i l i a r i es  1.60' -168 

E l  ec t r i .c  power 0.47 50 

Shipyard i n s t a l  l a t i o n  1.40 148 - 
Total 5.84 61 5 

I t  w i l l  be seen t ha t  the diesel  engine per se costs $186/horsepower 
but  t h a t  i t s  associated machinery, i nc lud ing  a b o i l e r  t o  supply heat ing 'and a 
separate diesel  generator t o  supply e l e c t r i c i t y ,  p lus  the cost  o f  i n s t a l l a t i o n  
i n  the ship, adds up t o  $61 S/horsepower. 

By p u t t i n g  these cap i t a l  cost  items on the basis o f  a s i ng le  horse- 
power, comparisons can be made between various engines . With su i  tab1 e scal i ng  
fac to rs  the comparison can be made even i f  they are employed i n  ships o f  d i f -  
f e ren t  sizes. ' I f  the choice o f  a d i f f e r e n t  engine obviates the need for  cer- 
t a i n  a u x i l i a r i e s  ( f o r  example a steam engine might be able t o  use a sing1 e- 
b o i l e r  system f o r  both propuls ion and heating), t h a t  advantage can be r e f l e c t e d  
as a lower ing o f  the t o t a l  package cost  which i s  more meaningful than the d i f -  
fe ren t ia l  cost o f  the stripped-down engines themselves. V 

I n  t h i s  r epo r t  a cap i t a l  recovery r a t e  o f  20% per annum has been 
used. For the  d iese l  sh ip  example shown t h a t  would equate t o  $123/Hp year. 

Maintenance 'costs o f  a d iesel  engine, includi.ng lube o i l  costs are 
o f  the order O.Eld/horsepower hour, so for the 7920 hours o f  serv ice per year 
envisaged here (330 days a t  sea) the 'maintenance cost  would be $17/horsepower . 
year. 



Total cost of the horsepower year in 1980 dollars on conventional 
petroleum fuel woul d therefore be: 

$/~orsepower Year 
(Diesel -9500 HP) 

'Fuel cost (42% e f f . )  1 33 
Capital recovery (20%) 123 
Maintenance 

For comparison, corresponding costs in  1980 do1 1 ars  for  a steam 
turbine system burning bunker fuel o i l  would be: 

/Horsepower Year 
Steam-45,000 HP) 

Fuel cost (32% e f f . )  

Capi tal  recovery 81 
Maintenance 

While t h i s  comparison implies tha t  steam i s  more economical than , 
diesel power, i t  should be noted tha t  the steam example above i s  for  a much 
larger  s h i p  (45,000 HP - 400,000 tons) than was the case of diesel (9500 HP - 
22,000 tons). 

) .  
The shipping companies have tknded t o  se lec t  stead power on the 

very large ships,  and diesel for  almost everything else.  Steam turbine e f f i -  
ciency f a l l s  off in the smaller s izes  and the capital  costs increases. 

. The cost associated with a horsepower year in a 22,000 ton steam' 
ship would be about: 

$ / ~ o r s e ~ o w e r  Year 
w (Steam-95Qn HP) 

- Fuel cost (28% e f f .  ) 185 

Capi ta l  recovery* 112 

* Capital components of the turbine i t s e l f  have been 
escalated for  a s ize  reduction taken t o  the 0.8 
power, and auxil i a r i e s  and shipyard ins ta l la t ions  
have been brought up to pari ty  w i t h  the diese.1 
ship since they would be common t o  the. two cases. 



. d .  

Gas tu rb ine  ships were ordered a t  a t ime when fue l  was much cheaper 
than i t  i s  today. Their  benef i ts .  were i n  terms o f  speed, compact engine room, 
minimizat ion o f  crew and a b i l  i ty t o  perform maintenance wi thout  loss  o f  t ime 
a t  sea. 

Today t h e i r  costs per horsepower year would be est imated as fol lows, 
depending' upon whether they employ clean %distil l a t e  fuel ,  o r  res idua l  blends .- .. 
w i t h  washing and vanadi um i n h i b i t i o n .  

$/Horsepower Year - (Gas ~ u r b i n e )  
D i s t i l l a t e  Fuel Blended Fuel 

Fuel cost* , 288 247 

Capital cost  8 7 89 

Maintenance 12 21 - - 
387 357 

* Note t h a t  a t  the.  t ime these .vessels were put  , 
i n t o  serv ice the fue l  cost  would have been of 
the order $60/horsepower year and the d i s p a r i t y  
between the horsepower' year costs o f  these 
vessels and the a1 t e rna t i ve  diesel  powered sh ip  
would have been much less, and s u f f i c i e n t  t o  
j u s t i f y  the gas turbines for  the special  services 
they required. This d i s p a r i t y  i s  l i k e l y  t o  increase 
i n  the fu ture .  

To summarize t h i s  i ntroductory section, sh i  powners are  accustomed 
t o  the fo l low ing  costs .  fo r  various classes o f  vessel . 

\ 

$/Horsepower Year 

Large steam ships -250  

Diese.1 ships 280 

Gas tu rb ine  ships 350+ 

This background i s  provided as a base f o r  the forward look i n t o  
the ways fu tu re  non-petroleum fue l s  may be used.. 

The a t t i t u d e  o f  engine bu i lde rs  i s  t h a t  d iesel  ships w i l l  continue 
t o  be v iab le  because t h e i r  e f f i c i e n c y  i s  unsurpassed by any o ther  engine (ex- 
cept, the fue l  cel  1 ), and t h e i r  engines have a proven capabil  i t . ~  o f  operat ing 
on the 1 owest cost  petroleum product (which f u e l  c e l l  s do no t ) .  



Some be1 ieve  t h a t  the  f u t u r e  w i l l  see a  steady reve rs ion  t o  steam 
ships, probably w i t h  e f f i c i e n c i e s  improved over today 's  average (32%), capable 
o f  burn ing  coal / o i l  s l  u r r y  and even tua l l y  coal i t s e l  f. However, a1 though n o t  
a  l a r g e  f r a c t i o n  o f  t o t a l  marine horsepower, there  i s  a  numer ica l ly  l a r g e  
p o r t i o n  o f  t h e  wor ld  f l e e t  compr is ing vessels below 9000 HP. 

The d iese l  engi ne i s  i d e a l l y  s u i t e d  t o  these small e r  c r a f t  and would 
a lmost  c e r t a i n l y  be r e t a i n e d  even though t h e  p r i c e  d i f f e r e n t i a l  between 1  i q u i d  
f u e l  and coal increased beyond $3/MBtu. 

Gas t u r b i n e  engines a v a i l  ab le  f o r  use a t  sea, equipped w i t h  regen- 
e ra to rs ,  have increased i n  e f f i c i e n c y  from 28% used i n  the  example above, t o  
34% i n  the  s i z e  range 30-40,000 HP. This i s  above the  common steam cyc le  
e f f i c i e n c y  so t h a t  on c e r t a i n  f u e l s  the  l a r g e  gas t u r b i n e  sh ip  cou ld  be com- 
p e t i t i v e  w i t h  steam. \ 

However, t he  steam s h i p  could burn coal which the  gas t u r b i n e  cannot. 
The i n t e r p l a y  o f  c a p i t a l ,  f ue l  and maintenance costs f o r  several types o f  en- 
g i n e  w i t h  d i f f e r e n t  types of fuels i s  discussed i n  t h e  next  sec t ions .  

6.2 SUMMARY AND CONCLUSIONS 

For new, l a r g e  (45,000 Hp) vessels, t he  most economical and 
energy e f f i c i e n t  pr ime rnover/fuel combinat ion i s  a  steam 
engine using coal  as t h e  f u e l .  

Medium s i z e  vessels (9500 Hp range) w i t h  load f a c t o r s  i n  t h e  
60-90% range would f i n d  d i e s e l  more a t t r a c t i v e  i.f they  can g e t  
a  l i q u i d  f u e l  f o r  l e s s  than $4.50/MBTU. I f  t h e  l i q u i d  f u e l  cos t  
more than t h i s  coa l  would .be more a t t r a c t i v e .  

Small s i z e  vessels (4500 Hp range) w i l l  probably s t i c k  w i t h  d i e s e l  . 
powered engine up t o  a  f u e l  cos t  o f  $5-6/MBTU. 

Diesel  engines and regenera t ive  gas tu rb ines  would l o o k  a t t r a c t i v e  
a t  a  h igh  l o a d  f a c t o r  i f  a  f u e l  can be obta ined f o r  $3/MBTU. The 
o n l y  poss ib le  f u e l  t h a t  cou ld  f a l l  i n  t h i s  category would be an 
unre f ined shale o i l .  

e Coa l -o i l  s l u r r y  i s  another poss ib le  candidate, e s p e c i a l l y  i f  a  
slow speed d iese l  cou ld  be mod i f i ed  t o  work on a  c o a l - o i l  s l u r r y .  
Th is  i s  e s p e c i a l l y  t r u e  f o r  smal le r  s i z e  ships.  

e The use o f  f u e l  c e l l s  does n o t  appear t o  be a t t r a c t i v e  f o r  t h i s  
app l i ca t i on .  



The incent ive over a coal-steam p lan t  t o  make coal work i n  a 
gas tu rb ine  o r  d iese l  i s  i n s u f f i c i e n t  t o  j u s t i f y  R&D. 

The incent ive over coal-steam i s  a lso too sma1.1 t o  j u s t i f y  
R&D on s t i r l i n g  engines i n  the 10,000 Hp range. 

The incent ive  is small t o  improve the e f f i c i e n c y  o f  a marine steam 
p lan t  burning coal.  

Most cur rent  marine prime movers could operate on an unref ined 
shale o i l .  

If LCH4 i s  ava i lab le  as b o i l - o f f ,  the  pre fer red engine would be 
a steam f i r e d  t u r b i n e  o r  a gas turbine.  The choice depends on r a t i o  
o f  b o i i o f f  t o  t o t a l  f ue l  and s i ze  o f  ship. 

Phase ou t  o f  l i q u i d  fueled ships w i l l  be very long; they consume 
very l i t t l e  of the wor ld 's energy, and they consume the lowest . 
grade of petroleum which can be made from poor q u a l i t y  .crudes - 
a t  small cost, 

Future prime movers used i n  in te rna t iona l  marine t rade must be 
able t o  f i n d  usable f ue l s  worldwide. 

For coastal t rade vessels, new const ruct ion would favor  coal-  
f i r e d  steam turbines except f o r  those vessels ca r ry ing  Alaskan 
crude. Regenerative gas turb ines o r  combi ned gas t u r b i  ne/s team 
tu rb ine  engines would be a p o s s i b i l i t y  on t h i s  route.  

r Great Lake vessels may a lso  f i nd  steam turb ines a t t r a c t i v e  if 
environmental r e s t r i c t i o n s  would not  l i m i t  the use o f  coal.  
Use o f  shale o i l  d i s t i l l a t e  or.Canadian Tar Sand O i l  i n  a d iese l  
i s  another p o s s i b i l i t y .  

o Tug boats on in land  waterways w i l l  continue t o  use medium-to-high speed / 

d iese l  engines,, w i t h  d i s t i l l a t e  from shale o i l .  

r Pleasure c r a f t  propuls ion systems w i l l  probably develop i n  a para1 l e l  
fashion t o  highway t r a f f i c .  Fuel p o s s i b i l i t i e s  inc lude alc.ohols and 
shale o r  coal der ived gasolines. 

6.3 TOTAL ECONOMICS AS A FUNCTION OF ENGINE . 

TYPE AND FUEL TYPE (NON-PETROLEUM FUELS) 

Table 6-3 summarizes the f o l l ow ing  i n  combination. 

Cost o f  engine, i t s  a u x i l i a r y  components and 
i n s t a l l a t i o n  a t  the shipyard a l l  i n  1980 
do l l a r s  per sha f t  horsepower a t  the engine. 

Heat r a t e  i n  Btu  (LHV)/HPH, and e f f i c i e n c y  
expressed as a percentage tak ing  HPH = 2547 Btu. 



TABLE 6-3 

ECONOMIC FACTORS FOR VARIOUS MAR1 NE ENGINES AND POSSIBLE FUTURE FUELS 

Gas Turbine 
Steam/Oil Steam/Coal Diesel Simple Regen. S t i r 1  f ng 

Fuel Ce l ls  
POc COj Free Piston 

'Engine 

B o i l e r  

Propel 1 e r  . . 
Auxll  i a r i e s  

Power supply 

Shipyard i n s t a l  l a t i o n  

Total 

Fuel - 
Btu/HPH 

. % E (LHV) 

Maintenance 
. . 

Fuel Costs/HPY 



Maintenance cost  i n  1980 cents per horsepower 
hour generated . 

a Fuel costs t o  generate a horsepower. year a l l  
on the common basi,s . tha t  the engines w i l l  r un  
a t  ra ted  power f o r  7920 ho,urs/year (330 days 
a t  sea). , . 

The sums o f  the three cost components are given i n  Table 6-4 

In.  order o f  thermal e f f i c i e n c y  ( E )  the engines are: 

~ u e l  d e l l  s/DC Motors 

Mo1 ten, carbonate type (COB) 

Phosphate type (POI,) , ' 

Diesel 

S t i  rl i ng 

Gas t u r b i  ne regenerat i  ve 

Steam* 

Gas t u rb i ne  simple 

50% 

41 % 

42% 

35% 

, 34% (35% on c lean fue l  ) 

32% (28% smal ler  ships)  

' 28% (25% smal ler  ships)  

Free p i s t on  28% 

* Higher e f f i c i enc i es  a r e  poss ib ie  bu t  may 
n o t  be j u s t i f i e d  i f  coal' i s  the f ue l .  

The candidate f uh l s  i n  order of cost  are: 

Coal 0.9-1.6 

Coal / o i  1 s l  u r r y  2.80+ 
\ 

Raw shale o i l  3-3.5 ., 

,Shale 1 i qu i ds  4.7-5'.1 

Coal l i q u i d s  5.9-9.7 

L i q u i d  methane 9.05-12.55 



.TABLE 6-4 

ANNUAL OPERATING COST OF VARIOUS PRIME MOVERS - FUEL COMBINATIONS - $/HPY 

Steam 

30 000 HP + 
FUEL COST - BIMBTU 

L fqu id  S o l i d  L.S. Gas Turbine Free Fuel Cel ls  
Fuel Fuel Diesel Simple Regen. S t i r l i n s  Piston & --- 

4500 HP Ship 

($1.23) 

($2.80) 354 - 29g - El 
($3.00) 370 - - 284 

Combinations del ineated by boxes are considered unl i ke ly  t o  have technical  success. 



I n  o rder  o f  c a p i t a l  investment, engine p l u s  a u x i l i a r i e s  p l u s  sh ip -  
yards . i n s t a l l a t i o n ,  t h e  candidates are: ,. * 

$/Horsepower 
Large Ships Small e r  Shlps 

. (30-45,000 HP) 19-15,000 HPL 

L i q u i d  f u e l  f i r e d  steam 4 06 

Simple gas t u r b i n e  - 41 3 

Gas Turbine - Regenerator 

Free p i ' s ton  ' , 

Low-speed' d iese l  . 615 

Fuel c e l l s  - phosphate 549 

mol t en  carbonaIte , 51 8 

Coal f i r e d  steam 61 5. 

For verx  smal l .  sh ips (about 4500 HP) the  f o l l o w i n g  investments a r e  
cal  cu l  a t e d  . 

Coal f i r e d  steam 

Low speed d iese l  

I n  the. case ,o f  very  smal l  sh ips t h e  t o t a l  cos t  o f  a horse- 
power'year i s  l e s s  f o r  d iese l  than f o r  l i q u i d  f i r e d  steam a t  p r a c t i c a l l y '  
any f u e l  cos t .  

The s o l  i d  coal  f i r e d  steam p l a n t  becomes v i a b l e  when l i q u i d  f u e l  
f o r  the  d iese l  engine i s  p r i c e d  a t  $2/MBtu above t h e  p r i c e  o f  coal-. 

I n  o rder  of maintenance cos ts  the  var ious  combinations are: 

$/Horsepower Hour (M) 

O i l  f i r e d  steam 0.001 5. 

Simple gas t u r b i n e  0.001 5 

- S t i r 1  i.ng 0.0015 

Fuel c e l l s  - POs 0.001 7 



Coal f i r e d  steam 0.0021 

Diesel  0.0021* 

Regenerat ive gas t u r b i n e  0.0023 

Free p i  s ton  0.0050* 

* Subs tan t i a l  1 ube o i l  requirements r e l a t i v e  
t o  o the r  engi nes . 

The c o s t  o f  ope ra t i on  o f  a horsepower u n i t  f o r  one year  i s  g iven 
by t h e  expression. 

I = investment, $/HP 

F = f u e l  cos t ,  $/MBtu 

E = e f f i c i e n c y ,  % 

M = maintenance, $/HPH 

6.3.1 COAL-FIRED ENGINES (COAL $0.9-1.6/M&IU) 

C l e a r l y  any engine which can be made t o  operate on coal i s  going t o  
be o f  i n t e r e s t  s ince  coal  has t h e  lowest  p r i c e  o f  the  candidate f u e l s .  

I n  Table 6-5, t h e  c o s t  o f  a horsepower yea r  i s  g iven fo r  
I each engine i n  each o f  two s i z e s  o f  sh ip,  whether i t  can burn coal o r  no t .  
: Those which have a low chance o f  techno log ica l  success have been enclosed i n  

boxes. 

TABLE '6-'5 

$ Cost/HPY . w i t h  Coal 
Large Vessel Small e r  Vessel- 

Coal f i r e d  steam 196-240 242-293 

S t i r 1  i n g  engine 

Low-speed d i  esel 

Gas tu rb ine ,  s imp le  

, regenera t ive  

Free p i s t o n  

* Figures i n  boxes represent  combinations o f  f u e l  
and engines which a r e  n o t  1 i k e l y  t o  be t e c h n i c a l l y  
s a t i s f a c t o r y .  



Even i f  coal  caul d be burned i n  a gas tu rb ine ,  o r  i n  a d iese l  en- 
gine, the. economic. advantages o f  such combinations over  a coal - f i r e d  steam 
p l a n t  appear i n s u f f i c i e n t  t o  j u s t i f y  cons ide ra t i on  f o r  t he  l a r g e  vessels. 
This conc lus ion  can be drawn w i t h o u t  even asking whether the  combination o f  
coal w i t h  d iese l  engines i s  p r a c t i c a b l e .  For l a r g e  vessels the  c o a l - f i r e d  
steam p l a n t  represents a r e l a t i v e l y  smal l  extension o f  e x i s t i n g  we l l  proven 
technology, namely, the  i n s t a l l a t i o n  o f  c o a l - f i r e d  b o i l e r s  i n  sh ips.  

Such b o i l e r s  would have tw ice  the  he igh t ,  more than tw ice  the  mass, 
and nea r l y  f o u r .  t imes the  combustion volume o f  t h e i r  o i l - f i r e d  counterparts-.  
Fuel s torage f o r  equal range would have t o  be 50% l a r g e r  i n  vol'ume than t h a t  
of  today 's  , o i l - f i r e d  steamships, b u t  t h i s  f a c t o r  app l i es  t o  any c o a l - f i r e d  
ships, however powered. 

An impor tan t  cons ide ra t i on  w i l l  be the  cos t  o f  such b o i l e r s  and 
t h e i r  f u e l  and ash hand l ing  a u x i l i a r i e s .  

On land, a c o a l - f i r e d  b o i l e r  cos ts  between 5 and 8 t imes as much 
as an o i l  - f i r e d  b o i l e r ,  i n c l  ud i  ng equipment t o  c o n t r o l  su l  f u r  and p a r t i c u l a t e  
emissions t o  low l e v e l s .  

On the  assumption t h a t  1 ess po l  1 u t i o n  c o n t r o l  would be necessary 
a t  sea,, c o a l - f i r e d  b o i l e r  cos ts  have been est imated a t  $40/hourly pound o f  
steam i n  t h e  l a r g e  vessels, $53/hourly pound of steam f o r  sma l l e r  vessels. 
These f i g u r e s  compare ' w i t h  $JO/hourly pound o f  steam f o r  o i l  - f i r e d  burners. 

One b o i l e r  m a n u f a c t u ~ e r  has i n d i c a t e d  t h a t  these Cost p ro jec t - ions  are  
too severe, and t h a t  sea-going coal  b o i l e r s  may be obta ined f o r  no more than 
tw ice  the  o i l - f i r e d  cost .  I f  so, then the  c o s t  o f  t he  horsepower year  f o r  a 
1 arge coal  - f i r e d  steamship would fa1 1 t o  $1 88lHPY. 

Smaller steamships would be more expensive t o  b u i l d  on a horsepower 
basis,  and would be s l i g h t l y  l e s s  e f f i c i e n t .  The est imated c o s t  f o r  t h e  horse- 
power year  i s  $266 a t  9500 HP, r i s i n g  t o  $299 a t  4500 HP. The bas is  f o r  a l l  
c a p i t a l  adjustments and e f f i c i e n c i e s  i s  g iven i n  Appendix 6-A. Again t h e  sup- 
p o s i t i o n  has been made t h a t  t h e  c o a l - f i r e d  b o i l e r  would e n t a i l  f o u r  t imes the  
cost.of a s i m i l a r l y  s i z e d  o i l - f i r e d  b o i l e r .  With the  lower  c o s t  est imate, 
the c o s t  o f  the horsepower year  would be about $223-$250. 

The o n l y  p r a c t i c a l  a1 t e r n a t i v e  fo r  a smal le r  c o a l - f i r e d  vessel would 
be the S t i r l i n g  engine, which shows a horsepower year  cos t  o f  $225. Since 
such an engine, i n  the  s i z e  range o f  about 10,000 HP would represent  an en- 
t i r e l y  new techno log ica l  venture, t he re  seems h a r d l y  enough advantage over  
steam t o  j u s t i f y  even a demonstrat ion. A1 though the re  a r e  no f i r m  data on the 
cos t  o f  such a l a r g e  S t i r l i n g  engine a f f g u r e  o f  $300 per  HP f o r  t he  engine 
i t s e l f  has been 'taken on the  bas is  t h a t  S t i r l i n g  engines must c o s t  more than 
d iese ls ,  f o r  which the re  i s  a f i r m  bas is  o f  $186/HP. 

Even i f  the  chosen S t i r l i n g  engine cos t  should be i n  e r r o r  by  $100, 
t ha t .wou ld  reduce the  S t i r l i n g  c o s t  i n  d o l l a r s  per  horsepower yea r  t o  $205, 
n o t  s u f f i c i e n t l y  below the  c o s t  o f  a steam-driven vessel t o  generate r e a l  
i n t e r e s t .  



There seems no doubt tha t  i f  shipbuilding a f t e r  1985 
(fol1owin.g i t s  current slowdown due to  recession), a coal-fired steam 
power plant will remake i t s  appearance, ' i n  the f i rs t  place fo r  ships 
involved in international coal transportation. 

COAL-OIL SLURRY ($2.80+/MBTU) 

The costs per horsepower year for  the various engines when 
fueled by coal-oil s lurry are shown in Table 6-6. 

TABLE 6-6 

$ COST/HPY WITH COAL-OIL SLURRY 

Large Vessels . 
30,000 HP + 

Steam 270 

Stir1 i n g  - - 
LS diesel 

Gas turbi ne-simp1 e 

Gas turbine-regenerative 

Free piston - - 

Small e r  Vessel s 
9000 - 15,000 HP 

The si tuat ion here i s  similar of the  s i tuat ion on coal-fired 
. ' . .  boilers.  Most engines are unlikely t o  run  on coal s lur ry  without extensive 

modification and the cost advantages compared wf t h  steam seem f nsufff cient  , 

to  produce any serious contender. The boxes placed round the figures lndf- 
cate unl i kel i hood of technological success. 

.. There i s  one important exception t o  this general observation, and 
tha t  i s  the diesel engine. The diesel engines, currently instal led,  repre- 
sent the la rges t  fraction of total  horsepower a t  sea today, and numerically 
they are an even larger  fraction because they are found f n  s h f p s  of many 
sizes .  

Their manufacturers. have a vested in teres t  i n  prolong1 ng t h e i r  use, 
and in keeping a place fo r  them as a1 ternate ' fue ls  displace petroleum fuels .  
Accordingly , considerable devel opment work ' is being done by these manufacturers 

, t o  make the diesel operate on coal o i l  s lurry,  and indeed should thfs work be 
-successful, such a diesel engine would be competitive w i t h  ste,am ffred by coal 
s lurry,  provided tha t  the modificatfons t o  the diesel engine.could be made for  
l e s s  than $235/HP in the 9000-1 5,000 HP range. 

' 

However, for  new construction, the cornpeti tiori would n o t  be between 
s1 urry-fired diesel and sl urry-fi red steam, but rather  between slurry-fired 
diesel a t  $274/HPY and direct  coal-fired steam'at $242-293/HPY i n  the 
smaller ships and $196-240 or less  in the large ships. 



The gap i s  s u f f i c i e n t l y  small t o  keep the  s l u r r y - f i r e d  d iese l  poten- 
t i a l  l y  v i a b l e  i n  t he  smal l  e r  vessels, b u t  t h e  technology whereby d i e s e l s  would 
run  on s l u r r y  i s  no t  y e t  proven. 

6.3.3 RAW SHALE OIL ($3-3.5/MBTU) 

The corresponding horsepower yea r  cos ts  a re  shown i n  Table 6-7: 

$ COSTIHPY WITH RAW SHALE OIL 

Large Ships Smaller Ships 
30,000 HP + 9000 - .I 5,000 HP 

Steam 283-31 5  335-372 

Diesel  . . 284-307 284-307 

Gas t u r b i n e  simple* 316-355 . 348 - 389 

Gas t u r b i  ne regenerat ive*  298-326' 321 -339 

S t i r 1  i n g  

Free p i s t o n  - - 379-41 4 

.* With on-board fuel washing . 

A l l  o f  t h e  prime movers a re  f a i r l y  c10s.e i n  est imated ope ra t i ng  
cos t  and thus compet i t i ve .  Probably a l l  the  engines would be ab le  t o  oper- 
a te  on raw shale o i l  w i t h  very 1  i t t l e  more on-board t rea tment  than i s  cur-  
r e n t l y  g iven t o  bunker f u e l  o i l ,  v i z .  c e n t r i f u g i n g  f o r  d iese l ,  washing f o r  
gas tu rb ines .  

Among the  group, the  f ree p i s t o n  engine i s  l e a s t  economical, being 
penal ized by low e f f i c i e n c y  and w i t h  maintenance c o s t  h ighe r  than t h a t  o f  
t h e  d iese l  engine. 

Even i f  i t s  e f f i c i e n c y  were r a i s e d  t o  32% and i t s  maintenance cos ts  
reduced t o  p a r i t y  w i t h  d iese l ,  the  c o s t  o f  the  raw s h a l e l f r e e  p i s t o n  horsepower 
yea r  would s t i l l  be $340/HPY, e a s i l y  surpassed by t h e  d i e s e l  because o f  t h e  
l a t t e r ' s  ou ts tand ing  e f f i c i e n c y .  

With raw shale o i l  ( o r  some s i m i l a r  l i q u i d  f u e l  ) a t  $3-3.5lI.lBTU t h e  
.d iese l  engine remains i,n a  r e l a t i v e l y  favorab le  p o s i t i o n  p a r t i c u l a r l y  f o p  the  
smal le r  sh ips and the  regenera t ive  gas t u r b i n e  becomes a  ve ry  c lose  contender 
f o r  t he  1  arge vessel s  . 

However, from the  p o i n t  o f  view o f  i n t e r n a t i o n a l  supply, coal  would 
be more l i k e l y  t o  be a v a i l a b l e  worldwide. Accordingly ,  i t  seems l i k e l y  t h a t  
new c o n s t r u c t i o n  w i l l  go towards a c o a l - f i r e d  steam b o i l e r l l i u r b i n e  i n  t h e  
2000-201 0  decade. 



6.3.4. OTHER FUELS, COAL AND SHALE 
LIQUIDS AND LIQUID METHANE 

With one exception, t he  o the r  f u e l s  are  a l l  techn ica l ly -  s a t i s f a c t o r y  
f o r  any o f  t h e  engines o r  can be made so w i t h  1  i t t l e  mod i f i ca t i on .  The qual i t y  
fea tu res  which they  have, are, i n  general unnecessary fo r  t he  engines envisaged, 
and the re  i s  no way t o  compensate f o r  t h e i r  h igh  costs by any meaningful i n -  
crease i n  e f f i c i e n c y .  The except ion i s  t h e  two poss ib le  coal  l i q u i d  candidates. 

These candidates cou ld  appear i n  e i t h e r  o f  two forms: 

a. As a  h i g h - q u a l i t y  p a r a f f i n i c  1  i q u i d  from I n d i r e c t  
1  i q u i f a c t i o n  (i .e. F ischer Tropsch 1  i q u i d )  w i t h  i t s  
p r i c e  a s t rong  f u n c t i o n  of by-product methane sales.  

b. A  low qual i ty ,  raw, unhydrogenated res idue such 
as t h a t  appearing i n  Table 6-22 i n  the  Appendix 
vo l  ume. 

. Obviously t h e  type (a)  would be by fa r  p re ferab le ,  s ince i t  could be. 
used i n  d iese l  engines, o r  gas tu rb ines .  The type (b)  woul d  have several .draw- 
backs, the f l r s t  o f  which i s  t h a t  i t  might  be heav ier  than sea-water. ,If so, 
i t s  use would probably be r e s t r i c t e d  t o  b o i l e r s .  

t 

These h iaher  ~ r i c e d ,  f u e l s  (sha le  o i l  d i s t i l  l a t ~ s  ?.n? coal ! iqu ids )  
a r e  covered i .n  t h e  f o l l  owing tab les  ,(Tab1 e  §d and 54). 

TABLE 6-5 

$/HPY SHALE DISTILLATE ($4.7-5.1/MBTU) 

Large Ships Smaller Ships 

Steam 391 -416 458-487 

Gas t u r b i n e  regenera t ive  392-415 406-429 ' 

S t i r l i n g  

F r e e p i s t o n  . 

A l l  o f  these a re  much above t h e  c o s t  o f  a  c o a l - f i r e d  horsepower 
year which was $21 7/HPY f o r  1  arge sh ips  and $266/HPY f o r  small e r  vessel s. 



TABLE 6-9 

$/HPY COAL LIQUIDS ($5.9-9XMBTU) 

Large Ships Smaller Ships 

Steam 467-707 

St i r1 i n g  - - 
Diesel 41 2-603 420-603 

Gas t u r b i  ne regenera t ive  448-669 474-687 

If the  coal. l i q u i d  i s  h igh  i n  aromatics and o f  low hydrogen content .  
i .e. a  raw coal-1 i q u i d  from d i r e c t  1  i q u i f a c t i o n ,  i t  w i l l  be usable as .a 
l i q u i d  steam b o i l e r  f u e l  o r  S t i r 1  i n g  engine f u e l .  I t  might  be usable i n  low- 
speed d iese l  engines, and i s  l i k e l y  n o t  t o  be s a t i s f a c t o r y  i n  gas tu rb ines  
because o f  i t s  ve ry  aromat ic  nature, whlch i n  t h e  extreme case makes the  f u e l  

/ heavier  than water and coilsequentl'y very  d i  f f i c u l  t t o  c lean on board. 

There a re  two conclusions t o  be drawn: 

, 1. If t h i s  were t h e  o n l y  fuel a v a i l i b l e  there  would be 
r e a l  pressure t o  make i t  work i n  the  d iese l  engine. 

2. As long as coal  i s  ava i l ab le ,  t h i s  f u e l  would n o t  appear 
t o  be a t t r a c t i v e  f o r  new const ruc t ion ,  because ships 
can be f i r e d  d i r e c t l y  w i t h  so l  i d  coa l  f o r  about h a l f  
the  c o s t  per  HPY. 

With t h e  f u e l  cos t  i n  t h e  $9/MBTU range, t h e  d i e s e l  engine i s  c l e a r l y  t h e  
best, b u t  t h e  horsepower year  c o s t  i s  tw ice  t h a t  o f  a  c o a l - f i r e d  ship. 

The annual ope ra t i n  cos t  f o r  var ious  prime'movers us ing l i q u i d  9 methane are  shown i r i  Table 6- 0. 

TABLE 6-10 - 
$/HPY LIQUIP METHANE ($9.05-12.55/MBTU? 

Larqe. Ships Smal l ' e r  Ships 

Steam . 666-888 771 -1022 

Diesel {spark i g n i t e d )  572-740 572-740 

Gas tu rb ine .  regenera t i  ve 633-827 650-847 

S t i  r l  i ng - - 679-881 

Free p i s t o n  - - 813-1065 . . 



If m u i - d  methane were the on ly  fue l  avai lable,  the gas tu rb ine  
might have s l l g h t l y  more advantage than t h i s  t ab le  ind icates.  I n  the table,  
i t  has been assumed t h a t  a d iesel  engine, converted t o  run on high octane 
methane, would r e t a i n  i t s  "sza-going e f f i c i ency "  o f  42%. If, i n  fact, t h i s  
necessitated a change t o  an Ot to  cyc le  engine a t  13:l compression r a t i o ,  the 
e f f i c iency  might  f a l l  t o  38 o r  39% and the cost  o f  the horsepowe~ year from 
the modi f ied engine would then increase and b r i ng  i t  very c lose t o  the gas 
t u ~ b i n e  a1 te rna t i ve .  

A special  case ar ises when i t  i s  contemplated t o  use methane b o i l -  
o f f  as engine f ue l  on an LNG tanker. To the extent  t h a t  b o i l - o f f  must be 
to lerated,  t h a t  fue l  can be considered t o  be free, and the choice o f  engine 
would be t h a t  which combines low investment w i t h  reasonable maintenance, 
namely steam (gas f i r e d )  o r  a gas turb ine.  However, methane i s  no t  always 
ava i lab le  as f ree  bo i l - o f f .  

1. I f  the  b o i l - o f f  i s  no t  enough t o  susta in  the 
sh ip  on her  t o t a l  cargo-carrying journey, she 
must e i t h e r  use a second f u e l  o r  d i p  i n t o  her  
cargo (valued a t  $9.05-12.55/MBTU) f o r  the balance. 

2. When she t r ave l s  i n  ba l l as t ,  she must e i t h e r  keep 
some methane aboard f o r  engine use (again $9.05- 
12.55/MBTU) o r  use a second f ue l .  

Obviously the r a t i o  o f  the b o i l - o f f  t o  t o t a l  fuel requ i red a f f e c t s  
the choice o f  engine. For the very l a rge  ships involved i n  t h i s  trade, 
steam bo i l e r s  f i r e d  by methane and/or by raw shale o i l  would be the most 
economical . 

I n  medium-sized ships, a regenerative gas tu rb ine  f i r e d  w i t h  the 
same two f ue l s  could be the most economical. 

6.4 SENSITIVITY OF FINDINGS 

With the candidate fuels under discussion a t  the  pr ices which ,-- 
\ were developed i n  t h i s  study, coal,  f i r e d  d i r e c t l y  i n  steamships i s  a c l ea r  

winner f o r  l a rge  ships, whi le  f o r  smal ler  ships the d iese l  engine i s  c lose t o  
p a r i t y  w i t h  coa l - f i r ed  steam if i t  can be operated on c o a l / o i l  s l u r r y ,  o r  i f  
i t  can obta in  a f ue l  a t  $3-3.50/MBTU, such as raw shale o i l .  These conclusions 
are for  a h igh load f a c t o r  and an assumed c a p i t a l  recovery f a c t o r  as wel l  
as the assumed fuel  cost. A l l  o f  these fac to rs  are  considered as s e n s i t i v i t i e s  
below. 

'6.4.1 COAL PRICE 

I f  coal were t o  double i n  pr ice,  bu t  raw shale o i l  t o  remain a t  
$3.00, f o r  example, the  fo l low ing  costs would apply t o  the combinations under 
discussion: 



TABLE 6-1 1  

~ a r q e  Ships Smaller ships Smallest Ships 
4 

Coa 1  ($2.46/MB t u  ) steam 2 95 355 403 

Coal - o i l  s l u r r y  ($3.30/MBtu) 

steam 301 356 394 

d iese l  298 298 , 298 

Raw shale ($3/MBtu) 

steam 283 335 

d iese l  284 284 284 

G.T.-Reg. . 298 321. -- 
Such a  .change i n  the  r e l a t i v e  p r i c e  o f  sol  i d  coal and raw shal3 o i l  

' 

( i  .e. a  doubl i n g  o f  t he  coal p r i c e )  puts t h e  d iese l  o r  gas t u r b i n e  ship'  c lose 
t o  p a r i t y  w i t h  steam f o r  l a r g e  vessels, and they  are  even b e t t e r  f o r ' s m a l l  e r  
ships. For the  'smal lest  ships, d iese l  would be a t t r a c t i v e  aga ins t  coal f i r e d  
steam even i f  the  p r i c e  o f  l i q u i d  fue l  rose t o  $5.50/MBTU. 

Thus t h e  r a t i o  o f  coal p r i c e  t o  " lowest  grade d iese l  f u e l  p r i c e " .  
i s  o f  major importance t o  the compet i t i ve  p o s i t i o n  o f  t he  coal f i r e d  steam- 
ship.  Also i t  a f f e c t s  the  l e n g t h  o f  economic 1  i f e  l e f t  t o  the  d iese l  engine. 

'.. . , . ,  
Raw shale o i l  appears t o  be the  o n l y  source o f  " lowest  grade d iese l  

fuel",  which might take t h e  place o f  today.'.s sh ips '  fueq, namely bunker f u e l  o i l  
der ived from p e t r o l  eum. 

I t  appears t h a t  a  l i q u i d  fue l ,  s u i t a b l e  f o r  d iese l  engines cannot 
be made from coal a t  a  p r i c e  much 1  ess than $9/MBtu, c e r t a i n l y  n o t  f o r  l e s s  
than $6/MBtu. 

Under t h a t  s i t u a t i o n ,  i f  shale o i l  ii n o t  developed, f u t u r e  ships 
w i l l  be c o a l - f i r e d  steam ships and the  d iese l  powered f l e e t  nur tured on 
petroleum, w i l l  be phased o u t  through scrappage. 

I 

However, the  pe r iod  o f  phase-out may be very  l eng thy  because t h e  
wor ld  shipping f l e e t  consumes very  1  i t t l e  o f  t h e  wor ld ' s  energy, and t h a t  ' 

which i t  does consume i s  the  lowest  grade petroleum fue l ,  which can be made 
from the l e a s t  valuable types o f  crude o i l  f o r  a  very  small processing cost .  



LOAD FACTOR 

The previous comparison between var ious prime movers f o r  each 
. type o f  f u e l  has been made f o r  a  90% load f a c t o r .  The choice o f  load 
fac to r  can be 'very c r i t i c a l  i n b s e l e c t i n g  t h e  best  fue l /p r ime moyer combina- 
t i o n .  Possib le load f a c t o r s  by c lass  o f  t rade are  summarized i n  Table 6-12. 

TABLE 6-12 

LOAD FACTORS OF VARIOUS TYPE SHIPS 

Tankers, Bulk Containers 

- Long Hauls - Short  Hauls 

0 Grain Vessels - Long Hauls 70-75 

- Dry Cargo - Bulk 40-45 

The comparison between a  c o a l - f i r e d  b o i l e r  and a  d i e s e l  engine 
f o r  a  45% l o a d  f a c t o r  i s  shown i n  F igure  6 4 .  

The c h a r t  shows where t h e  d i e s e l  engine would be a t t r a c t i v e  as 
a  f u n c t i o n  o f  t h e  d e l t a  investmentIHP between the  two types o f  engines 
and t h e  de l  t a  f u e l  cos t  between coal  and 1 i q u i d  d iese l  f u e l .  The 1  i n e  has 
a  s l i g h t  curva ture  i n  i t  s ince i t has been assumed t h a t  t h e  e f f i c i e n c y  o f  
t h e  steam b o i l e r  decreased w i t h  s i z e  down t o  t h e  4500 HP engine. The d e l t a  
investments used i n  t h i s  s tudy are  i n d i c a t e d  on the  char t ,  i .e.  f o r  a  l a r g e  
s h i p  (45,000 HP) an equal investment f o r  a  c o i l  b o i l e r  and a  d iese l ,  w i t h  
t h e  coal  b o i l e r  investment i nc reas ing  as the  s i z e  o f  t h e  s h i p  decrease 
t o  a  d e l t a  o f  $360/HP fo r  a  4500 HP engine. I n  t h i s  i l l u s t r a t i o n ,  i f  coal  
c o s t  $1.50/MBTU and a  l i q u i d  f u e l  c o s t  $3/MBTU, t h e  d e l t a  f u e l  cos t  would be 
$1.50/MBTU. A t  t h i s  d e l t a  coal  would be a t t r a c t i v e  f o r  l a r g e  ships a t  t h i s  
load f a c t o r  w h i l e  a  d iese l  engine would be t h e  best  choice f o r  t h e  medium and 
small  s i z e  ships. I f  t h e  d e l t a  f u e l  c o s t  increased t o  $4/MBTU then coal  
would be t h e  choice f o r  t h e  medium s i z e  vessel.  

F igure  6-3 shows how load  f a c t o r  in f luences t h e  choice 
between a  d i e s e l  engine and a  coa l  f i r e d  b o i l e r .  A t  t h e  90% load 
f a c t o r ,  even the  small s i z e  vessels would f i ~ d  coal  a t t r a c t i v e  a t  a  
f u e l  cos t  d e l t a  of $3/MBTU. As t h e  l oad  f a c t o r  decreases, t h e  d iese l  
powered vessel w i l l  become more a t t r a c t i v e .  Thus, t h e  f o l  lowing would 
appear t o  be t r u e :  

a Large s i z e  vessels should f i n d  coal  a t t r a c t i v e  a t  
any load f a c t o r  . 

Medium s i z e  vessels would be i n  a  breakeven p o s i t i o n  
if they can ge t  a  1  i q u i d  f o r  a  d e l t a  f u e l  c o s t  o f  $3/MBTU 
a t  t h e  60% load f a c t o r .  Above t h i s  d e l t a  f u e l  c o s t  coal  
would be a t t r a c t i v e  
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FIGURE 6-2 
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Smaller s i z e  vessels w i l l  probably stay w i t h  d iese l  
engines up t o  a f u e l  cos t  d e l t a  o f  $4-5lMBTU a t  a l oad  
f a c t o r  o f  40-45%. 

6.4.3 CAPITAL RECOVERY 

The above. conclusions have been made f o r  a c a p i t a l  recovery 
f a c t o r  o f  20% (about 10% DCF). The s e n s i t i v i t y  o f  c a p i t a l  recovery f a c t o r  
i s  shown i n  Figure 6-4. For  example, a t  a 12% DCF re tu rn ,  ,a inedium s i z e  . . , . 
s h i p  would burn coal  i,f d iese l  f u e l  cos t  more than about $3/MBTU a t  a 
90% load fac tor ,  o r  $3.50/MBTU a t  a 60% load  f a c t o r .  As t h e  r e t u r n  l e v e l  . 

increases, t h e  breakeven cos t  f o r  d i e s e l  fue1, increases s l i g h t l y .  For a 
smal l  s i z e  ship,  as t h e  r e t u r n  l e v e l  increases, t h e  . p r i c e  a user would be. . ' . 

w i l l i n g  t o  pay increases t o  around $5-6/MBTU a t  t h e  60% load f a c t o r .  

FUEL CELLS 

Phosphate-type fuel c e l l s  a re  no more e f f i c i e n t  than a marine d lese l  
engine and they need, general ly; a. b e t t e r  grade o f  f ue l  o f  t he  low sul f u r  
d i s t i l l a t e  type. The i r  costs are expected t o  be about as fo l l ows  i n  1980 
do1 1 a rs  . 

Reformer, Ce l l  and c o n t r o l s  250 

DC Motors 55 

Gears 

, 

This i s  f o r  the engine components which would .replace e i t h e r  a 
d iese l  engine ($1 861HP) o r  a steam engi  n e l b o i l  er lcondenser (about $1 5 0 1 ~ ~ ) .  

Accordingly, unless c e r t a i n  spec ia l  p r o p e r t i e s  o f  t h e  phosphate 
f u e l  c e l l  permi t  s u b s t a n t i a l  savings i n  a u x i l i a r i e s ,  s h i p ' s  power supply 
o r  shipyard i n s t a l l a t i o n ,  i t  would n o t  appear t o  be compet i t i ve  w i t h  
o t h e r  engines a t  sea. 

The molten, carbonate c e l l ,  which 'may become commercial ly a v a i l a b l e  
by about 1990, should have an e f f i c i e n c y  o f  50% and may the re fo re  be competi- 
t i v e  i n  c e r t a i n  circumstances. 

Table 6-1 3 shows t h e  cost  o f  t h e ,  horsepower yea r  
obta ined w i t h  f u e l  c e l l s  i n  l a r g e  and sma1le.r s i zed  ships on each,of  t h e  
f u e l s  which cou ld  be used t o  d r i v e  them. E s s e n t i a l l y  these f u e l s  are those 
which can prov ide hydrogen by steam re forming on t h e  sh ip , ' v iz .  



FIGURE 5 - 4  

D I  ESE'L - COALISTEAM COMPARISON 
I 

SMALL SHIPS 
4 5 0 0 - 5 0 0 0  HP 

MEDIUM SHIPS 
9 0 0 0 - 1 5 0 0 0  HP 

*DAYS AT SEA 

t - - - - - - - - - - L A R G E  SHIPS 
4 5 0 0 0  HP 

DCF RETURN REOUIRED BY SHIPOWNERS 



TABLE 6-13' 

Synthetic D i s t a l l a t e  a t  ($4;90/MBTU) 

S y n t h e t i c D i s t i l l a t e a t  ($~.oo/MBTu)' 

L iqu id  Methane ($9 .'50/MBTU) 
. . 

Fuel Cost O f  . 
$/HP Y r .  

Large Ships Small e r  Ships 
Po 4 - CO 3 POII COs 

a L iqu id  methane 5 91 500 636 545 / 

The main po in t  t o  be noted i s  t h p t  unless some equivalent  feed- 
stock a t  about $4.90/MBTU can be made ava i lab le  f o r  use o f  these c e l l s ,  
they stand no chance o f  competing w i t h  l i q u i d - f u e l - f i r e d  steam, coal-  
f i r e d  steam o r  d iese l  engines. 

I f  shale d i s t i l l a t e  i s  made ava i lab le ,  i t  seems c e r t a i n  t h a t  
something cheaper would be ava i lab le ,  f o r  the d iese l  engine (e. g. raw shale). 

Therefore,' the. best  poss ib i l  i ' t y  f o r  the fue l  c e l l  - a t  sea would be 
f o r  l a rge  ships using molten carbonate ce l l s ,  g i v i ng  the HPY f o r  $315. This 
would. be c lose enough t o  diesel  a t  $284/HPY t o  j u s t i f y  a c loser  examination. 

However, g iven coal a t  $0.9-1.6/MBTU the c o a l - f i r e d  steam b o i l e r /  
tu rb ine  should'be able t o  undercut the  molten carbonate f u e l  c e l l  by $100/HPY 
f o r  la rge and smal ler  vessels. 

Under an unl i ke l y  :scenario, wherein' methane became the on ly  fue l  
avai lable,  the no1 ten  carbonate fue l  c e l l  woul,d have the lowest cost  ($/HPY) 
o f  any engine because o f  i t s  super ior  e f f i c i ency .  ' , 

6.6 POSSIBLE ROLE OF A SAILING S H I P  

~ I f  a s a i l i n g  sh ip  could r e l y  on the wind f o r  80% o f  her propulsion, 
and handled the o ther  20% w i t h  a diesel  engine running on raw shale o i l ,  1584 
horsepower hours would be used per  year ,through each i n s t a l l e d  HP of the 

~ d iesel  engine a t  a cos t  o f  $1 58 f o r  cap i t a l  , fue l  and maintenance. That would 
leave a saving of $100/HPY over the  lowest cos t  competi tor (namely a coal-  
f i r e d  steamship). This $100/HPY, appl i e d  as cap i t a l ,  breaks even i f  the s a i l s  
and t h e i r  con t ro ls  can be i n s t a l l e d  f o r  $500/horsepower o r  less.  Sa i l s  f o r  
a 30 foot pleasure vessel1 cost  about S2OOlhorsepower. The 80/20 s p l i t  may be very 1 
op t im i s t i c  i n  which case the economic d r i v i n g  fo rce  would be much less.  - a This approach would have obvious environmental and energy conserva- 
t i o n  advantages. F u l l  d iese l  power has been envisaged f o r  t h i s  vessel t o  
insure sa fe ty  and a good t ime schedule. 



I f  the .p r i ce  o f  coal were t o  r i se ,  the appl icable cap i t a l  per 
horsepower o f  s a i l  would stay i n  the proport ion 400 times the cost o f  coal 
i n  $/MBTU. 

The f e a s i b i l i t y  o f  using s a i l i n g  sh ip  f the ~ m e r i c a h  M~rchan t  
Marine was invest igated a t  Michigan Univers i ty.f6-f)r They found t h a t  
comnercial s a i l i n g  ships would be l i m i t e d  i n  s.ize t o  about 50,000 ton 
cargo dead weight. This l i m i t  i s  a r e s u l t  o f  the need f o r  deep d r a f t  
t o  develop s ide force i n  -on-wind sail ing,. and ' o f  the need f o r  a 
reasonable aspect r a t i o .  Channel depths d i c t a te  the l i m i t  i n  the former 
instance; considerations o f  reasonable spar s t ruc tu re  i s  the l i m i t  i n  
the  l a t t e r  case. The study d i d  f i n d  t h a t  i t should be qu i t e  feas ib le  from 
a technical  standpoin,t t o  handle t h e , s a i l s  by deck-mounted machinery so 
t h a t  the crew dut ies  would be comparable t o  those o f  a powered vessel. 

Table 6-14 shows the energy input  I n  terms o f  primary fue l ,  which i s  
requl red t o  produce one HPH (2547 Btu of work energy) tak ing i n t o  account a l l  
the energy l o s t  i n  conversion t o  engine fue l ,  l o s t  i n  t ranspor ta t ion t o  the 
engine, and l o s t ' a s  r e j e c t  heat a t  the engine i t s e l f .  

. The f igu res  were ca lcu la ted using the expression: 

Btu/HPH - -  
(mine t o  p rope l le r  sha f t )  - 2:47 x F l  x F2 

Values for  F1 and ' F p  (which r e l a t e  t o  the e f f i c iency  o f  engine fue l  
production from the primary source, .and t o  the r a t i o  o f  gross t o  net heat con- 
ten t )  are  given below. 

The values f o r  E, the e f f i c i e n c y  o f  the engine, i s  the maximum value 
. given i n  Table 6-3. 

The most e f f i c i e n t  combination' o f  fue l  and engine i s  a diesel  
running on raw shale o i l ,  c lose ly  fo l lowed by S t i r l f n g  running on coal .  

It i s  i n t e res t i ng  t o  note the r e l a t i v e l y  small . d i f ference between a 
steam engine running on sol  i d  coal (8.3 k .  Btu/HPH) and a molten carbonate c e l l  
running on h i gh l y  re f ined,  h igh ly  processed coal l i q u i d s  (9.8 k Btu/HPH). Of  
course on a d o l l a r  basis the spread between these two exam l e s  i s  much more 
extreme, $190-~~O/HPY.  f o r  coal/stearn versus $480/HPY f o r  tRe C O ~  ce l  I. 

F 1 F 2 
(GrossINet) . (Mine B tu l f ue l  Btu) 

Coal 

Raw shale 

Coal / o i  1 s l  u r r y  

Shale 1,iquids 

Coal 1 iqu ids.  

Methane 

* 1.080 f o r  coal derived gas01 i ne. 



TABLE 6-14 . , 

k Btu/HPH Mine t o  Propel 1 e r  

Engine. 
Gas Turbine Fuel Ce l ls  

Fuel - Steam Diesel Simp1 e Regenerative S t i r 1  i n q  Free P is ton POb COa 

Coal / o i  1 s l u r r y  , 9.4 - ,7.2 - - - - 8.6 -- -- - - 
Raw shale ' 9.4 7.2 10.8. 8.6 8.6 ' 10.8 -- - - m 

I 

Shale 1 i qui  ds 13.5 . 10.3 15.4 12.4 12.4 
N . 

15.4 10.5 8.7 u 
. . 

Coal l i q u i d s  15.3 11.6 17.5 14.0 14.0 17.5 11.9 9.8 

Liquid methane ' 16.6 12.6 18.9 15.1 15.1 18.9 1.2.9 10.6 
i 



MARINE TRANSPORTATION (Other Than The Foreign Sector) 

Energy consumption i n  Marine Transportat ion i s  h ighest  i n  the 
fore ign t rade sector ,  bu t  most of the ships i n  t h a t  t rade are  no t  U.S. f l ag ,  
and most o f  the fuel used i s  n o t  U.S. derived. There are however s i x  o the r  
sectors which are  mainly U.S. f l a g  (and some Canadian) which i n  t o t a l  consume 
about 0.5 quads o f  energylyr. ,  most o f  i t  purchased i n  the United States. 

The fo l lowing t ab l e  shows the pa t te rn  o f  consumption i n  1974, w i t h  
a  p ro j ec t i on  fo r  the year 2000. 

TABLE 6-15 

P roduc t i v i t y  and Energy Consumption o f  the 
Marine Transportat ion Indus t ry  

1 

1974 2000 
Long Tons Long Tons 
o f  Cargo Energy o f  Cargo Energy 

Moved Consumed Moved Consumed 
Indus t ry  Sector (mi 11 ions)  (quads) % (mi 11 ions)  (quads) % 

% 

Foreign t rade 654.9 2.360 80.5 1573.6 5.600 84.3 

Great Lakes 175.3 0.052 1.8 325.0 0.100 1.5 

I n l and  waterways . 535.8 0.089 3.0 789.0 0.100 2.2 

Coastal 

Offshore - - 0.064 2.2 - - 0.200 .2.9 

Pleasure c r a f t  - - 0.225 7.6 - - 0.300 3.8 

F ish ing  and 
miscellaneous - - 0.032 1  .I - - 0.100 1.5 

Tota l  1579.0 2.934 100.0 3090.6 6.700 100.0 

Source: Ref. 6-8 

I t  w i l l  be seen t h a t  the l a r g e s t  propor t iona l  growth has been 
forecast f o r  "Offshore" a c t i v i t i e s ,  meaning d r i l l i n g  and ocean-f loor mining 
operat ions. F ish ing  w i l l  increase due t o  the  extension o f  coastal  l i m i t s  t o  
200 mi les.  Pleasure c r a f t  a re  forecast  t o  grow on ly  modestly i n  t h e i r  energy 
demands, and t o  dec l ine s i g n i f i c a n t l y  i n  terms o f  percentage. 

I n  ' t o t a l ,  t he  p o r t i o n  o f  f ue l  used i n  marine t ranspor ta t ion  from U.." 
sources was 0.8 quads i n  1974, and i s  forecast t o  be 1.1 quads i n  2000 A.D. 



GREAT LAKES SHIPPING 

I r o n  ore,' coa l ,  and mining products account f o r  90% o f  the  ton nag^ 
movements on the  Great Lakes. Most vessels are U.S. f l a g ,  about- 50%'steam, 
50% d i e s e l .  

INLAND WATERWAYS (Ri ve.rs and canals) 

Goods a re  moved on these waters p r i n c i p a l l y  by grouped barges, 
powered by d iese l  tugboats o r  towboats. The engines are  essen t ia l  l y  r a i  1 road 
type d iese l  engines fue led  by a1 1 - d i s t i l  l a t e  f u e l .  

COASTAL 

A l a r g e  p a r t  o f  t he  coasta l  tonnage i s  expected t o  be Alaska crude 
i n  medium-size tankers.  

OFFSHORE AND FISHING 

The operat ions off-shore u t i  1 i r e  e s s e n t i a l l y  medium-speed r a i l r o a d  
type d iese l  engines f o r  d r i l l  ings  and f o r  operat ing.  t he  small c r a f t  support 
between shore and r i g .  ,F ishing i s  l i k e w i s e  powered by .d iese l  engines most of 
which are  h igh  speed and o f  modest horsepower, l ess  than 1000 hp. 

PLEASURE CRAFT 

These are  fueled e i t h e r  by gaso l ine  o r  by #2 d iese l  f u e l  o f  t h e  
type c a l l e d  Marine.Gas O i l  i n  i n t e r n a t i o n a l  t rade.  

E s s e n t i a l l y ,  extension o f  the  study o f  marine t r a n s p o r t a t i o n  i n t o  
these i n l a n d  and domestic sec tors  draws a t t e n t i o n  t o  f o u r  d i s t i n c t  types of 
vessel s : 

seagoing vessels e s s e n t i a l l y  i d e n t i c a l  w i t h  
those i n  f o r i e g n  t rade  and sub jec t  t o  t h e  
cons idera t ions  discussed i n  t h a t  sec t i on  

lake-going vessels s i m i l a r  t o  t h e  above b u t  
sub jec t  t o  more s t r i n g e n t  requirements as 
regards environmental c o n t r o l  

tug-boats, etc. ,  employing what are  e s s e n t i a l l y  
r a i  1 road d iese l  engines 

a' smal le r  c r a f t  employing engines very  s i m i l a r  
t o  those used on t h e  highway. 

Accord ing ly  the  f o l l o w i n g  p o s s i b i l i t i e s  are  considered l i k e l y  w i t h  
. regard t o  f u t u r e  f u e l s  f o r  each o f  these f o u r  c lasses o f  marine transportat;i:..\i. 
: 



SEAGOING VESSELS I N  COASTAL TRADE 

New const ruct ion would favor  coal - f i r e d  steam tu rb ine  propul s i  on 
.except on the very. important  Alaska route. This i s  essen t i a l l y  a  sea- l ink 
between petroleum p ipe l ines  and as such would be the l a s t  t o  suf fer  shortage 
'of  petroleum der ived d i e s e l  f ue l .  The ships '  f ue l  could be c u t  from the crude 
o i l  by a  simple topping operation on shore. Regenerative gas turb ines o r  com- 
bined gas turbine/steam tu rb ine  engines would be a  d i s t i , nc t  p o s s i b i l i t y  on 
t h i s  route espec ia l l y  i f  arrangements could be made t o  s to re  f u e l . o f  special 
type a t  each end o f  the voyage. . 

LAKE-GOING VESSELS 

vessels on the   re at Lakes have a much longer 1  i f e  than those i n  
ocean trade. F i f t y  years i s  not  an unusual per iod o f  a c t i v i t y  f o r  such vesse.1~. 

Thus a  vessel b u i l t  today might be expected t o  continue i n  serv ice 
u n t i l  2030 AD. It would probably be prudent t o  b u i l d  such vessels f o r  steam 
tu rb i ne  propuls ion and t o  make arrangements f o r  e i t h e r  o i l  o r  coal t o  be 

: used as f ue l .  Such a vessel would provide an exce l lent  t e s t  bed f o r  f l u i d i z e d  
combustion. 

Furthermore the Great Lakes are s u f f i c i e n t l y  l i m i t e d  geographical ly . 
t o  make coal handl ing feas ib le  a t  most o f  the ports.  Cleveland could become 
a major bunkering p o r t  f o r  coal.  On the other hand, shale o i l  ( o r  Canadian 
Tar Sand O i l )  could be made ava i lab le  a t  a1 1  these por ts  wi thout  special  
economic hardship. 

.- TUG BOATS ON INLAND WATERWAYS 

I f  raw shale o i l  i s  made ava i lab le  a t  $3/MBtu, these c r a f t  would 
have an ,assured~ fu tu re  w i t h  the type o f  d iese l  engine t h a t  they present ly use. 
Under the crowded condi t ions o f  navigat ion t h a t  these c r a f t  encounter, i t  i s  
doubtfu l  t h a t  the medium-to-high speed d iese l  engines would be given up, even 
i f  diesel  f ue l  rose i n  cost t o  $5/MBtu. 

PLEASURE CRAFT 

These c r a f t  use essen t i a l l y  highway f ue l s  and would develop, o r  
change, i n  p a r a l l e l  fashion t o  highway t r a f f i c .  

Fuels such as alcohol would be serious technical  contenders f o r  the 
engines which cu r ren t l y  use gasol ine, but  cost  would favor  the use of shale 
o r  coal der ived gasolines. A r e t u r n  t o  s a i l  power would be l o g i c a l  as f ue l s  
increase i n  p r i ce .  



6.9 RESEARCH NEEDS 

. Engine manufacturers are  per forming much research I n t o -  the  pos- 
' s i b i l ' i  t i e s  o f  running modi f ied  d iese l  engines and mod i f i ed  gas tu rb ines  on 
low-qua1 i ty - fue ls ,  s i m i l a r  i n  p roper t i es  t o  today 's  bunker f u e l  o i l .  The 
main quest ion i n  t h e i r  minds concerns, i f , when, and a t  what p r l c e  such a 
rep1 acement might  become a v a i l  able.  

Since shale o i l  seems t o  be t h e  on ly  candidate which comes c lose 
t o  f i t t i n g  t h e  d e s c r i p t i o n  o f  a bunker fue l  replacement, shale o i l  and coal  
could be the  o n l y  ser ious  contenders f o r  f u t u r e  sh ip  propuls ion.  

I n  steam propuls ion,  a g rea t  'deal o f  'experience i s  a v a i l a b l e  from 
o i l  - f i r e d  shipse. Steam cyc les  could be improved t o  increase e f f i c i e n c y .  For 
example, 'a sh ip  r a t e d  a t  32% e f f i c i e n c y  i n  these examples cou ld  be r a i s e d  t o  . 

37% by adopt ion o f  more severe .steam cond i t ions  such as 1900 psig/105O0F/ 
reheat.  However, t h e  amount o f  c a p i t a l  which i s  j u s t i f i a b l e  t o  make 
such an improvement depends on t h e  value o f  t h e  coa'l saved, wnich would o n l y  
be $1 2/horsepower year  f o r  a. 1 arge vessel w i t h  coal a t  $1.23/MBtu. That i s ,  
a t  20% c a p i t a l  recovery one would o n l y  wish t o  spend a maximum o f  $60/horse- 
power . t o  e f f e c t  the  improvement. Whet'her t h i s  i s  p r a c t i c a l  o r  n o t  c a l l  s f o r  
a c lose r  i n q u i r y  i n t o  the  ac tua l  costs o f  c o a l - f i r e d  b o i l e r s  f o r  sea-going 
appl i c a t i o n .  $60/horsepower t rans1 ates i n t o  about $1 0 per  h o u r l y  pound o f  
steam. 

I n  tu rn ,  t he  establ ishment o f  r e l i a b l e  b o i l e r  costs requ i res  agree- 
ment as t o  the  environmental r e s t r a i n t s  which are  requ f red  o f  c o a l - f i r e d  
ships i n  terms o f  emissions t o  a i r  and water. Such vessels would probably 
have t o  burn a c leaner f u e l  i n  harbor. 

Some R&D ideas f o r  t h e  marine area a re  out1 ined below. 

A s tudy on l o g i s t i c s  of coa l  supply t o  ships - i s  i t  f e a s i b l e  - 
i s  space a v a i l a b l e  t o  s t o r e  and handle t h e  coa l?  

A study on c o a l / o i l  s l u r r y  f o r  e x i s t i n g  vessels - cou ld  i t  be 
used i n  c u r r e n t  b o i l e r s ?  What are  t h e  storage requirements; i s  
i t  poss ib le  to.  modi fy  a low speed d i e s e l  t o  burn a s l u r r y ?  

.A study on t h e  best  type of b o i l e r s  f o r  coal  - I s  f l u i d  bed 
combustion a p o s s i b i , l i t y ?  What.are t h e  environmental 
r e s t r i c t i o n s ;  t he  s i z e  l i m i t a t i o n s  ? 

Should f u e l  c e l l s  be considered fo r  smal le r  ships? 

A study on t h e  f u t u r e  market f o r  var ious f u e l  i n  each c l a s s  o f  
vessels. 

e I n v e s t i g a t e  if a low speed d i e s e l  can burn cbal .  

e Study how t h e  t r a n s i t i o n  w i l l  be made f rom t h e  c u r r e n t  f u e l s  
t o  a l t e r n a t e  f u e l s .  



' I APPENDIX 6-A 

. CAPITAL INVESTMENT AND ENGINE EFFICIENCY 
.DETAILS' CHOSEN FOR TABLE 6-3 . 

FIRM DATA 

Columns (1 ) and (3)  r e f l e c t  data ob ta ined from ~ x x o n  I n t e r n a t i o n a l  
based on orders '  f o r  s h i p b u i l d i n g  1980. Col umn (1 ) i s  a '  400 000 ton - 45 000 

I HP steamship w i t h  e f f i c i e n c y  32%. 

Column (3)  i s  a  22 000-ton low-speed d iese l  d r i v e n  ship,  9500 HP 
w i t h  e f f i c i e n c y  42%. Both have s u f f i c i e n t  steam prov ided f o r  cargo heat ing .  

I The a u x i l  i a r i e s  which are  common t o  both vessels i nc lude :  

A u x i l  i a r y  condenser, a i r  e j e c t o r  
Fans, uptake and s tack  
Lube o i l  system 
Fuel o i l  system 
Dr ink ing  wate.r, wash water, . s a n i t a r y  system 

, Auxi 1  i a r y  steam sys tem 
. . Feed, condensate, sa l  t water  system 

Sal t water evaporators 
Cargo pumps and turbine,' steam p i p i n g  . 

Machine shop 

Not a l l  o f  these would be considered p a r t  o f  t he  p ropu ls ion  p l a n t  
by  a l l  vessels owners b u t  they  were t r e a t e d  t h i s  way f o r  a l l  sh ips  i n  t h i s  
study. That  means t h a t  about $150 o f  each i n s t a l l e d  horsepower f o r  each 

. vessel i s  accounted f o r  b y  t h i s  1  i s t  o f  a u x i l  i a r i e s .  

I n  t h e  case o f  gas t u r b i n e  ships the  f i g u r e  has been reduced because 
the  f u e l  and 1  ube systems a re  inc luded i n  the  cos ts  o f  the  engine A t s e l f .  

I Column (5),  the regenera t ive  gas t u r b i n e  conta ins  the  f o l l o w i n g  
f i g u r e s  ob ta ined from General E l e c t r i c  f o r  a  30 000 HP, 5002-BR engine. 

To ta l  P lan t  
$/HP 30 000 HP - 

I Engine $5 m i l l i o n  167 

I . 
Gearing and p r o p e l l e r  $1 .6 m i l l i ' o n  53 

I Fuel washfng and vanadi um I n h i b i t i o n  $0.4 m i l l i o n  13 

I r i  Column (5)  the  c o s t  o f  the  p r o p e l l e r  i s  g i ven  as $53/HP f o r  gas 
t u r b i n e  ships,  versus $20 f o r  a l l .  o the r  sh ips.  



DERIVATIONS 

A. Coal -F i red Bo i l e r s  

The f i gu re  $230 f o r  the coa l - f i r ed  b o i l e r  i n  Column (2 )  represents 
$40 per hour ly  pound o f  steam, which i s  fou r  times the cost  o f  t he  corres- 
ponding o i l - f i r e d  b o i l e r  i n  Column (1) .  

According t o ,  in format ion provided by Foster Wheeler, t h i s  may be 
too conservative . 

Shore-based bo i l e r s  are s e l l i n g  f o r  between $40 and $70 per hour ly  
pound o f  steam depending upon the degree o f  a i r  p o l l u t i o n  cont ro l  required.  

The imp1 i ca t ions  o f  b o i l e r  p r i c e  are discussed i n  the t e x t .  

B. Simple Cycle Gas Turbines 

I n  Column (4)  the cost  o f  the engine i t s e l f  has been taken as $75/ 
.', HP. ,This i s  cons is tent  w i t h  quotat ions o f  $1 00/kW for  simpl e  t u rb f  ne elec-. 

, t r i c a l  generation. The e f f i c i ency  o f  28% i s  taken from experience w i t h  FT 4A 
englnes aboard t r ansa t l an t i c  container ships operat ing on d i s t i l l b t e  f ue l .  
The lower f f  gures i n  parentheses (25%) appl f  es t o  such ships when fueled w i t h  
res idua l  blends. 

The discrepancy between the simpl e  tu rb ine  aux i l  i a r i e s  a t  $1 25/HP 
versus $1 38 f o r  the regenerative tu rb ine  i s  the $13 f o r  fue l  washing given 
by GE. Ac tua l l y  e i t h e r  vessel could employ the fue l  washing and indeed woul d  
have t o  do so i f  raw shale o i l  were used. 

C. S t i r l i n g  Enqine Costs 

A S t i r 1  i n g  engine i n  the s i ze  range 9000 t o  15 000 HP would be an 
e n t i r e l y  new development. Design and r e l a t f  ve weight considerat ions alone 
( leav ing  ou t  development costs)  would place i t  a t  1  east 50% more cos t l y  than 
d iese l .  The f i gu re  o f  $~OO/HP i n  Column (6)  was chosen on t h i s  basis. As i n  
a l l  cases, an e r r o r  o f  $100 i n  cap i t a l  est imate re f l ec t s  as. $20 per horsepower 
year and t h i s  i s  discussed i n  the t e x t .  

D. Free P is ton Enqine Costs 

I n  Column (7 )  the dree p i s t on  engine has been costed j u s t  marg ina l ly  
above .the f i r m  d iesel  engine p r f  ce. 

E. Shipyard I n s t a l l a t i ' o n  

The f i r m  f igures are  $73 for  l a rge  steamships, $148 for  smal ler  
d iese l .  ships. 

S t i r l i n g  and Free P is ton hav'e been pu t  i n  a t  $150 since they are 
app l icab le  (if a t  a l l )  t o  smal ler  ships. 



Gas turbines have been given f igures toward the lower end o f  the 
f i r m  extremes, $75 f o r  the simpl e  turbines, $1 00 f o r  the regenerative. types. 
Coal - f i red steam ships have been given $100 f o r  i n s t a l l a t i o n ,  i .e. $27 more 
f o r  i n s t a l l  i ng  the coal b o i l e r  and i t s  fue l  and ash handl i n g  equipment. 

The f i gu re  O.Plb/HPH i s  from Exxon in te rna t iona l  experience, backed 
up by pub1 i shed examples i n  the diesel  engine users handbook. 

The f ree  p is ton  a t  0.5b/HPH i s  an. extrapol  a t i on '  from the diesel  
case. recognizing the heavy maintenance load experienced aboard the John 
Patterson. 

Figures f a r  o i l - f i r e d  steam, coa l - f i r ed  steam and f o r  the  gas t u r -  
bines have been taken f r o m  corresponding publ ished f igu res  i n  p lan ts  generat- 
i n g  e l e c t r i c i t y .  

They are a l l  l ess  than the diesel  case. An e r r o r  o f  O.ld/HPH re -  
: f l e c t s  as a  change o f  $8 i n  the cost  o f  a  horsepower year. 

- Maintenance f o r  the S t i r l i n g  has been estimated t o  be the same as 
t h a t  o f  a  simp1 e gas turb ine.  , 

G. Value o f  Cargo Space Occupied by Fuel. 

Coal - f i red vessels requ i re  a  50% l a r g e r  volume f o r  fue l  space, than 
* 

i s  needed w i t h  any o f  the o ther  fue ls .  (Methane does no t  have t o  be considered.) 

To d r i ve  a  horsepower u n i t  f o r  a  40-day voyage requires:  

Diesel - 1 bar re l  o f  fuel  o i l  

O i l - f i r e d  steam - 1.3 ba r re l s  o f  fue l  o i l  

Coal - f i red steam - 2 bar re ls  o f  space f o r  coal 
, 

Thus the coa l - f i r ed  vessel could be conside.red t o  have l o s t  1 bar re l  
. 

o f  cargo space f o r  every horsepower. I n  the year, t h a t  ba r re l  o f  space could 
have c a r r i e d  8  bbls o f  product (8 voyages per year) .  

A t  50$/barrel shipping charges (on 'a 40-day voyage), t h a t  l o s t  space 
could have earned $4 which should be deb i t ted  aga inst  the  cost  o f  a  coa l - f i r ed  
horsepower year. This i s  small compared w i t h  the cost  o f  the horsepower year 
which i s  between $200-300. With new ships, the, vessel could be b u l l  t s l  i g h t l y  
1  arger t o  handl e  the coal storage. I n  the case o f  Col 1  i ers, the del t a  cost  
would be almost nothing. 

H; Scale-up and Scal e-down Factors 

While the firm data r e l a t e  t o  vessels o f  d i f f e r e n t  s izes 

45,000 HP - steam 
30,000 HP - gas tu rb ine  

9,500 HP - diesel  



i t  i s  poss ib le  t o  make reasonable ex t rapo la t i ons  o f  c a p i t a l  costs and engine 
e f f i c i e n c i e s  t o  ships o f  o the r  s izes.  Table 3-2 g ives t o t a l  costs per  horse- 
power year f o r  two s izes  o f  sh ip  on each fue l  . The f o l l o w i n g  c r l t e r i a  have 
been used t o  t r a n s l a t e  between the two s izes .  

Steamships 

Engine, b o i l e r ,  and shipyard i n s t a l l a t i o n  costs 'have been sca led 
as fo l lows:  

Total  cos t  B  = ( s i z e  B/s ize A)'.' Cost A 

Cost BIHPH = ( s i z e A / s i z e  B ) ' . ~  Cost A/HPH 

Thus a  coal b o i l e r  cos t  o f  $230/HP f o r  a  45 000 HP sh ip  becomes: 

45 000)0.2 = $230 x  1.364 = $ 3 1 4 1 ~ ~  $230 x ( 9: 500 

f o r  a  9500 HP c o a l - f i r e d  steam sh ip .  

Prope l le r ,  a u x i l i a r i e s  and power supply have been costed a t  p a r i t y  
w i t h  the  small d iese l  sh ip .  

Diesel  Ships 

No s c a l i n g  f a c t o r s  have been used. The view taken i s  t h a t  the  cos t  
o f  a  horsepower on a  d iese l  vessel i s  e s s e n t i a l l y  t he  same regardless o f  s i ze .  

Gas Turbine Ships 

$30/horsepower was added t o  each gas t u r b i n e  s h i p  as she was scaled 
from 30 000 HP down t o  the  12 000 HP range. 

. S t i r 1  i n s  and Free P is ton  Engines 

These were taken as having a p p l i c a t i o n s  t o  small 'ships on ly .  

Were scaled as fo l lows:  

Large Small e r  Smal lest  
Ships Ships Ships 

O i l  f i r e d  steam* 32% 
Coal f i r e d  steam* 32% 
Diesel 42% 
Simple GT c lean) 28% 

#I [ d i r t y )  28% 

Regen. GT (c lean) 35% 
I#  ( d i r t y )  34% 

S t i r 1  i n g  -- 
Free p i s t o n  - - 

The p o s s i b i l i t i e s  f o r  h igher  e f f i c i e n c y  are  discussed i n  t h e  t e x t .  



Maintenance 

Figures were taken as the same f o r  each i n d i v i d u a l  engine regard- 
l e s s  o f  s h i p  s i ze .  Maintenance was increased t o  0.22& f o r  t he  case o f  a  
gas t u r b i n e  running on d i r t y  f u e l .  

Fuel C e l l s  

Were costed as fo l l ows :  

Ce l l  s, f u e l  processor and c o n t r o l s  250 225 

DC Motors 55 55 

Gears (45,000 HP) 22 22 ' 

26 26 " (9500 HP) 

Taking o t h e r  a u x i l i a r i e s ,  b o i l e r  and p r o p e l l e r  as 'given f o r  steam 
i n  the  l a r g e  engine s ize,  and as g iven f o r  'd iese l  i n  the  small engine s i z e  
leads t o  the  f o l l o w i n g  t o t a l  c a p i t a l  f o r  machinery and a u x i l i a r i e s  i n  f u e l -  
c e l l  d r i ven  ships.  

$/HP 
Size PO1, a 

HYDRAZINE AND HYDROGEN AS 
POTENTIAL FUELS 

Suggestions have been made i n  the  l i t e r a t u r e  t h a t  hydrazine a  d 
hydrogen woul d be des i rab le  f u e l s  f o r  f u e l  c e l l  s  i n  marine appl i c a t i o n s ! 6 - 3 . ~ ~ - ~ )  
However, as was shown i n  t h i s  study, hydrazine i s  p ro jec ted  t o  c o s t  a t  l e a s t  
s i x  t imes as much as d i s t i l l a t e s  from coal ,  so t h a t  i t  does n o t  appear t h a t  
hydrazine-based f u e l  c e l l  systems cou ld  ever  compete economical ly w i t h  f u e l  
c e l l s  based on o t h e r  fue l s ,  o r  w i t h  o the r  types o f  pr ime movers. 

Considering t h e  h igher  thermal e f f i c i e n c y  poss ib le  w i t h  hydrogen I n  a 
UOH e l e c t r o l y t e .  fuel c e l l  (60% versus 50% i n  a  mol t e n  carbonate fuel c e l l  ) t he  
e f f e c t i v e  cos t  o f  hydrogen gas a t  t he  manufactur ing p l a n t  would 'be about equiva-: 
l e n t . t o  t h a t  o f  d i r e c t  coal gas01 ine,  bu t  more expensive than i n d i r e c t  coal 
d i s t i l l a t e s .  However, when bu lk  t r a n s p o r t a t i o n  cos ts  t o  b r i n g  t h e  hydrogen t o  
mardne storage depots are  added,.the equ iva lent  c o s t  o f  hydrogen, a l l o w i n g  f o r  
f u e l  e f f i c i e n c y  d i f fe rences,  would be apprec iab ly  g rea te r  than t h e  c o s t  o f  
l i q u i d  d i s t i l l a t e s  from coal .  I n  a d d i t i o n  t h e  cos ts  f o r  s t o r i n g  hydrogen 



a t  the mar ine  depots would be considerable, and the l o g i s t i c s  involved ' 
i n  maintain ing hydrogen ' i n  storage a t  necessary por ts  o f  c a l l  around the 
wor ld would be cos t l y .  Furthermore, the large costs involved i n  s t o r i ng  
hydrogen on board ships ( i n  metal hydrides, as gas under pressure, o r  as 
a cryogenic 1 iqu id )  add another s i g n i f i c a n t  increment t o  the t o t a l  costs 
f o r  .use o f  hydrogen which leads t o  the conclusion that '  hydro en is 

f ue l s  considered i n  t h i s  study. 
9 completely'uneconomic f o r  marine use based.on the cost  s t ruc  ure f o r  the 
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7. R A I L R O A D  

3 .  Perc'ival 
E. W.  N icholson 

7.1 SUMMARY 
I 

U.S. r a i l  roads a r e  c u r r e n t l y '  powered 1  a rge l y  by two major  
workhorses. 

1. The 3000 HP d iese l  e l e c t r i c  f r e i g h t  haul i n g  
locomot ive which cos ts  c lose  t o  $100 f o r  each 
horsepower de l  S verabl e  t o  the  e l e c t r i c  motors2 
which d r i v e  t h e  wheels. Maintenance costs,  
repo r ted  annua l ly  by t h e  operators t o  I n t e r -  
s t a t e  Commerce Commission average $25,00O/yr 
(0.4b/HPH de l  i vered) . 

, 
2. The 1600 HP 'd iese l  e l e c t r i c '  sw i t ch ing  engine, 

which costs c lose  t o  $160/HP, i n c u r s  approx i -  
ma t e l y  $1 2  ,.000 f o r  mai n tenance ly r .  

Both types o f  locomot ive spend considerable t ime w i t h  t h e i r  e n - .  
gines i d l i n g .  

With f u e l  a t  $3/MBtu, t h e  c u r r e n t  cos t  o f  d iese l  ($1 980), t he  
annual f u e l  cos ts  .are: 

k  $/Year f o r  Fuel 
F r e i g h t  Swi t c h i n p  

. Fuel consumed work ing 160 18 

Fuel consumed i d l  i ng , I 2  10  - - 
172 ' 2 8  

I f  the  c u r r e n t  c o s t  o f  a  horsepower year  i s  de f ined as: 

20% c a p i t a l  recovery + cos t  o f  f u e l  + 
maintenance c o s t  

then' t he  fo l l 6w ing  f i g u r e s  a re  de r i ved  by d i v i d i n g  each o f  t h e  c o s t  i tems 
g iven above by t h e  t o t a l  horsepower. o f  t he  locomotive. 

$ Cost per  Horsepower Year. 
F r e i g h t  S w i t c h i n g  

Cap i ta l  2 1  3 3  
Fuel ' 56 17 
Maintenance 8  8  - - 

Tota l  85 5  8  



Both engines are thermal ly e f f i c i e n t  s ince they are based on the 
diesel  cycle. However, there would be something o f  the order $4 per HPY i n  
f ue l  t o  be saved on the f r e i g h t  operation, and $6 per HPY on the swi tching 
operation, i f  the extensive id1  f  ng t ime were e l  imfnated. ' Presently the 
operators view t h i s  modest expense as being j u s t f  f l e d  f  n  terms o f  minimiz ing 
t o t a l  ma1 ntenance costs and i n  keeping the locomotive I n s t a n t l y  ava i l  abl e  . 

I n  order f o r  an a l t e r n a t i v e  prime mover t o  compete against  
today's d iesel  e l e c t r i c  locomotive, f  t must show some advantage i n  one o r  
more o f  the fo l low ing  ways: 

1  . lower cap i t a l  cost  

2. . a b i l  i ty t o  burn a lower cost  fue l  than the 
diesel  engine can burn (e.g. coal ) 

3. h igher thermal e f f i c i e n c y  

4 .' 1 ower m a i  ntenance 

5. qual i f y  f o r  the $4-6/HPY savings i n  i d 1  i n g  
fue l  cost  mentioned above. 

An a1 t e rna t i ve  engine would qual i f y  on p o i n t  ( 5 )  i f  i t  does not  
have t o  i d l e .  However, t h i s  advantage could be l o s t  i f  the many s t a r t s  
and stops cause increased maintenance. None of the a1 ternat ives considered 
i n  t h i s  report ,  are l i k e l y  t o  b e t t e r  the cu r ren t  diesels i n  terms o f  lower 
cap i t a l  . 

Steam engines and S t i r 1  i n g  engines woul d  be able t o  burn coal . 
The low ef f ic iency o f  a  p rac t i ca l  steam engine would o f f s e t  p a r t  o f  the 
monetary savings associated w i t h  the low cost  fue l ,  and both candidate coal 
burners woul d  be much more expensf ve in '  f i r s t  costs than the diesel  e l  ec- 
t r i c  prime mover. ' The f i r s t  costs would be dependent upon ,the degree o f  a i r  
pol  1  u t i o n  cont ro l  required. 

Fuel c e l l s  are more e f f i c i e n t  than the  diesel  engine, more expensive 
i n  f i r s t  costs, lower i n  niaintenance costs, and they would q u a l i f y  ' f o r  the 
non-id1 i ng  bonus. The phosphate type fue l  c e l l  becomes competi t ive w i t h  
the diesel  locomotive f o r  f r e i g h t  hauling'when fue l  costs r i s e  above $6/MBtu. 

' 

Gas turbines have been employed on locomotives but  have not competed 
economically w i t h  the diesel  op t ion  except where fue l  pr ices have been ex- 
tremely low. This i s  p a r t l y  because the gas turb ines were l e f t  id1 i ng  f o r  
lengthy periods, a  mode I n  wh,fch t h e i r  fuel consumption i s  much higher than 

. t h a t  o f  the diesel  engine. 

A regenerative gas t u rb i ne  would be c lose ly  competi t ive w i t h  d iesel  
e l e c t r i c  f o r  f r e i g h t  hau l ing provided means could be found t o  obviate the 
need f o r  i d 1  ing.  A simple cyc le  gas tu rb ine  o r  a  regeneratfve GT might com- 
pete w i t h  the diesel  f o r  swi tching provided i t  could be suppl ied a t  a  c a p i t a l  



cost  / lower than $200 per horsepower. Economics woul d make I t mandatory 
t h a t  the gas t u r b i n e  be switched o f f  f o r  a1 1 bu t  the  ac tua l .  working hours 
o f  operat ion,  which f o r  a sw i t ch ing  locomotive add up t o  about s f x  hours . . 
per day, and these' s i x  hours a re  n o t  concurrent.  Furthermore, swi tch ing  
i s  performed a t  low average power, about 25% o f  f u l l  power 'so t h a t  a gas 
t u r b i n e  would be requ t red  whfch could main ta in  reasonable e f f i c i e n c y  down , 

t o  qua r te r  1 oad. 

While .it i s  beyond t h e  scope o f  t h i s  study t o  i n v e s t i g a t e  t h e  elee- 
t r i f i c a t i o n  o p t i o n  i n  d e t a i l ,  t he  f i g u r e s  i n d i c a t e  t h a t  f o r  f r e i g h t  h a u l i n g  
i t  must be' considered s e r i o u s l y  i f  conventional d iese l  f u e l  costs r i s e  toward 
$8/MB t u . 

For example, t h e  t o t a l  cos t  o f  opera t ing  a d iese l  engine on coal 
d i s t i l l a t e  a t  $9.00/MBtu i s  over $~oo/HP. year, w h i l e  an e l e c t r i c  locomot ive 
w i t h  th ree  times t h e  c a p i t a l  cos t  o f  t h e  d iese l  and w i t h  e l e c t r i c i t y  a t  
5.2B/kWh' provides the  HP year f o r  l e s s  than $1 50. , 

. 

The $50 d i f f e r e n t i a l  would prov ide  c a p i t a l i z a t i o n  f o r  t he  neces- 
sary  overhead 1 i nes . 

Comparative cos t  data f o r  - a l l  cases s tud ied are  discussed i n  t h e  
f o l l  owing sec t ions .  

7.2 BACKGROUND 

The Unfted States t s  unique, i n  severaJ respects regarding I t s  
r a i  1 roads. 

1. With t h e  p a r t i a l  except ion o f  Amtrak, t he  U.S. 
r a i l r o a d s  a re  p r i v a t e l y  owned. I n  almost a l l  
o the r  count r ies  they are  n a t i o n a l l y  owned, and 
are  subsid ized o u t  o f  taxes a t  r a t e s  between 
0.3% (U.K.) and 1.8% ( A u s t r i a )  o f , g r o s s  domestic 
product.  

U.S. r a i l r o a d s  a re  f r e e  t o  buy General E l e c t r i c  
o r  General Motors 1 ocomotives (dies'el e l  e c t r i c )  
f o r  one t h i r d  the  p r i c e  o f  equ iva len t  e l e c t r i c  
propul s ion.  These 1ocomotive.s are  re1 a t i v e l y  
low i n  p r i ce ,  due t o  product ion  i n  l a r g e  numbers . 

over many years. Foreign governments a re  o f t e n  , 
ob l i ged  t o  support t h e i r  own locomotive manufac- 
tu re rs ,  who genera l l y  cannot compete An a f r e e  
market w j t h  t h e  U.S.-made locomotives. 

On the  o the r  hand, i n  these overseas systems, the  
cos t  o f  an e l e c t r i c  locomot ive i s  considerably 
l e s s  than t h a t  o f  t h e  l o c a l l y  made d iese l  engine. 
U.S.-made e l e c t r i c  r a i l  veh ic les  are more c o s t l y  - . . . '. ' 
than d iese l  locomotives. 



3. Between 30 and 40% o f  t he  ra i lways  o f  Europe and 
Japan a r e  e l e c t r i f i e d  and t h e i r  governments have 
p lans t o  expand t h a t  percentage. Since the  e lec-  
t r i f i e d  p o r t i o n s  a r e  those which c a r r y  the  heav ies t  
t r a f f i c ,  about 60% o f  t he  r a i l r o a d  energy used i n  
these coun t r i es  i s - e l e c t r i c a l  . Thus, t he  e l e c t r i c  

. v e h i c l e  manufacturers have an assured expanding 
market ou ts ide  U.S.A. 

W i t h i n  U.S . A , ,  e l e c t r i f i c a t i o n  i s  almost n e g l i g i b l e .  The p r i v a t e  
companies a re  i n  compet i t ion  w j t h  each o the r  as w e l l  as w i t h  highway t r a f f i c .  
The i r  rou tes  a r e  l o n g  r e l a t i v e  t o  the popu la t i on  they serve, and they  l a c k  
much o f  t h e  densely packed passenger rou tes  t h a t  have favored e l e c t r i f i c a -  
t i o n  i n  Europe and Japan. 

Thus, as l o n g  as the  d iese l  engine can be prov ided w i t h  some k i n d  
o f  workable f u e l  a t  reasonable p r i ce ,  i t  i s  u n l i k e l y  t h a t  t he re  w i l l  be a  move 
toward s i g n i f i c a n t  e l e c t r i f i c a t i o n .  

q. 7.3 CURRENT COSTS WITH DIESEL LOCOMOTIVES 
r.4 

JConventional Diesel  Fuel a t  $3/MBtu) 

The U.S. d iese l /e lec t r i . c  locomot ive has a  r e l a t i v e l y  low cos t  i n -  
vestment ($1 05-$163 per  horsepower de l  i v e r e d  t o  t h e  wheel motors).  

U n l i k e  marine engines which work a t  f u l l  power f o r  60-90 percent  
o f  the' year, locomotives fab l l  i n t o  two main classes, f r e i g h t  hand l ing  and 
swi tch ing ,  n e i t h e r  o f  which u t i l i z e s  t h e  engine f o r  more than a  f r a c t i o n  o f  
i t s  f u l l  capabi l  i ty. 

The f o l l o w i n g  t a b l e  shows t h e  power and usage p r o f i l e  f o r  t he  two 
c lasses o f  work. 

TABLE 7-1 

Hours Per Year 
Serv ice  F r e i g h t  Loco S w i  t c h i n q  Loco 

3/4 t o  F u l l  Power 1145 114 

114 t o  314 Power 1145 600 

114 Power o r  ~ e s i  1652 11 00 

I n  Shop 



The r e s u l t  o f  these t y p i c a l  operat ing schedules i s  t h a t  each poten- 
t i a l  horsepower provides the fo l l ow ing  amounts o f  useful  work t o  the wheel 
motors i n  the course o f  t h e  year.  

Fre ight  l oco  2698 HPHlyr 

Switching loco 434 HPHlyr 

During the hours o f  product ive work, fue l  i s  burned a t  reasonably 
h igh e f f i c iency ,  o f  the order 30%. This i s  no t  as good as a marine d iese l  
engine, bu t  consider ing the la rge  amount o f  t ime spent a t  very low l o a d  i t  
i s  s t i l l  Impressive. 

During the t ime spent i d l i n g ,  fue l  i s  burned, the expressed j u s t i f i -  
c a t i o n  being t h a t  the f u e l  so consumed i s  l e s s  c o s t l y  than the maintenance 
which would be needed i f  the engine were s t a r t e d  and stopped repeatedly. 

. . 
Fortunately, the amount o f  fuel. burned per hour a t  i d1  e i s  on ly  one- 

twent ie th  p a r t  o f  the fuel burned per hour a t  f u l l  load.  , 

I n  consider ing a l t e r n a t i v e  prime movers, the quest ion o f  whether ' - 

i d l i n g  i s  needed o r  not, could furnSsh an advantage. An engine which could 
be stopped and r e a d i l y  r e s t a r t e d  (such as an e l e c t r i c  motor, o r  a fuel c e l l )  
would be ~ r e d i t e d  w i t h  saving the fue l  t h a t  today ' s 'd iese l  operat ion consumes. 

' This provides a l a r g e r  advantage i n  :the case o f  swi tch ing engines. On the 
o ther  hand if an engine must be kept i d l i n g ,  and i f  i t  consumes more fue l  
a t  i d l e  than the d iese l  does, i t  would incu r  a greater  penal ty.  A steam 
engine would probably s.uffer t h i s  way. 

With regards t o  maintenance, again there  would be two per iods t o  con- 
s i d e r  -- t h a t  which i s  requ i red by the hours o f  product ive work, and t h a t  which 
i s  requ i red  dur ing the hours o f  i d l i n g .  For the d iese l  engine these are e s t i -  
mated t o  be: 

Maintenance &/HPH 
Lube Other Total  - - -  

Productive work 0.16 0.16 0.32 

During product ive work, the maintenance i s  assessed on the horse- 
power hours presented t o  the wheel motors, which are suppl ied as a combina- 
t i o n  o f  f u l l  power, h a l f  power and low power operat ion.  

During i d l i n g ,  no usefu l  horsepower hours are produced. The concept 
o f  Q/HPH i s  based on the horsepower hours which cou ld  have been produced, 
were the engine a t  f u l l  power. 

A l l  these analyses are based on the horsepower hours de l i ve red  t o  
the wheel motors, and s ince t h a t  power comes i n d i r e c t l y  from the.d iese1 en- , 

g ine v i a  an a l t e r n a t o r  ( f o r  f r e i g h t  locos)  or. a DC generator ( f o r  swi tch ing 
locos), the  e f f i c i e n c y  o f  the d iese l  engine has t o  be ad jus ted f o r  the two 
aenerator e f f i c i e n c i e s  which are respec t i ve l y :  



A1 terna t o r  95% 

Thus the e f f i c i e n c y  o f  each. locomotive a t  the wheel motors i s  de- 
r i v e d  as fo l lows:  

E f f i c i e n c y  o f  E f f i c i ency  o f  Overal l  
Diesel Enqf ne E l e c t r i c  Generatf on E f f i c i ency  

Fref ght 

Swf t c h i  ng 

Accord1 ngly, fue l  consumption dur ing the product ive work per iod i s  : 
# 

H P H / Y ~  ' Eff. BtuIHPH MBtuIYr 

F re igh t  , 2098 . -  .309 8243 . 

Swi tching 434 .296 8605 

Fuel consumption dur ing I d l e  i s  330 Btu  per hour f o r  each horse- 
power. 

Hrs/Yr a t  I d l e  MBtuIYr 

F re i  gh t . 3942 1.3 

6070 . . Switching 2.0 

I f  the t o t a l  cos t  o f  a horsepower year i s  def ined as the sum o f :  

Capi ta l  recovery (fnvestment x 0.2) + 

Fuel used for  product ive work + 

~ u e l  used a t  i d1  e' + 

Maintenance incur red  dur ing product ive work + 

Maintenance incur red  a t  id1  e 

. then these a re  the two cases f o r  a t yp i ca l  f r e i g h t  locomotfve, and a t yp i ca l  
sw i t ch ing  locomotive based on f ue l  a t  $3/MBtu. Capi ta l  fnvestment i s  $1051 
HP t o r  f re ight ,  $1 63/HP f o r  the swi tch ing engine,. both i n  terms o f  horsepower 
d e l i  verabl e t o  the wheel motors. 
. . 



$/Horsepower Year 
F r e i  qh t  S w i  t c h i  n q  

(1 ) Cap i ta l  recovery 

( 2 )  Fuel f o r  work 
2098 HPH 
434 HPH 

(3)  Fuel f o r  i d 1  i n g  
3942 h rs  
6070 h r s  

(4 )  Maintenance f o r  work 
2098 HPH 
434 HPH 

(1800 h r s  working) 

( 5 )  Maintenance f o r  i d l e  t ime  
3942 hrs  1.60 
6070 h rs  - - 

Tota l  s 85 . l o  

The s p l i t  between maintenance i tems (4 )  and (5)  i s  somewhat 
a r b i t r a r y ,  s ince  i t  i s  impossib le t o  know e x a c t l y  what p o r t i o n  o f  t he  main- 
tenance i s  i n c u r r e d  du r ing  working t ime versus t h a t  du r ing  i d l e .  

Lube consumption o f  2 grams pe r  HPH working, and 0.5 gms per  a v a i l -  
ab le  HPH du r ing  i d l e  has been assumed. The t o t a l s  add t o  the  repo r ted  
f i g u r e s  o f  $25,00O/yr f o r  the  f r e i g h t  locomot ive and $12,00O/yr f o r  t he  
sw i t ch ing  engine. 

An a r t i c l e .  appeared i n  t he  B r i t i s h  j ou rna l ,  The Economist, J u l y  15, 
1978 which s t a t e d  t h a t  maintenance cos ts  f o r  a B r i t i s h  d iese l  t r a i n  a r e  about 
tw ice  those f o r  f u e l  . While maintenance cos ts  o f  d i e s e l  engines a r e  substan- 
t i a l  compared w i t h  some o t h e r  engines, t h i s  i n fo rma t ion  g iven i n  The Economist 
appears t o  be o u t  o f  1 i n e  w i t h  normal p r a c t i c e  b y  a f a c t o r  o f  ten.  Nonethe- 
less ,  t h e  a r t i c l e  defended e l e c t r i f i c a t i o n  l a r g e l y  on t h e  grounds t h a t  i t  
would save t h i s  enormous maintenance cos t .  This  sub jec t  i s  discussed f u r t h e r  
i n  Appendix 7-1, 

7.4 PRIME MOVERS CHOSEN FOR COMPARISON 
WITH THE DIESEL ELECTRIC LOCOMOTIVE 

A b r i e f  d e s c r i p t i o n  o f  each candidate pr ime moyer, w i t h  i t s  poten- 
t i a l  economic advantages and disadvanta es f o l l o w s  i v  t h i s  sec t ion .  The B cos t  components f o r  t h e  var ious  engine/ u e l  combinations are  shown i n  Table 



7.4.1 Steam. Engine 

Steam locomotives have a h i s t o r y  near ly  as long  as t h e  r a i l r o a d  i t- 
s e l f ,  and some are s t i l l  running on a v a r i e t y  o f  fue ls ,  coal, .firewood, res id -  
ual petroleum fue l ,  efc. These r e l a t i v e l y  ant ique models have. a low thermal 
e f f i c i e n c y ,  usua l l y  below 10%. That i s  n o t  because the  steam cycle i t s e l f  i s  
i nheren t l y  i n e f f i c i e n t ,  indeed i t  i s  not, but  ra the r  because the two requi're- 
ments f o r  e f f i c i e n c y  are d i f f i c u l t  t o  ob ta in  on a t r a i n .  

1. High pressures, w i t h  su i tab le  superheat cannot 
be obtained i n  f i re - tube  b o i l e r s .  Fire-tube 
b o i l e r s  were chosen f o r  r a i l r o a d  use because o f  
t h e i r  compactness an.d re1 i a b i l i  t y .  

About h a l f  the e f f i c i e n c y  o f  a good steam cycle 
comes from the work done i n  the la rge  low pressure 
end o f  the turbine,  as steam which has a1 ready 
f a l l e n  from b o i l e r  pressure t o  atmospheric, ex- 
pands f u r t h e r  i n t o  the  near-vacuum o f  the  con- 
denser where i t  emerges from t h e  l a s t  blades (o r  
from the l a s t  cy l i nder  o f  a m u l t i p l e  expansion 
engine)' as a wet fog a t  about 100°F. 

Almost a l l  steam locomotives b u i l t  i n  the past  made no attempt t o  
condense the steam, f o r f e i t . i n g  a t  l e a s t  ha l f  the ava i lab le  work i n  the ex- 
haust t o  atmospheric pressure. The p o t e n t i a l  b e n e f i t  o f  a condenser was 
f u l l y  understood and was employed i n  ocean-going steam engines where a very 
convenient heat s ink  existed, namely the ocean i t s e l f .  

The s a c r i f i c e  i n  e f f i c i e n c y  resu l ted  i n  a compact engine, and 
the cap i ta l  savings were used t o  o f f s e t  the augmented fue l  cost  i n  the 
economic ba l  ance . Attempts t o  incorporate some condensing capaci ty aboard 
locomotives i n  the 1930s were judged n o t  t o  be worth the t roub le  and ex- 
pense. 

Data on an advanced l o  i ve steam engi ne (1 940 v intage) have 
been given by Babcock and Wilcox v-Sr. I t  comprised a coal s toker  f i r e d  water 
tube b o i l e r  (51 400 1 bs o f  steam per hour, 600 ps i ,  900°F) d r i v i n g  a 4500 
HP steam t u r b i n e l e l e c t r i c  p lan t .  The steam was no t  condensed. Accordingly, 
e f f i c i e n c y  was modest a t  17% f u l l  t o  h a l f  load, 14% a t  low l o a d  and there 
would be a requirement o f  about 1500 Btu per hour per HP, f o r  i d l i n g .  

The e f f i c i e n c y  could be ra i sed  t o  28% given a condenser, but  such 
a concept i s  probably 'not  p rac t i cab le .  The condenser i f  p rac t i cab le  would 
b r i n g  two advantages t o  the steam system. 

i t  would increase e f f i c i e n c y  from 17% t o  28%. 

i t  would reduce the amount o f  steam requ i red 
t o  produce one horsepower hour. 

Therefore the  b o i l e r  cost ,  which i s  estimated t o ,  be $230/HP f o r  
the  non-condensing tu rb ine  would f a l l  i n  propor t ion t o  $140 w i t h  the con- 
denser. The turbine, .est imated ' to cos t  $50/HP f o r  the  non-condensing case, 
would become l a r g e r  w i t h  a condenser and r i s e  i n  cost  t o  $100/HP. 



TABLE 7-2 

. COST COMPONENTS OF ENGI NEIFUEL COME IHATIONS FOR RAILROAD2 

Gas Turbine Fuel Ce l l s  ' 

Diesel Steam S t l r l i n g  . Simple Regen. E lec t r i c .  POo COa 

Capi'tal Cost $/HP - Fre igh t  - Switching 

Thennal E f f i c i ency  - Peak (29%) - 112 Power (29%) 
, - Low Power (42%) ' - 8 t u  Consumed a t  Idle/HP 

28 36 100 
25 35 100 
1'5 . 24 100 - ------- No I d l i n g  ------- No . Id l ing  - 

4 2 50 
4 2 54 

. 42 52 
,-- - - - -  No I d l i n g  ------- 

Maintenance - $iHPH (o r  Working Hour) - $/UP (Ouring Id1 ing)  - SIHPH (w i t h  Frequent Stops) 

Apport ioment o f  Maintenance - $/HPHYr. 
Freight: (Fr)  

2098 HPH 
3492 Hrs I d l i n g  

Switching (SW) 

434 HPH (1800 hrs )  
6070 Hrs I d l i n g  

Fuel Costs $/HPYr. Fr. .Sw. -- 
' 2 2 . 8  7.0 

52.0 15.9 

55.8 17,l 

91.1 27.9 

103.2 31 .6 

11'910 36.5 

154.3 47.3 

167.3 51.3 

171 .O 52.4 

176.6 54.1 

394.0 121.7 

Fr. Sw. -- 
51.2 20.6 

116.6 46.9 

.125.0 50.2 

204.1 82.0 

231.2 92.9 

266.6 107\.1 

345.7 138.9 

374.8 150.6 

383.2 154.0 

395.7 159.0 

883.0 354.9 

Fr. Sw. -- 
26.1 ' 10.4 

59.4 23.7 

63.7 25.4 

104.0 41.4 

117.8 46.9 

135.8 54.1 

176.1 70.2 

191.0 76.1 

-1 95.2 77.8 

201.6 , 80.3 

449.8 179.3 

Fr. Sw. -- 
30.7 6.8 

69.9 15.5 

74.9 16.6 

122.3 27.2 

138.5 30.8 

159.7 35.5 

207.1 46.0 

224.6 49.9 

229.6 51.0 

237.1 52.7 

529.0 117.5 

Fr. Sw. -- 
22.6 4.8 

51.4 11 .O 

55.0 11.8 

89.9 19.2 

101.8 21.7 

117.4 25.1 

152.2 32.5 

165.1 35.3 

168.7 36.0 

174.2 37.2 

388.8 83.0 
-- -- 

Sw. Fr. 5*. - -. 

3.3 12.9 2.7 

7.5 29.4 6.1 

8.1 31 .5 6:s 

13.2 51.4 10.6 

4 . 9  58.2 12.0 

17.2 67;l 13.9 

22.3 87.0 18.0 

24.2 94.4 19.5 

24.7 96.5 20.0 

25.5 99.6 20.6 

57.0 222.2 45.4 
- - - - - - 

A l l  cbst  are i n  t e n s  o f  1980 do l l a r s .  



The improved efficiency would produce an annual fuel saving of $~O/HP 
(coal fuel in freight  service) so tha t  the total  capital available toward the 
purchase of a condenser would be: 

Boi 1 e r  c redi t  

~ u r b i n e  debit  ; 

Fuel credi t  ($20 t 0.2)* 100 - 
Net $1 40/HP 

* , 0.2 i s  the Capital Recovery Factor. 
, 

In the case of a switching engine, because i t s  fuel consumption i s  
much less ,  the available capital would be $70/HP. 

However, apart  from the monetary questions, i .e.  whether a con- 
densing system can be bought for th i s  available capi tal ,  there are serious 
practical d i f f i cu l t i e s .  The standard condenser for 4500 HP service has 
dimensions about 12' x 12' x 8' wlth the turbine mounted above i t ,  and i t  
requires circulation of about 6000 USG/minute of cooling water. Since such 
a volume of water i s  not available to  a t r a in  i n  the way tha t  i t  i s  to  a s h i p ,  
a i r  cooling, e i the r  direct ly o r  via a mobile cooling tower would be needed, 
and th is  would require an ent i re ly  new design. Conventional cooling towers 
rely on height to  induce a cooling draf t ,  and such would not pass under 
bridges. 

The option of a condensing cycle should not be ent i re ly  ruled out, 
but the f a c t  tha t  locomotive designers seem never to  have considered con- 
densers suggests tha t  they are impractical on railroads. 

The candidate steam engine has been taken as a 17% eff ic ient  
machine costing $300/HP with e l e c t r i c  generation from the turbine/ 
a l ternator  feeding power t o  wheel motors. There would be considerable 
a i r  pollution with such a locmotive. I f  an e f f i c i en t  fly-ash precipi- 
t a t o r  were included, the capital  cost could r i s e  toward $400/HP. For 
SO2 control as well as f l y  ash the cost could go t o  $550/HP taking a 
cost of $42/hourly pound of steam, the lowest cost of a fully-equipped 
stationary coal boi ler .  Also, practical d i f f i cu l t i e s  of negotiating 
bridges could again appear. 

For maintenance costs,  a figure of 0.13Q/HPH has been taken, 
namely about one-third of the corresponding diesel engine cost .  

There seems to  be no reason to  consider a 1 iquid fueled steam loco- 
motive since i t s  efficiency i s  low, and even if  the lowest cost  o i l - f i red  
boiler could be employed, the capital outlay would be higher than e i ther  the 
diesel o r  regenerative turbine. 



7.4.3 S t i r 1  i n g  Enqi ne 

The S t i r l i n g  ~ n g i n e  has 'been costed i n  t h i s  study a t  $300/HP. This 
estimate ds made on. the fo l lowing basis. U.S. r a i l r o a d  diesel  locomotives are 
very low i n  p r i c e  by wor ld standards. The regenerative GT a t  $2OO/HP i s  a. 
bet ter .  yard.s.tick o f  p r i c e  for  a developing en ine.  S t i r l i n g ,  bejng more com- 
p l  i ca ted  wou ld  cost  50% more than $200, i . e .  !300/HP. 

'The e f f i c i e n c y  of the S t i r l  i n g  i s  good, i t s  maintenance should 'be 
less  than t h a t  of the diesel  engine, and i t  could be a d e f i n i t e  contender i f  
i t  can burn coal . 

While the S t i r l i n g  engine requires a l a r g e r  heat s ink  than the, 
d iesel  engine rad ia to r  (poss ib ly  twice as l a rge )  the problems are no t  on the 
scale t h a t  was mentioned for  the. steam condenser. Nevertheless, toda I s  dY diesel  locomotives are t i g h t  on coo l ing capacity, so more space woul have t o  
be 'found f o r  the S t i r l  ing.  The f i g u r e  o f  $300 per  HP may be too  low. 

I 

Again, i f  coal were t o  be used, questions per ta in ing  t o  the d q u i r e d  
l eve l  o f  f ly  ash removal and SOn cont ro l  woul d have t o  be answered, a n d ' i f  
these were t o  be as s t r i c t  as they are f o r  s ta t ionary  use, an add i t i ona l  $200/ 
HP could be needed. 

,7.4.3 Gas Turbines 

I n  comparison w i t h  d iesel  engines, gas turb ines possess several 
features which t u r n  out' t o  be advantageous i n  many appl ica t ions.  

1. they weigh about one-tenth the mass o f  
equ.iva1 ent  d iesel  power 

2. they cost  less  per  horsepower, a t  l'east i n  
s i ze  ranges above 10,000 HP 

3.  they need n o  cool i n g  water, and much 1 ess 
1 ubr icant  . 

Against these po ten t ia l  advantages, the  simple cycle GT i s  l ess  
. e f f i c i e n t  a t  f u l l  -power, the e f f i c i e n c y  f a l l s  o f f  very r a p i d l y  as i t  ap- 
proaches quarter  power, and i f  the engine i s  i d l e d  i t  consumes 'about a 
quarter  o f  i t s  f u l l  power fue l  consumption. Therefore, i t  i s  no t  . idled, 
but  i s  equipped t o ,  s t a r t  and .stop, since f u l l  power can be obtained from 
f u l l  stop i n  about one minute. There i s  a penal ty  i n  terms o f  shortened 
1 i f e  f o r  frequent stops. gas t u rb i ne  locomotive i n  f r e i gh t ,  serv ice might 

.operate w i t h  on ly  one s t a r t  per day, whereas one i n  swi tching serv ice might  
have t o  s t a r t  and stop ten o r  twelve times. per day. 

The e f f i c iency ,  and the e f f i c i ency / l oad  p r o f i l  e can be improved' 
by adoption o f  a regenerative cycle.  



Gas t u r b i n e s  i n  t he  s i zes  o f  i n t e r e s t  t o  r a i l r o a d  work a re  a v a i l -  
able, and have been used on t r a i n s  i n  U.S.A.., Canada, Japan and Germany. 
However, i n  these s i z e  ranges (1500-5000 HP) the  i.nvestment costs a re  no t  
l e s s  t h  n those o f  t h e  U.S. d iese l  e l e c t r i c  locomotive. F igu res  suggested 
by AVC0T7v4) Lycornirig are of the .  order  $1 33/HP f o r  sfmple cyc le ,  6300/HP f ~ r  a 
regenera t ive  c y c l e  s i m i l a r  t o  t h a t  used i n  the  1500 HP U.S. Army tank engine. 

The l i g h t  we igh t  o f  these engines w i l l  be a disadvantage f o r  these 
locomotives which f r e q u e n t l y  have t o  have deadweight added t o  supplement the  
we igh t  o f  a d iese l  engine. 

% Weight o f  
Weiqht, 1 bs . To ta l  Locomotive 

3000 HP d iese l  engine 48 000 16 
p l u s  a1 t e r n a t o r l r e c t i f i e r  

A regenera t ive  gas t u r b i n e  w i t h  an e f f i c i e n c y / l o a d  . p r o f i l e  s i m i l a r  t o  
t h a t  o f  a d iese l  engine may come c lose t o  competi.ng f o r  f r e i g h t  hau l ing .  

1 .  i t  has the  advantage (an advantage which i s  
f o rced  upon i t )  o f  n o t  burn ing  f u e l  a t  i d l e  

2. i t  must however, n o t  i n c u r  so much e x t r a  
maintenance t h a t  t h i s  advantage i s  wiped o u t .  

Maintenance f o r  gas tu rb ines  i s  o f  t h e  o rde r  O.2QIHPH f o r  runs o f  
10-12 hours pe r  day a t  an average o f  h a l f  load, such as f r e i g h t  hau l i ng  opera- 
t i o n .  I f  t h e  t.urb.ine were . s ta r ted  and stopped 1 0  t imes i n  a day the  main- 
tenance would r i s e  t o  0.34 pe r  hour o f  running.  

C lear ly ,  the  gas t u r b i n e  i s  n o t  n a t u r a l l y  s u i t e d  t o  sw i t ch ing  
opera t ion ,  because o f  t h e  many s t a r t s  involved,  p lus  t h e  f a c t  t h a t  i t s  
average opera t ion  would be a t  qua r te r  power du r ing  t h e  few hours t h a t  i t  
works. 

C a t e r p i l l  a r  r e c e n t l y  announced(7-5) t h a t  they  have developed a compact 
regenera t ive  t u r b i n e  (about $200/HP w i t h  a1 t e r n a t o r )  w i t h  an e f f i c i e n c y  be- 
tween 30 and 36 percent  over  a wide ' range o f  load.  A 3000 HP model i s  a v a i l  - 
a b l e  which m igh t  s u i t  t h e  f r e i g h t  locomot ive requirement.  

However, conversat ions w i t h  C a t e r p i l l a r  revea led  t h a t  they  had . 

thought  about t h i s  p o t e n t i a l  a p p l l c a t i o n ,  b u t  d i d  n o t  t h i n k  t h a t  i t  cou ld  
'd isp lace the  d iese l  economical ly .  Apparent ly  a t  today 's  fuel p r i ce ,  the  gas 
t u r b i n e  i s  a border1 i n e  contender, used. t o  a 1 i m i t e d  e x t e n t  i n  h igh  speed 
passenger t r a i n s .  An increase i n  fuel p r i c e s  would, i f  any th ing  make the  
gas t u r b i n e  s l  i g h t l y  1 ess competi t l v e  . However, the  d i f f e r e n c e  i n  t o t a l  
cos ts  i s  n0.t very  great ,  and on c e r t a i n  f u e l s  such as ethanol ,  .which c e r t a i n l y  
w u l  d operate much more s a t i s f a c t o r i l y  i n  a gas t u r b i n e  than i n  a d iese l  en- 
gine, t h e  balance m igh t  e a s i l y  swing i n  f avo r  o f  t he  GT. 



7.,4,4 E l e c t r i c  T ra in  

While i t  i s  beyond the  scope o f  t h i s  s tudy t o  discuss t h e  f u l l  i m -  
p l i c a t i o n s  o f  e l e c t r i f i c a t i o n  o f  U.S.  r a i l r o a d s  the  f o l l o w i n g  case has been 
i n c l  uded f o r  comparison ., 

The e l e c t r i c  locomot ive has been costed a t  th ree times t h e  cos t  o f  
the d iese l  locomotive. That i s  f o r  t he  l'ocomotive alone, n o t  f o r  p r o v i s i o n  
o f  overhead 1 ines, e t c .  I t  w i  11 be seen from t h e  appendix t h a t  The Economist 
a r t i c l e  suggested t h a t  bo th  t h e  locomotive - and t h e  overhead 1 ines  cou ld  be 
provided f o r  th ree times t h e  horsepower cos t  o f  a U.S.  d iese l  f r e i g h t  l o c o - .  
motive, b u t  t h a t  was f o r  densely populated passenger rou tes .  

With " f u e l "  a t  5.2B/kWh, i .e. $14.90/MBtuS and 100% e f f i c i e n c y  
( d i r e c t  t o  t h e  Wheel motors) the  horsepower year costs $143 f o r .  f r e i g h t  an-d 
$11.4 f o r  swi tching.  This o n l y  becomes compet i t i ve  aga ins t  d iese l  i f  d iese l  
f ue l  i s  unava i lab le  a t  l e s s  than $ 6 / m i l l i o n  Btu. Again, t h i s  conclus ion I s  
va l  i d  o n l y  i f  t h e  overhead l i n e s  have been provided and f u l l y  depreciated: 

7.4:5 Fuel Ce l l s  

A separate appendix (7-11) has been devoted t o  a f u l l  d iscussion o f  
f u e l  c e l l s  and t h e i r  a p p l i c a t i o n  t o  r a i l r o a d s .  Below, i s  a condensation of 
the  main p o i n t s  . 

Fuel c e l l s ,  w h i l e  c o s t l y  a re  no more so than several o f  t he  , o t h e r  
engines considered i n  t h i s  study. The i r  e f f i c i e n c y  i s  the  highest,  maintenance 
i s  reasonable, and they can be swi tched o f f  t o  save f u e l  which oth.er engines 
waste when i d 1  ing.  F i n a l l y ,  they may be capable o f  being e l e c t r i c a l l y  coupled 
t o  the  wheel motors i n  a way t h a t  would save p a r t  o f  t he  losses which today 's  
locomotives s u f f e r  i n  the  a1 t e r n a t o r  o r  d i r e c t  c u r r e n t  generators (v iz . ,  the  
5% loss .  on f r e i g h t  engines and the  8% l o s s  on sw i t ch ing  locos) .  

A phosphoric a c i d  c e l l  , looks as though i t  cou ld  break even w i t h  
a d iese l  en i n e  a t  a f u e l  cost  o f  $5/MBtu. S i m i l a r l y  a mol ten carbonate B c e l l  would reak even a t  a f u e l  c o s t  .o f  $4/MBtu. 

The weight o f  t h e  f u e l  c e l l s  i s  somewhat h igher  per  horsepower 
than t h a t  o f  an equ iva lent  d iese l  engine, b u t  t h i s  'would n o t  necessar i l y  
i n c u r  any disadvantage. 

Mas's o f  Engine % o f  Mass o f  
Plus Fuel, Lbs Tota l  Locomotive 

3000 HP d iese l  engine 71,000 24 
p lus  a1 t e r n a t o r  rec-  
t i f i e r  and f u e l  

phosphate fue l  c e l l  88,000 
p l  us vo l  tage regu l  ato'r  
p lus  f u e l  



A de ta i led  design and engineering study i s  needed to determine the 
feas i  b i l  i t y  o f  us i  ng f ue l  c e l l  s on locomotives. Three important questions 
which have t o  be answered are: 

1. Can the weight and volume requirement be 
accomnodated? The volume o f  a phosphate . 

c e l l  system and i t s  fue l  i s  about'2600 ft3. 
compared w i t h  $1 600 ft3 f o r  a d iese l  / 
e l e c t r i c  engine and i t s  f ue l .  The weights 
and vol unies o f  mol ten carbonate c e l l s  are 
no t  known a t  'present. 

2.  Would the c e l l s  be .adversely a f fec ted  i n  
performance by v ibrat ion,  shocks, and 

' t i l t i n g ?  

3.  I n  the case o f  carbonate cells,. operat ing 
. a t  1200°F, what problems o f  sa fe ty  are 

there t o  be overcome? 

7.5 DISCUSSION ON A FUEL-BY-FUEL BASIS 

Two',engines which have the capab i l i t y  t o  use coal are the steam 
engine and the S t i r l i n g .  Both would become complicated.and unwieldy i f  
they were forced t o  meet emission standards comparable t o  those requi red + 

/ on s ta t ionary  . bo i l e r s  and furnaces. 

The lowest investment t h a t  might be expected w i t h  e i t h e r  engine 
would be $300/HP, almost three times t h a t  o f  a diesel  locomotive. 

Both engines would continue t o  consume coal dur ing i d l e  periods. 
Uhereas a diesel  engine a t  i d l e  consumes about' 5% o f  i t s  f u l l  power con- , 

sumption, these coal burning engines are expected t o  .burn a t  a r a t e  10% o f  
f u l l  power. 

the breakdown o f  costs f o r  the horsepower year are as fo l lows, on 
the basis o f  coal fuel a t  $1.23/MBtu. 

Capi ta l  ~ecove ry  . 60 60 60 60 

Fuel 51 2 1 ? 6 10 

Maintenance 



* The d iese l  f u e l  break-even 'cost  (DFBEC) i s  t h e  p r i c e  o f  f u e l  i n  
$/MBtu a t  which a  d iese l  engine i s  compet i t i ve  w i t h  the  prime mover j fuel  com- 
b ina t i on '  under 'd iscussion.  As an example, a  S t i r l  i n g  engine (coal  f i r e d  w i t h  
$ 3 0 0 1 ~ ~  c a p f t a l  ) competes w i t h  d iese l  f o r  f r e i g h t  haul ing,  any t ime the cos t  
o f  d iese l  f u e l  r i s e s  above $3.43/MBtu'. 

This means, t h a t  unless t h e  di.ese1 engine can o b t a i n  and operate 
on raw sha le  o i l  ( t h e  o n l y  candidate f u e l  i n  t he  $3 p r i c e  range), the 
S t i r l i n g  cou ld  be v i a b l e  f o r  f r e i g h t  haul ing.  

** B.E..I.C./$9 i s  t h e  "Break Even Investment Cost" a t  which the  prime 
mover/fuel combinat ion competes w i t h  a  d iese l  engine when d iese l  f ue l  reaches 
$9/MBtu. 

For example, t h i s  would happen i f  the  o n l y  f u e l  a v a i l a b l e  t o  a  
d iese l  engine were d i s t i l l a t e  a t  $9/MBtu. I n  t h a t  case, t h e  cos t  o f  a  
S t i r l i n g  engine i n  f r e i g h t  hau l i ng  s e r v i c e  cou'ld be a l lowed t o  r i s e  t o  $8251 
HP, fa r  above the  $300/HP f i g u r e  which has been used i n  t h i s  r e p o r t .  $8251 
HP would g i ve  considerable a1 lowance fo r  a i r - p o l  1  u t i o n  c o n t r o l  equipment. 

Both t h e  S t i r l i n g  and the  steam engine owe whatever advantages they  
have t o  t h e i r  a b i l i t y . t o  burn low c o s t  coal,  w h i l e  i t  i s  assumed t h a t  t h e i r  
competi tor,  t he  d iese l  engine w i l l  n o t  be ab le  t o  burn coa l .  I n  swi tch ing,  
an ope ra t i on  which consumes 1  i ttl e  fue l ,  t h e  o v e r r i d i n g  economic cons idera t ion  
becomes the  c a p i t a l  investment, and t h e  d iese l  engine remains compet i t i ve  w i t h  
the  .coal burn ing  candidates almost up t o  t h e  $9/MBtu, f u e l  p r i c e .  

, '1.5.2 Coal /Oi l  S l  u r r y  

Agaln, two p r a c t i c a l  candjdates f o r  c o a l / o i l  s l u r r y  a re  the  
steam dr iven,  a,nd the  S t i r 1  i n g  locomotives. . . 

It i s  p o s s i b l e  t h a t  t h e  d i e s e l  engine can be made t o  operate on 
c o a l / o i l  s l u r r y  though the re  would be no i n c e n t i v e  t o  do t h a t  i f  a  f u e l  
l i k e  raw sha le  o i l  were a v a i l a b l e .  . . 

The breakdown of  cos ts  f o r  c o a l / o i l  s l u r r y  consumi.ng engines i s  
as fol!ows; w i t h  a  c o a l l o i l  s l u r r y  c o s t  o f  $2.80/MBtu. 

$/HP Y r  . ' -  :Coal/Oi 1  S l  u r r y  
Di esef Steam S t i r 1  i n g .  

F r e i g h t  Swi t c h i n q  F r e i g h t  ~ w i  t ch inp r  F r e i g h t  S w l  t c h i  nq 

Cap i ta l  21 33 60 6  0  6  0  6 0  

Fuel 5  2  16  117 47 5 9  24 

Mai n t .  8  8 6  7  6  7 - 7 - - - - 
81 5 7  183 114 125 91 

- DFBEC $2.80 $2.80 $8.30 $12.80, $5.00 $9 .OO 



Several concl usions can be drawn from th i s  table  as follows: 

1 . i f  the diesel can be made t o  r u n  on coal o i l  
s l  urry, i t outperforms - t h  the candidates, 
steam and St i  r l  i ng 

2 .  i f  conventional diesel fuel r i se s  i n  price' 
t o  $9/MBtu, consi derabl e money can be spent 
on diesel engine development t o  make i t  
work on coal/oil s lurry.  In f ac t ,  a s lur ry  
b u r n i n g  diesel engine costing $743/HP woul d 
be viable 

3. neither of the candidates can be considered 
for switching u n t i  1 conventional diesel fuel 
reaches the $9-81 3/MBtu bracket 

4 .  the S t i r l ing  option i s  bet ter  than the steam 
option and breaks even w i t h  conventional 
diesel fuel for  freight  hauling a t  $5/MBtu 

5. an investment cei l ing of $660/HP i s  available 
to  the. s lur ry  f i red  S t i r l ing  i f  i t  i s  t o  
compete w i t h  conventional diesel a t  $9/MBtu. 
However, under tha t  circumstance, the sol j d coal 
f i red  S t i r l ing  option would be the bet ter  con- 
tender w l  t h  an 1 nvestment cel l  I ng of $825/HP 

6. i f  usable diesel fuel i s  available, a t  $3/MBtu, 
there i s  no incentive for  s lurry i n  any of the 
engines . 

Raw Shale O i l  

Th.is fuel establ ishes an important benchmark, because i t  i s  priced 
close to today's conventional diesel fuel price.  

I t  seems l ike ly  tha t  the locomotive diesel engine, which has been 
demonstrated to  r u n  on low grade liquid fuels such as  dis t i l la te/residual  
petroleum blends and, t a r  sand syncrude, could, with very 1 l t t l e  modification, 
be made t o  r u n  successfully on raw shale d i s t i l l a t e .  

I f  so,  "and assuming the raw shale d i s t i l l a t e  can be made avail-  
a b l e ' f o r  $ 3 / ~ ~ t u ,  there i s  no combination of prime moverlalternate fuel 
which can beat the conventional diesel locomotive. ' This applies t o  both 
freight  hauling (see Table 7-5) .and t o  switching (see Table 7-6). 



7.6 LIQUID FUELS AT PRICES OF 
$5/MBtu AND HIGHER 

7.6.1 F r e i g h t  Haul i n q  

Table 7-3 i l l u s t r a t e s  the  e f f e c t  o f  r i s i n g  fue l  p r i ces  on each o f  
the prime mover/fuel combinatlons. 

Shale d i s t i l l a t e ,  i f  ava i lab le ,  a t  $4.90/MBtu would undoubtedly 
operate i n  today's conventional d iese l  locomotive, a t  an annual cost  o f  
$120 per horsepower year. 

I t  has been observed a1 ready t h a t  the  coal f i r e d  S t i r l  i n g  begins t o  
become a ser ious p o t e n t i a l  ..contender, as l i q u i d  fue l s  approach th ' i s  p r i c e  
(see $92/HPY). 

Note a l so  t h a t  the mol ten carbonate fue l  c e l l  has become v i a b l e . a t  
$110 running on shale d i s t i l l a t e  (which i t  may no t  be able t o  do), o r  a t  $117 
i f  r u n  on shale naphtha (which i s  a much more 1 i k e l y  p o s s i b i l i t y ) .  

I n  short ,  the  conventional d iese l  engine begins t o  face ser ious 
contenders on two f r o n t s  as i t s  own f u e l  r i s e s  toward $5/MBtu. 

One pressure i s  from a r e l a t i v e l y  expensive engine, the  S t i r l  ing,  
which can burn cheap coal .  The o the r  pressure i s  from an expensive engine 
burn ing expensive f u e l ,  b u t  a t  such h igh  e f f i c i e n c y  t h a t  i t  compensates. 

I 

As the  p r i c e  o f  f ue l s  r i s e ,  the pos i t i ons  o f  the  S t i r l i n g  and the I 

mol ten carbonate fue l  c e l l  improve. However, both these candidates represent  
undeveloped engines . 

Between $5 and $9, the  a v a i l a b l e  f u e l s  a re  naphthas which can be 
used i n  f u e l  c e l l s  and i n  gas tu rb ines  and which woul d c a l l  f o r  m o d i f i c a t i o n  
o f  the  d iese l  engine. (P.robably conversion t o  a spark i g n i t e d  engine.) A t  
about $6/MBtu the  phosphate fue l  c e l l  becomes v iab le .  This .system i s  much 
c lose r  t o  commercia l izat ion than the  mol ten carbonate c e l l  s are.  

A t  $ ~ ' / M B ~ u  another impor tant  benchmark i s  reached, s ince a t  t h i s  
p r i ce ,  coal d i s t i l l a t e  may become a v a i l a b l e  and t h e  conventional d i e s e l  
engine can. operate on i t  w i thou t  mod i f i ca t i on .  

Under t h i s  s i t u a t i o n ,  (and o n l y  under t h i s  s i t u a t i o n )  ,' the gas 
turbines, e i t h e r  simple cyc le  o r  regenerative, become de f in i . t e  1 eaders among 
the developed engines. S ta ted i n  o t h e r  words, i f  t h e  gas tu rb ines can employ 
naphtha a t  $6.40/MBtu9 whl.le fo r  some reason t h e  d iese l  engine i s  r e s t r i c t e d  
t o  f u e l  a t  $9/MBtu, t he  s imple cyc le  FT wins by $ ~ / H P Y  and the regenera t ive  
GT by $35/HPY, 

A t  these f u e l  p r i ces  t h e  phosphate f u e l  c e l l  i s  bea t ing  t h e  
regenerat ive gas turbi -ne by  a f u r t h e r  $14/HPY. 

. A t  these l i q u i d  f u e l  p r i c e s  the  coal  f i r e d  steam locomotive . . 
has b.ecome a d e f i n i t e  contender, and desp i te  a l l  t h e  d i f f i c u l t i e s  which 
have been mentioned regarding a i r  p o l l u t i o n  con t ro l ,  $700/HP cou ld  be 
spent on developing t h e  coal  f i r e d  steam locomotive i f  conventional d iese l  
f u e l  r i s e s  t o  $9/MBtu. No more than $100 o f  t h a t  should be spent on con- 
densing equipment, and on ly  then i f  t h e  peak e f f i c i e n c y  can be r a i s e d  t o  28%. 



TABLE 7-3 

FREIGHT HAULING - TOTAL COSTS $ / H P Y L  

Numbers enclosed i n  boxes i n d i c a t e  technologies which a r e  unl i k e l y  t o  be successful  . 

. . Fuel C e l l s  

Fuel Cost - $/MBtu Dl  esel  Steam S t i r 1  i n g  - GTS - GTR E l e c t r i c  -. CO 3 P O 4 '  - 

* A l l  i n  $ 1 9 8 0 . .  



TABLE 7-4 

FREIGHT HAULING 

$/HP Capi ta l  Which Can be   us ti Pied t o  Develop A1 t e r n a t i v e  Engines 
as a  Funct ion. o f  P r i ce  o f  Conventional L i q u i d  Diesel Fuel 

Lowest P r i ce  Diesel Sl  u r r y /  
'Fuel Ava i l ab le  Diesel ( ) 

Coal 
Di.ese1 

Coal Coal 
Steam S t i  r l  i .ng 

Gas El e c t r i c  
Turbines Loco. 

Fuel C e l l s  
PO4 . COj 

(1 ) Sl  u r r y  f i r e d  d iese l  employing conventional 1  i q u i d  a t  s ta ted  p r i c e  blended w i t h  40% coal . 
1 ( 2 ) '  Capi ta l  numbers i n  boxes are  u n l i k e l y  t o  be s u f f i c i e n t  t o  promote development (e.g. gas 

tu rb ines  a r e  i n  a  border1 i n e  p o s i t i o n  v i s -a rv i s  d iese l  engines, bu t  a  coal - f i r e d  S t i r 1  i n g  
engine becomes an a t t r a c t i v e  a1 t e r n a t i v e  once the  d iese l  f ue l  cos t  r i s e s  above $5. 

(3)  ~ x c e p t  f o r  the  f o l l o w i n g  cases, the fue l l eng ine  combinations shown i n  the  headings are  
assumed t o  be competing w i t h  a  d iese l  engine fue led by the  lowest  p r i c e  fue l  ava i l ab le .  

  as Turbines - use the  same fue l  as t h e  d iese l .  

,Fuel Ce l l  s  - use syn the t i c  naphtha ($6.40/td~tu) o r  ethanol ($21,2O/MBtu). 



I t  will also be noted tha t  the e l ec t r i c  locomotive has become viable 
as diesel fuel price passes $6/MBtu, though i t  w i  11 be remembered that  no capital 
has been allowed ye t  fo r  route e l ec t r i f i ca t ion .  Vhen conventional diesel 
reaches $9/MBtu the breakeven s i tuat ion for  e l e c t r i c  locomotive allows an 
extra investment of $265/HP which can be applied toward the ins ta l la t ion  of 
overhead 1 ines.  According to  The Economist a r t i c l e  (see Appendix 7-1) t h i s  would 
be more than enough t o  provide the service in a population concentration 
s imilar  to  t h a t  of Britain.  

The annual operating: cost for f reight  hauling as a function of 
fuel cost i s  aiven in Table 7-3. 

, Clearly, the prime mover which employs expensive fuels most effec- 
t ive ly  i s  the molten carbonate fuel cell  though i t  would be beaten by: 

1 .  a coal f i red S t i r l i ng  engine, i f  i t  could be 
developed for  $630/HP 

2. a coal f i red  steam engine i.f i t  could be 
developed for $500/HP 

an e l e c t r i c  locomotive, i f  i t  could be supplied 
w i t h  overhead 1 ines for $70/HP. In a-scenario, i n  
which these fuels  above $ ~ / M B ~ u  i n  price were the only 
ones available,  there would be considerable pressure 
to  develop the fuel c e l l s ,  and i f  the diesel engine 
could not be converted to  a spark ignited engine for 
l e s s  than $60/HP then the regenerative gas turbine 
woul d become the best choice among developed engines . 

These complicated interactions have been summarized in Table 7-4 
for  the f re ight  hauling locomotive. The numbers represent the dollars tha t  
could be spent to develop engines as the cost of r u n n i n g  a conventional engine 
increases due to  fuel price.  

In order of effectiveness: 

1.  A coal f i red  diesel engine would be a t t r ac t ive  
even against today's fuel cost -- assuming i t  
would keep i t s  efficiency and maintenance costs 
the same as those of today's conventional en- 
gine 

2.  A coal f i red  S t i r l i ng  locomotive i s  a t t r ac t ive  
s t a r t ing  a t  about $5/MBtu, and a carbonate fuel 
cell  or s lur ry  f i red  diesel engine are  becoming 
viable a t  t ha t  price 

3. A t  $9/MBtu, the  fuel ce l l s  reach maximum at t ract iveness ,  
b u t  the coal f i r ed  steam locomotive becomes import- . 
ant  too, and e l ec t r i f i ca t ion  should not be dismissed 



4. I f  fuel cos t  $14/MBtu o r  more, a coal f i r e d  
engine o f  any type must command great  i n t e r e s t ,  
and so must e l e c t r i f i c a t i o n .  The f u e l  c e l l s  
a re  s t i l l  o f  i n t e r e s t .  

C lea r l y ,  t he re  i s  always go ing  t o  be pressure t o  make the  d iese l  
engine work on whatever f u e l  i s  a v a i l a b l e  a t  lowest  cost .  Given raw shale c i l  
t he re  i s  i n s u f f i c i e n t  pressure t o  de.velop any .o the r  engine. If, f o r  some 
reason (connected perhaps w i t h  t h e  h igh  n i t r o g e n  content  o f  shal'e f u e l s ) ,  
processing i s  r e q u i r e d  which b r i ngs  t h e  c o s t  toward $5/MBtu, t he re  would 
s t i l l  be h a r d l y  enough pressure t o  develop o'ther engines. 

~. 

I1 7.6.2 Swi tch inq  Locomotives 

1 I f  d i r e c t  coal f i r e d  engines are  denied (perhaps aga in  on grounds 
o f  i n a b i l i t y  t o  meet a i r  p o l l u t i o n  regu la t ions ,  o r  f o r  reasons o f  non- 
compat ib i l  i t y  w i t h  the r a i l  b r i dge  systems) then the  f u e l  c e l l s ,  p a r t i c u l a r l y  
the mol ten carbonate c e l l  would be worthy o f  development. 

I 

I 
The s t r i k i n g  d i f f e r e n c e  i n  the  case o f  sw i t ch ing  engines, i s  t h a t  

i 
t he re  i s  much l e s s  pressure t o  l o o k  f o r  replacements f o r  the  convent ional  , ' 

d i ese l  engine ( i  .e. cap1 t a l  j u s t i f i a b l e  f o r  engine development i s  always much 

I 1 ess than on Tab1 e 7-51, 

I 

For example, even when f u e l  reaches $9/M~tu ,  t he  advantage o f  t h e  . s 

coal f i r e d  locomot ives i s  o n l y  o f  t he  o rde r  $4-$15 pe r  horsepower year .  So, 
a new locomot ive would have t o  be b u i l t  f o r  l e s s  than $375/HP t o  'compete.with 
a convent ional  d iese l  engine a t  $1 63/HP. 

A s i m i l a r  comparison o f  the  compet i t i ve  s i t u a t i o n  f o r  var ious  
swi tch ing  locomot ives i s  g iven i n  Tables .7-5 ( t o t a l  costs/HP year )  and Table 
7-6 [ c a p i t a l  which can be j u s t i f i e d  as a f u n c t i o n  o f  convent ional d iese l  
fuel p r i c e ) .  

$ Annual CostIHP Y r  
Conventional D i  esel S t i r l i n a  Enaine 

Fuel a t  $9/MBtu coal a t  $1 . Z S / M B ~ U  

The f u e l  c e l l s  become v i a b l e  a t  somewhere between $ 6 - 9 j # ~ t u .  Elec- 
t r i f i c a t i o n  cannot be j u s t i f i e d  f o r .  s w l t c h i n g  u n t i l  f u e l  f o r  t he  d i e s e l  engf:ne 
passes $1 4/MB t u  . 

Capi ta l  

Fuel 

Maint .  



4 . ' .  .. 
TABLE 7-5 

RAILROAD SWITCHING - TOTAL COSTS $/HPY* 

Numbers enclosed i n  boxes ind ica te  technologies which are  unl i ke ly  to  be successful 

. . Fliel Ce l l  s 
Fuel cost  - $/MBtu Diesel - Steam s t i r 1 1  nn - GTS - GTR E l e c t r i c  poC % 

* ~ l l  cost  i n  $ 1980. - I 



TABLE 7-6 

SWITCHING 

$/HP Capital Which Can 'be Jus t i f i ed  t o  Develop A l te rna t i ve  Engines as a 
Function o f  Price. o f  Conventional L iqu id  Diesel Fuel 

S l  u r r y  Coal Coal Coal Gas E l e c t r i c  Fuel Cel ls  
~i esel( l )  D i  esel Steam S t i r 1  i n g  Turbines Loco . - Po c % 

* 
I 
N 

(1 ) S lu r r y  f i r e d  'd iese l  employing conventional 1 i q u i d  a t  s ta ted p r i c e  blended w i t h  40% coal . w 

(2) Capital numbers in :  boxes a r e  u n l i k e l y  t o  be s u f f i c i e n t  t o  promote dkvelopnent (e .g. gas 
turbines  are i n  a border1 ine  pos i t i on  v is-a-v is d iesel  engines, but  a coal - f i r e d  S t i r l  i n g  

.engine becomes an a t t r a c t i v e  a1 ternat ive once the diesel fuel  cost r i s e s  above $9. ' 

(3) . Except f o r  t h e  fo l low ing  cases, the fue l  /engine combfnations shown i n  the headings -.are . . .  

. assumed t o  be competing'with a diesel  engine fueled by the lowest p r i c e  fue l  ava i lab le .  -, 

Gas ~ u r b i n e s  - use the same fue l  as the diesel .  

Fuel Cel ls  - use synthet ic  naphtha ($6.40/m.tu) o r  ethanol ($21 .ZO/MBtu). 



7,6.3 Special  Case o f  Gas Turbines 

The apparent l a c k  o f .  usefulness o f  gas tu rb ines ,  i s  shown by a  
cons i s ten t  low score on Tables 7-5 and 7 - 6 .  Yet, i t  i: known t t i a t  gas 
tu rb ines  have been used on f a s t  passenger t r a i n s  i n  several  count r ies ,  and 
they  were employed i n  f r e i g h t  se rv i ce  i n  t h e  1950s by Union P a c i f i c .  

The impor tan t  p o i n t  t o  note ( f rom Tables 7-3 and 7-5) i s  t h a t  t h e  
gas tu rb ines  a re  never 'very  much more c o s t l y  on an annual horsepower basis ,  
than the  d i e s e l  engine running on t h e  same f u e l .  

The f o l l o w i n g  two examples w i l l  c l a r i f y  t h l s .  

Swi tch ing  F r e i g h t  
(Fuel $4.901~6 t u ) ( Fuel $ 4 . 9 0 1 ~ ~  t u  ) 

Di esel GT Simple Diesel  GT Reqen . 
Capi ta l  ' 33 . 40. , 21 40 

Fuel 28 2  7 9 1  90 

Maint .  8  5 8  5  - - - - 
69 72 1 20 135 

The engines have p r a c t i c a l l y  t h e  same f u e l  consumption, the lower  
e f f i c i e n c y  o f  t h e  GT being balanced by the  f u e l  i t  saves n o t  i d l i n g .  Main- 
tenance f o r  t h e  gas tu rb ines  i s  h a l f  t h a t -  f o r  t he  d iese l  engines. 

Therefore t h e  s l i g h t l y  h ighe r  c o s t  o f  t he  gas t u r b i n e  horsepower 
year  i s  a  func t i on  o f  c a p i t a l  costs, which have been taken as fo l l ows  i n  t h i s  
study. 

$/Horsepower a t  Wheel Motors 
Diesel  GT Simple GT Regenerative ' 

F r e i g h t  Hau l ing  . 105 133 200 

Swi tch ing  163 200 300 

The f i g u r e s  f o r  d iese l  a r e  based on the  f o l l o w i n g  p r i b s .  
T F r e i  qh t  Haul i n g  Swi t c h i  nq 

Cost o f  engine and a l l  e l e c t r i -  $300 000 , $225 000 
c a l  equipment needed t o  t rans -  

. m i t  power t o  wheel motors 

' 3 2 6 5  1  625 HP o f  Engine 

2  850 HP d e l i v e r e d  t o  wheel motors 1  380 



The p r i c e  has been ca lcu la ted on the actual  HP ava i lab le  t o  the 
wheel motors, i .e. engine HP deb i t ted  by i n e f f i c i e n c i e s  i n  the e l e c t r i c a l  
conversion system and by the consumption o f  various locomotive a u x i l i a r i e s .  

Gas tu rb ine  engines are ava i lab le  i n  the s i ze  ranges needed f o r  
both these services.  For example, the Army Tank Engine b u i l t  by Avco Lyoming 
would serve the switching service but  would almost c e r t a j n l y  cost  $300/HP 

-minimum accord1 ng t o  conversations w l  t h  t h a t  suppl i e r  17-41 

7.7 OVERALL THERMAI. EFFICIENCY FROM 
RESOURCE TO WHEEL MOTORS 

Table 7-7 shows the overa l l  thermal. e f f i c i e n c y  of many o f  the 
combinations o f  engines and fue ls .  The f i gu res  are i n '  thousands o f  gross 
B tu  .o f  pr imary fue l  (e.g. coal ,. shale, biomass, e tc . )  requ i red t o  produce 
one horsepower. hour (2547 Btu o f  work energy), tak ing  i n t o  account a l l  the 
energy l o s t  i n  conversion t o  engine fue l ,  l o s t  I n  . t ranspor ta t ion t o  the en- 

; gine, and l o s t  as r e j e c t  heat a t  the engine i t s e l f ,  and i n  the e l e c t r i c a l  
equipment which d i r e c t s  power t o  the wheel motors. 

- 
The f i gu res  were ca lcu la ted using the f o l  lowing expression: 

F1 = a f a c t o r  r e l a t i n g  the gross B t u  o f  the engine 
fue l  t o  i t s  net  B tu  content. This i s  a func- 
t i o n  o f  the hydrogen content o f  the fue l  and 
ranges from 1 .18 f o r  hydrogen t o  1.02 f o r  
coal 

F, = a fac to r .  r e l a t i n g  the .gross B tu  content o f  the 
primary f u e l  a t  source t o  the gross Btu  content 
o f  the resul  t e n t  engine fue l  de l ivered.  t o  the 
customer's tank. '  e.g. 1 .82 Btu o f  coal a t  the 
mine are needed t o  produce 1 .OO Btu o f  coal 
1 iqui .d . a t  the engine 

E = enginela1 te rna to r  - r e c t i f i e r  e f f i c i e n c y  taken 
as a combination o f  

0.29 x peak e f f i c i e n c y  

0.29 x 112 load e f f i c i e n c y  

0.42 x low power e f f i c i e n c y  

Engine EffSciency E 

Dl esel 
Steam 
Gas tu rb ine  simple . 

Gas tu rb ine  regen. 
S t i r 1  ing' 
E l  e c t r l  c i  t y  
PO,, Fuel . c e l l  
COa Fuel c e l l  



- .  I TABLE 7-7 

Coal . 

Coal / O i  1 Sl u r r y  

Raw Shale 

Shale D i s t .  , 

Shale Naph. 

Coal Naph. 

Coal D is t .  

Organic O i l  

Methane 

El ec tri c i  ty 

OVERALL THERMAL EFFICIENCY FROM RESOURCE TO RAILROAD WHEELS 

k BtuIHPH Mine t o  Wheel Motors 

Diesel 

8.6 

9.8 

9.7 

14.0 

Steam 

17.7 

S t f  rl i n q  

9.1 

10.3 

10.3 

GT Simple 

- - 
GT Regen. El e c t r i c  

-- - - 

Fuel Ce l l s  
PO i, COj 



The F1 and F2 f a c t o r s  f o r  t h e  f u e l s  a re :  

F 1 F 2 
(GrossINet) (Mine B tu / fue l  B tu)  

Coa 1 

Raw Shale 

Coal / O i  1  S l  u r r y  . 1.040 

Ref ined Shale 1.068 

Coal L iqu ids  1.055* 

Methane 1 . I25 

El  e c t r i  c i  ty  1 .OOO 2.89 . ' 

* ' 1.080 f o r  coal de r i ved  gas01 i ne. 

For fuels  havimg heat  content  i n  the range 1 8  000 B t u / l b  f a c t o r  
Fl i s  approximate ly  1 + 0.5 (percent  H2 i 100). For o t h e r  . fue ls ,  F1 was 
der ived from tab1 e's o f '  n e t  and gross heat  content .  

On t h i s  bas is  the  h ighes t  e f f i c i e n c i e s  a re  ob ta ined f o r  the f o l l o w -  ''\ 

i n g  combinations: 

E l e c t r i c ,  1  ocomotive 7.4 

Fuel c e l l  Isha1 e naphtha 8.5 

S t i  r l  i ng/coal : 9.1 
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8 .  A i r c r a f t  

E .  N. Cart ,  J r .  

Background 

The U.S. a i r c r a f t  i n d u s t r y  can be d i v i d e d  i n t o  two bas ic  
areas - m i l i t a r y  and c i v i l i a n .  W i th in  the  c i v i l i a n  segment, t he  d i v i s i o n  
i s  by  c e r t i f i e d  rou te  (passenger and cargo o r  a1 1 cargo) , supplemental, 
and general a v i a t i o n .  The number o f  a i r c r a f t  i n  each category i n  1974 
were as. f o l  1 ows : , . 

No. o f  A i r c r a f t  - 1974 

C e r t i f i c a t e d  Route 
- Passenger/Cargo 
- A1 1 Cargo 

Supplemental 

General A v i a t i o n  145jIOO 

Source - Ref. (8-1) 

W i th in  General Av ia t i on ,  about 95 percent  o f  t h e  a i r c r a f t  
use p i s t o n  engines, w h i l e  i n  the c e r t i f i c a t e d  and su o l  n t a l  ca tegor ies  
over  93 percent  o f  t h e  a i r c r a f t  use t u r b i n e  engines. f8-?$ A d e s c r i p t i o n  
o f  , the d i f f e r e n t  types o f  t u r b i n e  engines i n  use and t h e  types o f  fue ls  

A used by each type of engine i s  covered i n  Appendix Volume I I I A .  

Whi le General A v i a t i o n  has -by  f a r  t h e  g rea tes t  number o f  
a i r c r a f t ,  t h e  fuel  consumed represents about 6 percent  o f  t h e  t o t a l ,  as 
shown i n  Table 8-1, w i t h  h a l f  o f  t h i s  being j e t  f u e l  and h a l f  avgas. 
Since avgas represents a smal l  f r a c t i o n  o f  the.commercia1 market ( 4  per-  
cent)  and t h e  f a c i l i t i e s  a re  widespread, i t  would appear t h a t  s u b s t i t u t i n g  
a d i f f e r e n t  type o f  fuel  i n  t h i s  market would be very  d i f f i c u l t  and c o s t l y .  
Therefore, t h i s  s tudy  w i l l  concentrate on j e t  f u e l  f o r  t h e  c i v i l i a n  market. 

The amount of j e t  fue l  used by the  c i v i l i a n  s e c t o r  represented 
69 percent  of the  t o t a l  consumed i n  1976, wi ' th t h e  m i l  i t a r y  us ing  31 percent .  
On a t o t a l  f u e l  consumed basis ,  j e t  fue l  represented 95. percent  o f  t he  
volume used i n  1976, based on the  data i n  Table 8 -1. 

8.1.1 Commercial A v i a t i o n  

Commercial a v i a t i o n  i s  a complex, c a p i t a l  and energy i n t e n s i v e  
system. I n  t h e  non-communist world, about 83 percent  o f  t h e  commercial, 
j e t  a i r c r a f t  i s  U.S. b u i l t  and 43 percent  U.S. operated.@-2)  The c h i e f  
s takeholder  i n  t h e  U.S. commercial a v i a t i o n  s e c t o r  have been i d e n t i f i e d  
as foil ows : t8 -2) 



Table 8-1 

U.S. A i r c r a f t  Fuel Usage - 1976 

M i l  1 i o n  o f  Gallons 

J e t  . Avaas Tota l  
Vol . % Vol . % - Val . - % - - 

C i v i l i a n  

General Av ia t ion  495 3 432 57 927 6 

A i r  Car r ie rs  .- Domestic . 7,822' . 54 20 3 7,842 5 2 

- ~ n t e r n a t i o n a l  1,619 - - 12 . - - - . 1,619 . - 11 

Tota l  C i v i l i a n  9,936 69 452 60 10,388 6 8 S" N 

M i  1 i t a r y  4,515' - 3 1 - 300 - 40 4,815 - 32 

Tota l  14,451 100 752 100 15,203 . 100 

Source: Ref. (8-25) 



a A i r c r a f t  Manufacturers 

- Engine Manufacture 
- Air f rame Manufactureres 

a A i r l i n e s  

a A i r p o r t  (!perators 

a Fuel Producers and D i s t r i b u t o r s  

a Government Regulatory Agencies 

a Consumers 

The m i l i t a r y  a l so  has an influence on technology t h a t  i s  used 
i n  the  c i v i l i a n  sec tor .  Some p e r t i n e n t  f a c t o r s  on t h e  f i ' r s t  f o u r  s take-  
holders are  po in ted o u t  below. A more d e t a i l e d  d iscuss ion i s  g,iven i n  
' reference 8-2. 

Enai ne Manufacturers 

There are two major U.S. producers o f  commercial a i r c r a f t  
engines - General E l e c t r i c  and P r a t t  and Whitney. Rolls-Royce i s  a 
f o r e i g n  producer o f  commercial a i r c r a f t  engines which are  used on a i r c r a f t  
opera t ing  i n  t h e  U.S. I n  1975, around 850 j e t  engines were produced i n  
the U.S., c l ose  t o  t h e  average f o r  1970-1975, l i t h  t h e  range be in^ a h i g h  
o f  1040 i n  1970 and a low o f  565 i n  1972. (8-3) 

Airframe Manufacturers 

There are  th ree  major U.S. a i r f rame manufacturers - Boeing, 
McDonnell-Douglas and Lockheed. A breakdown .of a i r c r a f t  p roduct ion  from 
1970 t o  1976 i s  given i n  Table 8-2. Between 200-300 a i r c r a f t  have been 
produced pe r  yea r  from 1970-1976. 

The development o f  new a i r c r a f t  e n t a i l s  s u b s t a n t i a l  economic 
r i s k s .  The development cos t  must be spread over t h e  t o t a l  number o f  planes 
t o  be s o l d  and i f  t h e  est imate o f  t o t a l  planes t o  be s o l d  i s  t o o  o p t i m i s t i c ,  
t t e a i r f r a m e  company must absorb p a r t  o f  t h e  development cos t .  I n  a d d i t i o q t h e  
long  l e a d  t imes '(10-15 years)  c rea te  cash f l  w roblems and cumulat ive cash 
f l ow  can be negat ive  f o r  t h i s  l eng th  o f  time.78-g) Thus, t h e  a i r f rame 
manufacturers w i l l  be r e l u c t a n t  t o  "be t  t h e  company" on a r a d i c a l l y  d i f f e r e n t  
type of a i r c r a f t  unless t h e r e  a r e  s t rong  d r i v i n g  forces.  

A i  r l  ines 

I n  t h e  U.S. the re  were 3 3 ' a j r l i n e s  i n  1972 i n  c e r t i f i c a t e d  
routes.  (8-1 ) ( In t ra -Hawai i  and in t ra -A laska c a r r i e r s  a re  excluded) A i r 1  ines 
can be charac ter ized as both  c a p i t a l  and energy i n tens i ve .  It i s  assumed 
i n  t h e  i n d u s t r y  t h a t  t h e  nex t  generat ion o f  a i r c r a f t  w i l l  ha o f f e r  
a i r l i n e s  s i g n i f i c a n t  opera t iona l  savings t o  ga in  acceptance. !%-8 A ' r l i n e s  
w i  11 be i n t e r e s t e d  i n  t h e  f o l l o w i n g  f a c t o r s  f o r  f u t u r e  a i r c r a f t .  ( 8-21 



Wide Rodv 

4 Engine 
n 747 

4 Engine 
D 707 
nc  a 
Total  

3 Engine 
B 727 

2 .15ngine 
I3 737 
DC 9 

'Total 

Fleet 

Table 8-2 

Commercial A i r c r a f t  production 

Prod~~ct ion 
1970 - 1971 - 1972 - 1973 - 1974 - 1975 - 1976 - 

. Source: ~ e f .  (8-3) 



r I n i t i a l  Cost 

0 Energy U t i l i z a t i o n  

r A v a i l a b i l i t y  o f  Fuel 

r Cost o f  Fuel 

a Maintenance and Other Operating Costs 

r ~ f f i c i e n c y  o f  A i r c r a f t  Turnaround on the Ground 

r Labor U t i l i z a t i o n  

r Environmental Acceptabi 1 i t y  

New generat i  ns f airp lanes i n  the past have been introduced 
a t  10-12 year interva1s.P~-27 w i t h  Boeing s t a r t i n g  t o  introduce a new type 
o f  a i r c r a f t ,  t h i s  would imply the next generation w i l l  no t  be "due" ti l l 
around 1990. 

A i r po r t  Owners 

There were a t o t a l  o f  13,062 a i r p o r t  f a c i l i t i e s  i n  the U.S. 
a t  the end o f  1974. O f  t h i s  t o t a l ,  only 663 rece ive*  sche uled a i r 1  ines. 
w i t h  only 26 o f  t h i s  t o t a l  considered la rge  hub a i r p o r t s . b - 1 )  The major 
a i r po r t s  are p u b l i c l y  owned and operated by municipal o r  regional  governments. 
A i r po r t  const ruct ion i s  usua l l y  financed through the issue o f  revenue bonds, I 

backed i n  p a r t  by the an t i c i pa t i on  o f  land ing fees t o  be co l lec ted  from the 
a i r l i n e s .  These bonds would be competing w i t h  demands f o r  cash f o r  o ther  
socia l '  services, and i t  may be d i f f i c u l t  f o r  c i t i e s  t o  i n s t a l l  f a c i l i t i e s  
t h a t  would be required f o r  a cryogenic fue l .  Use o f  a syn the t i c  f ue l  
could be more compatible w i t h  e x i s t i n g  f a c i l i t i e s .  

M i l  i t a r v  

The.mi1 i t a r y  are general ly  the  leaders i n  developing new a i r c r a f t  
and j e t  engines. Previous studies f o r  DOD have i d e n t i f i e d  t h a t  syn the t i c  fue ls ,  
pre ferab lv  f r o  shale o i l  i s  t e i r  choice as a f u e l  t o  replace petroleuv-based 
f ue l  s i8-y;u-1 98-32 ,8-33f If DOD does no t  devel op a cryogenic 
f u e l e i  a i r c r a f t ,  the manufacturer's cos t  o f  development w i  11 r i s e  since 
there would be no appreciable techno1 ogy t ransfer .  

8.1.2 Development, Production and Use Cycle o f  Advanced Transport A i r c r a f t  I 
The development, production and use cyc le  o f  advanced design 

t ranspor t  a i r c r a f t  i s  shown on the next  page. 



- Design and Development - 10 Yrs. 

I-I Production - 10' Yrs. 

I 
Operational Service - 30 Years 

Source: Ref. (8-6) 

Several po in ts  are evident from the above f i gu re :  

r I f  the  dec is ion t o  s t a r t  the des ign and de'velopment df a 
cryogenic fueled a i r c r a f t  i s ,  say i n  1985, the f i r s t  a i r c r a f t . t o  go i n t o  
operat ional  serv ice would no t  be til l around 1995. Since. i t  would a l so  
take around t en  years t o  develop the cryogenic f a c i l  i t i e s  a t  the a i r po r t s  
and the f a c i l i t i e s  t o  produce t he  fue l ,  i n  the case o f  l iquid Hz, these 
decisions must a lso  be made i n  1985 t o  have f ue l  ava i lab le  f o r  the operat ing 
a i r c r a f t .  

J 
I f  the  decis ion i s  made imn 1980 t o  produce a'new generation 

o f  a i rp lanes us'ing a petroleum o r  syn the t i c  j e t  fue l ,  then a hydrocarbon 
t ype - j e t  f ue l  must remain ava i lab le  u n t i l  2020. 

; A i r c r a f t  i n  use today must have a j e t  f ue l  t ha t  can be used 
i n  cur rent  engine desipn til l around 2000. 

. Thus, i f  a cryogenic f ue l  i s '  introduced, dual f ue l  
fac i l . i t . j es  w i l l  be required.  f o r  the  next  40 plus years! 

8.1.3 Turbine A i r c r a f t  Operating Cost 

The d i s t r i b u t i o n  o f  1976 out-of-pocket operat ing cost  f o r  
two d i f fe ren t  a i r c r a f t ,  a 727 and a DC-10, i s  shown i n  f i g u r e  9-3.  The 
petroleum fuel cos t  was 3fQ/gal. i n  1976. For both a i r c r a f t ,  f ue l  cost 
represented about ha l f  .o f  t he  d i r e c t  operat ing cost. I f  syn the t i c  j e t  
fue ls ,  from shale o i l  o r  d i r e c t  coal  1 iquefact ion,  had been used, the  
f r a c t i o n  would have been greater, approaching about 70 percent i n  the  case 
o f  coal l i qu i ds .  I n  t h i s  case, a i r  t r a v e l  would be considerably more 
expensive, say 25 percent more. Hence, the amount o f  a i r  t rave l ,  which t o  some 
degree, involves d isc re t ionary  expenditures , would be less and f ue l  demand 
less.  The cost  o f  the shale and coal  l i q u i d s  used i n  t h i s  comparison i s  
based on the  values used i n  t h i s  study, deescalated t o  1976 d o l l a r s  a t  a 
7 percent per year ra te .  Thus, f ue l  cost  are a major considerat ion from the  
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Figure -8 -1 

Turbine A i rc ra f t  Operating Cost 

1976 Out - O f  -Pocket 

Petroleum Shale Coal 
Je t  A O i  1 Liquid 
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user 's  viewpoint. However, maintenance cost  i s  a lso important, and 1.t 
i s  recognized t h a t  there i s  a  tradeoff between fuel cost  and maintenance 
expense. (8 -4) 

8.2 Summary and Conc:l usions 

a Based on t he  physical propert ies of the cryogenic f ue l s  
and the  synthet ic  j e t  fuels considered, LH2 has the highest heat o f  
combustion on a  weight basis, the highest  spec i f i c  heat (a measure o f  
i t s  e f f i c i e n c y  as a  coolant) ,  but  i t s  disadvantages are i t s  low 
dens i ty  and r e s u l t i n g  low volumetric heat content and i t s  low . 
b o i l i n g  po in t .  

a L iqu id  methane i s  15 percent more energet ic than j e t  A ' 

on a  weight basis, has a  spec i f i c  heat 1.7 times t h a t  o f  j e t  A, and 
i s  s i x  times more dense than l i q u i d  hydrogen. 

a Studies by Lockheed have shown t h a t  f o r  a  subsonic, 5500 
n. mi les,  400 passengers a i r c ra f t ,  the i n i t i a l  cost  o f  the a i r c r a f t  
would be about the same fo r  a l l  three fue ls ,  LH , LCHq and j e t  A. 
The methane fue led a i r c r a f t  charac te r i s t i cs  fa1 ? between LH2 and j e t  A. 
A LH2 fueled a i r c r a f t  design i s  l i g h t e r ,  uses less f ue l  f o r  a  given 
f l i g h t ,  requires an engine w i t h  lower t h r u s t  and requires a  shor ter  
runway. 

a The f ue l  cost, on a  per f l i g h t  basis f o r  a  subsonic a i r c r a f t ,  
shows t h a t  shale o i l  der ived j e t  A would be the l e a s t  cos t l y ,  fo l lowed by 
coal l i q u i d  j e t  fuel .  LCHq would cost  about double a  shale o i l  j e t  -A. 
The LH2 fueled a i r c r a f t  would be the most expensive t o  operate -- over 
three times what a  shale o i l  der ived j e t  A would cost. 

a Based on o ther  studies by Lockheed, RAND, and Boeing, a  
syn the t i c  j e t  f ue l  from shale o i l  would be the most economical f u e l  f o r  
future a i r c r a f t .  Based on a  l i f e  cyc le  comparison, the l e a s t  c o s t l y  i s  
j e t  A from shale o i l ,  fo l lowed by j e t  A from coal, w i t h  LCH4 next  and LH2 
the most expensive. 

a   or a  supersonic a i r c r a f t  (Mach 2.7, 4200 n. miles, and 
234 passengers), the  design advantages f o r  LH2 are greater than f o r  a  
subsonic a i r c r a f t .  However, the f ue l  cost  p e r f l j g h t  s t i l l  favors the  j e t  
A case, (shale o i l  f i r s t ,  fo l lowed by coal der ived j e t  fue$ -then LH2. 

a For supersonic a i r c r a f t ,  the  cost  o f  a  j e t  A fue led a i r c r a f t  
has been estimated t o  be about 35 percent h igher than a  LH2 fue led a i r c r a f t .  
Inc lud ing  the  cost  o f  the  a i r c r a f t  and the  p o t e n t i a l l y  lower maintenance 
cos t  makes LH2 more a t t r a c t i v e  than the  subsonic case, bu t  s t i l l  a  shale 
o i l  der ived j e t  A would be the preferred fue l ,  w i t h  a  coal der ived f u e l  next. 

For subsonic a i r c r a f t  LH2 would have t o  cost  about 47 percent 
l e s s  than value 'used i n  t h i s  study t o  .breakeven w i t h  a  coa l .  der ived j e t  A and 
71 percent less  t o  breakeven w i t h  a  shale oi.1 based j e t  A on a  f u e l  cost  per 
f l i g h t .  For a  supersonic a i r c r a f t  t he  cost  o f  LH2 would have t o  be 17 
percent less than the value used i n  t h i s  study t o  breakeven w i t h  a coal-derived 
j e t  f ue l  and 45 percent less t o  breakeven w i t h  a  shale o i l  der ived j e t  f ue l ,  



considering the difference in the cost of the a i r c ra f t  as well as  the fuel 
cost difference . 

Liqu id  H2 a i r c r a f t  would appear to only be a t t r ac t ive  for  
very long subsonic f l igh t s  (>5500 miles) and for  supersonic f l ights  a t  greater 
than mach 2.7. 

From the standpoint of natural resource requirements , considering 
the resources required from the mine to  that  used t o  power the a i r c ra f t ,  
a shale o i l  derived j e t  fuel i s  the most e f f ic ient .  LH2 requires about 
double the amount of natural resource as shale o i l .  

Lab t e s t s  have shown . tha t  acceptable j e t  fuels can be made 
from e i ther  coal o r  shale o i l  based resources. Production of a i r c ra f t  
fuels from shale o i l  should be more s t ra ight  forward than from coal. 

.& 
Coal based j e t  fuels will have poorer combustion properties 

than shale o i l  due to the formation of naphthenes rather  than paraffins 
when the coal liquids are hydrogenated. 

e An economic comparison between upgrading fuels t o  meet 
current hydrogen levels and modifying the engine' shows tha t  there are 
incentives t o  develop an engine tha t  can accept a poorer quality fuel.  
If  a 12 percent hydrogen content fuel can be used, the incentive would be 
about 170k$/year per engine to  use an engine tha t  can handle a fuel w i t h  
a lower hydrogen content.. 

In addition t o  changing the specification t o  allow a lower 
hydrogen content fuel t o  be used, the boiling range of the j e t  fuel fraction 
could also be changed t o  increase the potential ava i lab i l i ty  of j e t  fuel 
from a given barrel of l iquid feedstock. This increase would be a t  the 
expense of home heating o i l ,  chemical feedstock o r  diesel fuel and gasoline. 
Two properties affected by th i s  change would be the f lash point and the 
freeze point . 

Modifications t o  existing a i r c ra f t  system t o  handle a higher 
freeze p o i n t  fuel (0°F freeze point) would be very small, generally less  
than 1 &/gal 1 on. 

Ground handling modifications t o  handle a higher freeze point 
j e t  fuel could be made for  a minimal cos t ,  1 ike 0.01 &/gal of fuel handled. 

In the near term, i t  i s  unlikely tha t  there will be any 
major changes in the specifications of commercial j e t  fuels. There 
may be minor changes t o  increase supplies i f  another embargo develops 
In the mid term, 1985-2000, a broad cut fuel may be used,.depending 
on the outcome of the current NASA e f fo r t s  in t h i s  area. By 1990, i t  i s  
possible tha t  a shale o i l  derived fuel may be used t o  a limited extent 
i n  commercial operation. Aircraft  designed t o  u t i  1 ize synthetic j e t  fuels 
are  not l ike ly  t i l l  around 2000. The major replacement of petroleum 
based j e t  fuel in the long term (2000-2025) is most likkly t o  be shale 
o i l  derived j e t  fuel ,  with some coal l iquids from indirect l iquefaction'  
possible. I t  i s  unlikely tha t  LH2 or  LCH4 will be widely used in commercial 
aviation, unless there i s  a strong demand fo r  long distance supersonic f l ights .  



8.3 Comparison of Cryoqenic and Synthetic J e t  Fuels 

, The types o f  fu tu re  a i ' r c ra f t  fue ls  f o r  j e t  engines can .be 
d i rec ted  i n t o  general categories. 

Synthet ic J e t  Fuels- Cryogenic 

Shale O i l  D i s t i l l a t e  L i qu id  Hz 

Coal L i qu id  D i s t i l l a t e  
+ D i rec t  L iquefact ion 
+ I n d i  v c t  L iquefact ion 

L i qu id  CHq 

Tar Sands (outs ide U.S..) 

Heavy Crudes (outs ide U.S.) 

I n  t h i s  sect ion the  propert ies o f  these fue ls  w i l l  be. 
compared, the cost  of operat ing both a  subsonic. and a  supersonic 
a i r c r a f t  w i l l  be compared fo r  ' the .various fuels,  and the resource 
requi.rements f o r  each case w i l l  be considered. . 

8.3.1 Comparison o f  Propert ies 

Some o f  t he  proper t ies  o f  the a1 ternate  f ue l s  are shown i n  
Table 8-3. As can be seen LH2 has the highest  heat of combustion on 
a  weight basis, a  measure of i t s  energy content, and the highest  spec i f i c  
heat, i nd i ca t i ng  i t s  c a p a b i l i t y  f o r  use as a  coolant. On a.volume basis, 
t he  heat content of LH2 i s  25 percent of t ha t  o f  synthet ic  j e t  f ue l ,  meaning 
t h a t  more storage volume i s  requ i red f o r  a  g iven f l i g h t .  'Another d is -  
advantage f o r  LH2 are i t s  low dens i ty  and i t s  low b o i l i n g  po in t .  Methane 
i s  16 percent more energet ic than j e t  A on a  weight basis bu t  only 42 percent 
as energet ic as hydrogen. I t s  spec i f i c  heat i s  1.71 times t h a t  o f  j e t  A 

, bu t  a  t h i r d  o f  t h a t  o f  hydrogen. LCH4 i s  roughly h a l f  as dense as j e t  A 
bu t  s i x  times as dense as l i q u i d  hydrogen. It i s  c l a s s i f i e d  as a  m i l d  
cryogenic 1 i q u i d  compared t o  1  i q u i d  hydrogen. LCH4 and LH2 should produce less 
noxious products than conventional a i r c r a f t  f ue l  . 

Cost Comparison 
\ 

8.3.2.1 Subsonic A i r c r a f t  

One o f  the  more recent studies cu r ren t l y  i n  progress f o r  NASA 
i s  a  comparison between l i q u i d  hydrogen (LHz), l i q u i d  methane (LCH4) and 
j e t  A. This study i s  being conducted by Lockheed - Ca l i fo rn ia ,  as the 
prime contractor .  The purpose o f  t h e  study was t o  def ine a  pre fer red 
conf igurat ion fo r  a  LCH4 fue led a i r c r a f t  (400 passengers, 5500 n mi les  
f l y i n g  a t  0.85 rnach no.) t o  determine the charac te r i s t i cs  o f  the ground 
f a c i l i t i e s  required, t o  compare LCH4 a i r c r a f t  t o  LH2 and j e t  A, and t o  
out1 i n e  technology development required f o r  a  LCH4 fue led a i r c r a f t .  It 
was assumed i n i t i a l  operat ion c a p a b i l i t y  would be 1990-1995. The engine 
cha rac te r i s t i c s  assumed f o r  t h i s  study are shown i n  Table8-4.  Lockheed 
has concluded t h a t  the pre fer red f ue l  storage design f o r  LCH4 and LH2 
a i r c r a f t  would be t o  have the fuel i n  the  fuselage. The summary 
comparison of LH2 and LCH4 and j e t  A i s  shown i g  Table 8-5. The methane 
a i r c r a f t  charac te r i s t i cs  f a l l  between LH2 and j e t  A. 



Table 8-3 

Propert ies o f  Possible A1 ternate J e t  Fuels . . 

Synthetic Je t  Methane Hydrogen . . 

Shale Coal 

Heat o f  Combustion 
- BTU/lb 18,500* 18,400-18,500* 21,500 51,600 
- BTU/Gal 1 22; 700" 123 -124,000* 80,000 30,600 

L iqu id  Density 
1 b / ~ ~ 3 .  @ 60°F** 

B o i l i n g  Poin t  (OF) 
a t  1 Atmosphere 400 t o  550 -259 -423 

Freezing Poin t  -OF - 58 -90 -296 -455 

Spec i f i c  Heat 
BTU/l b OF 

Heat o f  Vaporizat ion 
BTU/l b @ Normal 
B o i l  i n g  Point  

** At  oiling p o i n t  
* Estimat-ed Value 



Table S -4 

Baseline Engine Character ist ics 

SLS,' Un insta l led 

Standard Day 

Source: Ref. (6-5) 

POWER SETTING 

NET THRUS'T (LB) 

(LB/HR) 
LB 

BYPASS RATIO . 

FAN AIR FLOW LBISEC 

COMPRESSOR PRESSURE RATIO 

TURBINE INLET TEMP, OF 

LH2 

TAKEOFF 

30,706 

0.1025 

10.25 

1070 

15.5 

I 

2700 

LCH4 

TAKEOFF 

30,706 

0.2460 

10.25 . 

i 070 

15.5 . . 

2700 

JET A 

TAKEOFF 

30,706 
. ? 

0.2874 

10.25 

1070 

15.5 

2700 
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Table 8-5 

Comparison o f  LH2, Methane and J e t  A A i r c r a f t  

5500 N. Mi les ,  0.85 Mach. No., 400 .Passengers 

I 

- METHANE 

GROSS WT LB 
TOTAL FUEL LB 
BLOCK FUEL , LB 
OEW LB 
WING AREA - F T ~  
SPAN FT 
FUSELAGE LENGTH F T  
SFC 
L ID CRUISE 
WING LOADING PSF 

T/W ' 

THRUST PER ENGINE LB 
FAR T.O. DlST FT 

FAR LDG DlST FT 
APPROACH SPEED KNOTS 
PRICE - MI_LLIONS . . 

CONFIGURATION 1 I JET A 

Source: Ref. (8-5) 
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- It i s  i n t e r e s t i n g  t o  ca lcu la te  the  thermal e f f i c i ency  f o r  
the three f&ls, based on an assumed speed o? 550 MPH. These e f f i c i e n c i e s  
are as fo l lows: 

LH2 - 36 percent 

LCH4 - 35 percent 

, . J e t  A - . 34 percent 

These e f f i c i e n c i e s  are ' f o r  a 2700°F tu rb ine  i n l e t  temperature. 

The cost  o f  operation w i t h  these three fue ls  i s  summarized 
i n  Table &-6, based on the cost  data developed i n  t h i s  study. . The 
j e t  A cost  are  shown f o r  a shale o i l  based fue l ,  and two coal der ived 
fuels,  a f ue l  produced from a d i r e c t  1 iquefact ion process, and one 
from an i n d i r e c t  C O ~ ?  l i que fac t i on  process.' The comparison i s  shown 
per f l i g h t ,  so the , r a t i o  i s  more meaninqful. As shown. the shale o i l  
derived j e t  A would be the l eas t  cost ly ,  followed b y  the  coal l i qu i ds .  
LCH4 f a l l s  i n  the upper range f o r  the  coal l i qu i ds .  The LH2 fueled 
a i r c r a f t  would be the most expensive, over three times what a shale 
o i l  der ived j e t  A fuel would cost. 

Several o ther  studies have a lso been made Tor subsonic a i r c r a f t  - . 

comparing LH2, LCH4.and synthet ic  j e t  fue l .  The resu l t s  o f  the studies 
are  sumar ized below. 

,,( 86) 8.3.2.1.1 Lockheed Stud \ 

The a i r c r a f t  design was for  a 400 passenger a i rp lane designed 
. . t o  c ru ise  a t  mach 0.85 w i t h  a range c a p a b i l i t y  o f  5500 n. miles. The l i q u i d  

hydrogen would be s tored i n  the  fuselage, both a f t  and forward o f  the  pas- 
senger compartment. A.comparison of several .key parameters f o r  a LH2 
a i r c r a f t  and a j e t  A fueled counterpart i s  shown in .Table  8-7. It can be 
noted t h a t  the LH2 design i s  l i g h t e r ,  uses less  fuel f o r  a given f l i g h t ,  
requires an engine w i t h  lower t h r u s t  because o f  the l i g h t e r  weight and 
requires a shor te r  runway. The two a i r c r a f t  are estimated t o  cost  about 
the same. 

The basic reason f o r  ' the supe r i o r i t y  o f  the LH2 design stems 
p ' r imar i ly  from the l i f t - t o - d r a  r a t i o  i n  c ru i se  ( a  negat ive f ac to r )  and 
t he  s p e c i f i c  f u e l  consumption 9 a pos i t i ve  f ac to r ) .  Even w i t h  t he  favor-  
ab le  design fac to rs  f o r  a LHz a i r c r a f t ,  i t s t i l l  would no t  be economical 
t o  operate as a j e t  A type a i r c r a f t ,  based on the cost  o f  f ue l s  developed 
i n  t h i s  study, as shown i n  Table 5-8. Fuel cos t  f o r  a j e t  A f ue l  made 
from shale o i l  would be about a t h i r d  o f  t h a t  f o r  the  LH2 fueled a i r c r a f t ,  
wh i le  a j e t  f ue l  from a d i r e c t  coal l i que fac t i on  process would have about 
ha l f  the fuel  cos t  o f  the LH2 a i r c r a f t .  
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Table 8-6 

: Comparison of Cost of Fuel f o r  Cryogenic and Synthetic J e t  Fuels 

Fuel Consumption Based on Table 8 -5 Subsonic Fl ight  

Block Fuel Usage 

J e t  A 
Direct . Indirect  

Shale. Coal Coa 1 

00 
Fuel Cost @ Airport $/MBTu .16.7-19.2 9'-12.6 4.9-5.1 5.9-9.7. 6.5-12.7+ . I 

V1 * 

Fuel Cost/Flight $ x lo3 41 -47.2 

Ratio of  Fuel Cost 2.97-3.15 1.8-2.33 0 1.25-1.89 1.37-2.47 



.' I 

Table 8-7  

Comparison:- LH2 and J e t  A Subsonic 'Transport  A i r c r a f t  
; 

(Mach 0.85, 5500 N. Mi.  400 Passengers) 

Source: Ref. (8-6) 

b 

4 Rat io  

LH2 J e t  A 
<. (y) 

L 

Cross  ,Weight 
L 

Opera t ing  h p t y  Weight 

Block Fue l  Weight 
-.. 

Thrus t  Per  Engine 

Wing Area 

Span 
- 

Fuselage Length 

Field Length Required 

Lif t /Drag (Cruise)  

S p e c i f i c  Fuel  Consumption 
(Cruise)  

A i r c r a f t  Price 

Energy U t i l i z a t i o n  

Noise, S i d e l i n e  
Flyover  

l b  

lb 

l b -  

lb.. ' 

f t 2  

f t 

f t 

f t  

- 
G/ lb  l b  

$ lo6  

Btu 
seat mi 

EPN dB 
EPN dB 

391,700 

242,100 

52,900 

28,700 

3363 

174 

219 

6240 

16.07 

0.199 

26.9 

1239 

87.2 
89.2 

523,200 

244,400 

165,500 

32,700 

4186 

194.1 

19  7 

7990 

17.91 

0.581 

26.5 

1384 

87.8 
94.2 

1.34 

1.01 

3.13 

1.14 

1.24 

1.12 

0.90 

1.28 

1.12 

2.92 

0.99 

1.12 

- - 
A 



Table 8-8 

Comparison o f  Cryogenic Fuels and Synthetic Jet  Fuels 

Fuel Usage Based on Data i n  Table 8-7 . . 

Subsonic A i r c r a f t  - Mach 0.85, 5500 N. M i . ,  400 Passengers 

. . Jet  A LH? 
Coal Shale 

K q / f l 5  nht 17.9-79.4 I A . Q - ~ s . ~  4 8 . 6 - 5 2 . ~ .  

Ratio .To Shale 1.2-1.9 1 
Deri yed Fuel 



In addition -to fu.el cost ,  the return on investment, maintenance 
and other d i r ec t  operating cost would have to  be considered. In the case 
of subsonic a i r c r a f t ,  the cost o f . t h e  a i r c r a f t  a re  shown to  be .about the 
same so that  fuel cost would be the prime consideration. 

8.3.2..1.2 Life Cycle Cost \ 

Two other studies,  one by RAND and the other by Boeing co~pared the 
three fuels usina a 1 i f e  cycle' cost ccmparison. RAND has made a study for  the 
Air Force on evaluating al ternate  fuels fo r  very large airpl  e VLA), defined as 
a plane with a gross weight in excess of one million pounds. - Candidates 
for  application of VLA include s t r a t e g i c ' a i r l i f t ,  tankers, miss-ile launcher, and 
maritime a i r  c ru isers  Design considera,tion were a design radius of 3600 n.  
mi., without refuel i n g  a t  the destination, cruise mach. number of .75 - 0.8 
and a takeoff c r i t i c a l  f ie ld  length of 8000 f t .  and a design 'payload of 
350,000 Ibs. The four fuels considered were coal derived j e t  A (d i rec t  
1 iquefaction) , LCH4, LH2 and nuclear. .The conclusion from t h i s  study 
was tha t  overall ,  a conventional hydrocarbon j e t  fuel (derived from o i l  
shale ,  or coal) remains- the most a t t r ac t ive  fuel ,for mili tary a i r c r a f t .  
Liquid hydrogen and 1 iqui-d methane will o f fer  1 i t t l e .  potential . a s  

. military fuels until  U.S. o i l  shale,  and.coal resources are approaching 
exhaustion. Nuclear propulsion for  a i r c r a f t  w only a t t r ac t ive  for  s ta t ion-  
keeping mission requiring large s ta t ion  rad i i .  @-7) 

Several factors are of potential i n t e re s t  i n  t h i s  study. F i r s t ,  
the propulsion parameters for  the various al ternate  fuels ,  shown in Table 8-9, 
allows one t o  .calculate a thermal efficiency f o r  an assumed plane speed. A t  
550 MPH, the efficiency used was. 'essentially the same for  a l l  fuels - a t  32 
percent as shbwn below. 

JP - 32.7 percent 

LCI-14 - 32.0 percent 

LH2 - 31 .5 percent 

The overall e f f k i e n c y  i s  lower than the Lockheed study, since the turbine 
i n l e t  temperature f s  2500°F,. compared t o  2700°F in the  Lockheed study. 

The second interesting comparison i s .  the estimated 1 ife-cycle 
cost fo r  the various fuels.  While the comparison i s  sensitive t o  the 
number of a i r c r a f t  procured and number of flying hours per year, the 
comparison, shown in Table 8-10, shows the J e t  A fuel more a t t rac t ive .  
The fuel cost used i n  t h i s  comparison are based on the estimates in 
t h i s  study deescalated t o  1975 dol lars .  W i t h  shale o i l ,  there i s  even 
a greater del ta  between the j e t  A and LH2. 



Table 8-9 

Aerodynamic and Propulsion Parameters f o r  the  A1 t e r n a t i  ve Airplanes 

a ~ o r  operat ion on JP, unless otherwise noted. 

b ~ h r u s t  s p e c i f i c  fuel consumption. 

Source: Ref. (8-7) 

Parameter 

Aerodynamic Data 
Cruise Mach number 
I n i t i a l  cruise 

a l t i tude  (f t )  
Zero-lift drag 

coefficient 
Lift-to-drag r a t i o  

(maximum) 

Propulsion Data 
Number of engines 
Bypass r a t i o  
Fan pressure r a t i o  
Overall pressure 

r a t i o  
Turbine i n l e t  tem- 

perature (OF) 
A t  max. sea level  

s t a t i c  power - Instal led thrust - Instal led T S F C ~  
(lb/hr/lb) 

Cruise TSFC 
(lb/hr/ lb)  

C-5B 

0.77 

30,000 

0.0178 

20 .O 

4 
8 
1.42 

2 5 

2,380 

39,100 

0.333 

0.675 

VLA-JP 

0.75 

30,000 

0 .!?I48 

21.6 

6 
10 
1.40 

35 

2,500 

81,500 

0.296 

0.624 

VIA-LH 2 

0.75 

30,000 

0.0180 

18.6 

6 ' 
10 
1.40 

35 

2,500 

56,400 

0.109 

0.230 

VLA-LCHo 

0.75 

30,000 

0.0151 

21.4 

6 
10 
1.40 

35 

2,500 

83,400 

0.257 

0.542' 

.- 



.$\ ' 
~ i f e ' ' C h 1 e  Costs ?or Various A1 ternate  Aircraft  Fuels 

(Bi l l ions  of 1975 dol la rs ,  unless noted) , 

Procurement 

20 Yr. O&S 
ex fuel 

Fuel @ 265n hr 
b our cost  data 

J e t  A LCH4 
Coa 1 Shale 

11.9 11.9 12.7 

Notes : 

1. Number of a i r c r a f t  procured - 129 

2. U n i t  Flyaway Cost - Millions of 1975 Dollars 

J e t  A $79.2 
LCH4 84.5 
LH2 69.0 

3. Cost includes avionics, ground,support, equipment, i n i t i a l  
spares,  e t c .  

4. Fuel cos t  based on 2650 hrs./yr. f lying time and fuel cost  
o f  (1975 dol la rs )  as follows 

J e t  - Coal Liquids $6.46/ M BTU 
LCH4 .6.79 
LH2 13.39 

Source: Ref. (8-7) 

/ 



Boeing has reported on a study made f o r  the A i r  Force on t h e  
conceptua d ign  and eva luat ion of m i l i t a r y  heavy l o g i s t i c s  t ranspor t  
a i r c r a f t  . 16-%7 Design pay1 oads were 200-600,000 1 bs . and design ranges 
o f  3600-7200 nm. a t  subsonic speeds (0.70.8 mach number). The r e s u l t i n g  
a i r c r a f t  designs have takeoff gross weights o f  1.5 m i l l i o n  pounds. A 
20 year l i f e  cyc le  cost  was projected f o r  j e t  A fue l ,  LCHq and LH2. Two 
methods were used to '  a r r i v e  a t  t h e  a i r f rame and engine costs. One 
method used the  Rand Cost Models, t he  o ther  using a Boeing cost  model. 
It was assumed t h a t  one developmental a i r p l a n e . f o r  each design was .procured. 
A 250 a i rp lane buy was assumed and t he  u t i l i z a t i o n  r a t e  was taken a t  1000 
hours/year, which i s low. f o r  ,commercial operat ions. The range was 6200 n miles, 
payload set  a t  400,000 Ibs.  and c ru i se  speed a t  0.8 mach a t  36,900 feet .  
The r e s u l t i n g  gross weight of the design and engine t h r u s t  f o r  the two 
was as fo l lows:  

T a k e O f f G r o s s W e i g h t - ' 1 b x 1 0 3  1,480 l', 800 1 ,f 25 

Engines - 
No. 4 6 4 

Thrust  SLST 81,800 66,300 67,700 

A comparison o f  the  1 i f e  cyc le  cost  f o r  t h e  Boeing. design basis i s  
summarized i n  Table 8-11. The most a t t r a c t i v e  a l t e rna te  was the  JP 
type, fo l lowed by CCH4, w i t h  LH2 the l e a s t  cost  e f f e c t i v e .  The f u e l  
cost.shown are the ones used by Boeing; they have no t  been adjusted 

' t o  the values used i n  t h i s  study. 

8.3.2.2 supersonic A i r c r a f t  

Lockheed has made a comparison' between LH and j e t  A from 
coal l i q u i d  f a r  a ach 2.7 SST capable of ca r ry ing  $ 34 passengers, 
4200 n. m i .  t8-6,8-9y A compirison o f  t he  L H ~ a n d  j e t  A fue led a i r c r a f t .  
i s  shown i n  Table 8-12. The advantages f o r  the  LH2 SST i s  greater  i n  
near l y  every instance, t o  the subson'ic LH2 version. Th is  i s  a t t r i b u t a b l e  
t o  t h e  supersonic a i r c r a f t  r equ i r i ng  more f u e l  .and LH2 i s  a h igher  
energy content fuel.  However, the economics s t i l l  favor  the  j e t  A case, as 
shown i n  Table 8-13. As shown by t he  comparison t o  t h e  subsonic data, 
t he  supersonic LH2 a i r c r a f t  does appear t o  be more a t t r a c t i v e .  However, 
t o  breakeven w i t h  coal ' de r i ved  j e t  f u e l ,  the  LH2 cost  would have t o  be 
reduced from $18.75/ MBTU t o  $12.43/ MBTU and t o  breakeven w i t h  a 
shale o i l  der ived j e t  fue l ,  the  .LH2 cos t  would have t o  be reduced t o  
$6.73. - o r  h a l f  of the  pro jec ted cost .  This does no t  appear l i k e l y .  

Very l i t t l e  in format ion was found i n  the  l i t e r a t u r e  t h a t  
compared LH2, LCH4 and syn the t i c  j e t  A f r p rso  i c  a i r c r a f t .  One 
comparison was given i n  a r epo r t  by NASA P8-38~8-39Y. Tab1 e 8-1 4 
summarizes some q f  the pe r t i nen t  design comparisons. Using. the  cos t  
o f  f ue l s  developed i n  t h i s  study, a comparison between the var ious f u e l s  
i s  shown i n  Table 8-15. Shale o i l  based syn the t i c  j e t  A would be t he  
most economical, w i t h  LCH4 and coal  1 i qu ids  ( d i r e c t )  about the same. 
LH2 would be about th ree  times more expensive. Th is  comparison does' 
n o t  take i n t o  account an p t n 'a1 savings i n  the  cost  of the a i r c r a f t ,  
as reported by Lockheed. 18-8.8-8 ] 



Comparison o f  L i f e  Cycle Cost Tor Possible Future A i r c r a f t  Fuels 

Payload - 400,000 1 bs 

'Range - 6200 miles 

1985 Techno1 ogy 

FY 1976 Dol lars  

JP - Coal L'iquid &- &4- 

Procurement 18.9 19.9 25 :3 

Devel opment 2.8 2.9 3.4 

Support Investment 2.8 3.0 3.8 

Operations & Support 

ex Fuel F!el' 1) 

TOTAL 45.40 67.20 61.70 

( ' ) ~ u e l  cost  are - not  the same as used i n  t h i s  study. 

Source: Ref. (8 -8) 



Table 8-12 

Comparison: LH2 and J e t  A Supersonic Transport Ai rc ra f t  

( ~ a c h ' 2 . 7 . 4 2 0 0 n .  m i . ,  2 3 4 ~ a s s e n g e r s )  ., 

. , 

.a 
Source: Ref. (8-6) 

, 

lb 

lb 

lb 

lb 

ft2 

ft , 

f t 

f t  

- - 

g/lb hr 

$lo6 

. ,  Btu - 
seat nmi , 

--. 
EPNdB 

. EPNdB 

lb/f ti 

L 

Cross Weight 

Operating Empty Weight 

Block Fuel Weight 

Thrust per Engine 

Wing Area 

span 

Fuselage Length 

Field Length Required 

Lif  t/Drag (Cruise) 

Specific Fuel Consumption 
(Crulse) 

Alrcraft Price 

Energy Utilization 

Noise, Sideline 
Flyover 

Sonic Boom Overpressure 

394,900 

245,200 

85,390 

52,820 , 

7952 

113 

340.2 

7800 

7.42 

0.575 

45.5 

4483 

104.0 
102: 2 

1.32 

Jet A 

762,200 

317,400 

330,533 

86,890 

11,094 

133.5 

297 , I  

9490 

8.65 

1.501 

61.5- 

6189' 

108.0 
108.0 

1.87 

-P 

Ratio 

(y) 
1.93 

1.29 

3.88 

1.64 

1.39 

1.18 

0.87 

1.22 

1.17 

2.61 

1.35 

1-38 

- 
- 
1.41 

I 



+ Table 8-13 

Comparison o f  Fuel c o s t  f o r  Various Alternate A i rc ra f t  Fuels - Supersonic F l i g h t  
i 

Mach 2.7., 4200 N. Mi. , 234 Passengers 

Je t  A LH7 
Coal Shale 

K$/Fl i g h t  For Fuel 37.8-58.8 29.7-30.8 73.7-84.7 

'. Ratio, To Shale 
Derived Fuel 1.3-1.9 1 2.5-2.7 

Fuel Usage From Table 8-12 



Table 8-14 

Supersonic A i r c r a f t  Study 

4000 N. M i . ,  2.7 Mach No. , 250 Passengers 

Gross Weight, K Lbs. 

Span, ft. 

Fuse1 age Length, F t  . 
Block Fuel , K Lbs . 

Source: Ref. (8-38) .- 

Syn. Jet  A 



Fuel Cost - Airport  
, /  $/M0TU 

Fuel Cost/Flight -K$ 
- Relat ive  , , 

Fuel Resource Req 
Relat ive . . 

'Table 8-15 
. . 

Supersonic Aircraf t  

Syn. Je t  A LCHd 
Shale Coal Di rect  



Table 8-16 

Supersonic A i r c r a f t  Comparison 

- -400 Fl ights/Yr - Investments & Fuel Usage Per. Lockheed Study 

Fuel 

Investment 

Total 

Rat i-o 

Annual Cost - $M 
Syn. Liquids 

Shale O i l  Coal LH7 
Direct  Ind i rec t  



I n  t h e  case of supersonic a i r c r a f t ,  Lockheed has est imated 
an investment advantage f o r  t h e  LH2 a i r c r a f t  which has t o  be considered. - 

I f  t h e  cos t  o f  t h e  a i r c r a f t  are included, as w e l l  as any maintenance cost  
advantages, then LH2 becomes more a t t r a c t i v e  if compared t o  coal  l i q u i d s .  
However, i f  t h e  comparison i s  made t o  t h e  cos t  of shale o i l  l i q u i d s ,  then 
even i n c l u d i n g  t h e  d i f f e r e n c e  i n  cos t  between t h e  j e t  A and LH2 'a i rc ra f t  
wouldnot appear t o  be enough t o  make LH2 a i r c r a f t  a t t r a c t i v e .  Th is  comparison 
i s  shown i n  Table 8-12. 

Another advantage f o r  LH2 i n  supersonic f l i g h t  i s  t h a t  much 
longer  ranges are  poss ib le  than f o r  j e t  fueled a i r c r a f t ,  due t o  t h e  
h igher  energy d e n s i t y  o f  LH2. As shown i n  Figure 8-2, t h e  r a t i o  o f  
gross t a k e o f f  weight f o r  LH2 vs. j e t  fuel  f o r  a supersonic a i r c r a f t  
i s  1.76 a t  4200 m i l e  range and 2.66 f o r  a 5500 m i l e  range. Thus, LH2 

; would o f f e r  i t s  g rea te r  performance advantage i n  supersonic f l i g h t  
over long ranges, such as t r a n s p a c i f i c  f l i g h t s .  ' 

Such a i r c r a f t  would have t o  be dedicated t o  t h l s  se rv i ce  and 
the re  would be no backup planes t h a t  cou ld  be used. Moreover, LH2 would , 
have t o  be a v a i l a b l e  a t  non-U.S. t r a n s p a c i f i c  l oac t i ons  and t h e  a i r l i n e s  
f l y i n g  the LH planes would be a t  t h e  mercy of p r i c e s  charged by l o c a l  
suppl i e r s  o f  2 ~ ~ .  
8.3.2.3 Comparison o f  Subsonic and Supersonic A i r c r a f t  w i t h  LH7 and J e t  A 

A comparison between t h e  cos t  o f  f u e l  used f o r  a subsonic and a 
supersonic a i r c r a f t  f o r  va ry ing  LH2 and j e t  A cos t  a re  shown i n  Fi'gure 8-3  
and 8 -4  I n  Figure 8 - 3  t h e  comparison i s  shown f o r  a coal  der ived j e t  
fue l ,  (meeting c u r r e n t  s p e c i f i c a t i o n )  t o  LH2 as a r a t i o  o f  t h e  f l i g h t  f u e l  

'cost  f o r  t h e  two f u e l s  t o  t h e  r a t i o  o f  the  c o s t  of t h e  two f u e l s  as 
de l i ve red  t o  ' the  a i r c r a f t .  As shown, w i t h  a subsonic a i r c r a f t ,  cons ider ing  
o n l y  t h e  f l i g h t  f u e l  cost ,  LH2 would have t o  cos t  1.1. t imes t h e  same as coal  
de r i ved  j e t  A c.ost on a BTU bas is  f o r  LH2 t o  breakeven. For supersonic a i r c r a f t  
t he  r a t i o  i s  about 1.38, compared t o  a cos t  r a t i o  o f  2.07 from t h i s  study. 

It i s  r e a l i z e d  t h a t  t h i s  comparison inc ludes o n l y  t h e  f u e l  cost ,  
w h i l e  the  o t h e r  d i r e c t  ope ra t i ng  cos t  items (crew, maintenance, insurance, 
e t c . )  should a l so  be considered, as w e l l  as t h e  r e t u r n  on investment f o r  
t h e  a i r c r a f t .  I f  t h e  c o s t  o f  t h e  two a i r c r a f t  a re  about t h e  same, as 
was shown i n  Table 5-5, then t h e  f u e l  cos t  i s  a f a i r  measure o f  t h e  t o t a l  
cos t  comparison. 

For s lpe rson ic  a i r c r a f t ,  t h e  data i n  Table 8-12 imp l ies  
t h a t  a J e t  A type a i r c r a f t  w i l l  cos t  1.35 times more than a LH2 a i r c r a f t .  
It i s  beyond the  scope o f  t h i s  study t o  make a d e t a i l e d  comparison which 
inc ludes a1 1 c o s t  components, b u t  a, rough est imate i s  shown i n  Figure 8-3 
t o  i l l u s t r a t e  the  d i r g c t i o n  t h e  curve moves. I f  one assumes 400 f l i g h t s  
per  year, t h a t  t he  c o s t  g iven on Table 8-12 a re  i n  1973 d o l l a r s  and these 
can be i n f l a t e d  t o  $1980 a t  a 7 percent  per  year  i n f l a t i o n  ra te ,  and t h a t  
t h e  a i r l i n e s  r e q u i r e  a 20 percent c a p i t a l  recovery f a c t o r ,  then i t  i s  
poss ib le  t o  c a l c u l a t e  the  r a t i o  o f  t h e  c o s t  f o r  R O I  and f u e l  cost ,  as 
shown by t h e  do t ted  l i n e .  Th is  would imply t h a t ,  a LH2/ jet  A - coa l  c o s t  
r a t i o  o f  about 1.7' would be needed t o  breakeven. A more d e t a i l e d  study 
would be needed t o  f i r m  up t h i s  number, and t o  i nc lude  crew and maintenance 
cos t .  



E f f e c t  o f  Desian Ranae on F iaure  o f  M e r i t  o f  a 250 Passenoer, 
' 

Mach 27 SST 

1 . '  

Source: kef .  (8-35) 



Figure 8 -3 

Comparison o f  Cost f o r  Subsonic and Supersonic A i r c r a f t  
for LH2 and Coal Derived J e t  A 
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Figure 8 4  

Comparison o f  Cost f o r  Subsonic and Supersonic A i r c r a f t  
f o r  LH2 and Shale Derived Jet  A 
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For a shale o i l  based j e t  A, a more l i k e l y  case, the  cos t  o f  LH2 
would have t o  show even a greater  percentage reduct ion  t o  breakeven w i t h  
j e t  A from shale o i l ,  consider ing on ly  f u e l  cost ,  as shown i n  Figure 5 4  
f o r  bo th  subsonic and supersonic case. I f  the  r a t i o  i s  based on t h e  R O I  cos t  
and fuel  cost ,  us ing  t h e  same assumption as f o r  t h e  coal  l i q u i d s ,  t h e  the  
LH2 c o s t  would have t o  be reduced 45 percent  over t h a t  used i n  t h i s  study, 
i n  a r a t i o  o f  abcut 211, compared t o  shale o i l .  

8 .3 .3  Resource Requirements 

A comparison o f  t h e  basic resource requirement f o r  t h e  f i v e  
d i r e c t  f u e l s  i s  shown i n  Table 8-17 f o r  subsonic a i r c r a f t .  The comparison 
i s  made on t h e  bas is  o f  t h e  amount o f  f u e l  requ i red  f o r  a given f l i g h t ,  
based on data from Table 8-5. I f  a1 1 f i v e  f u e l s  are considered, then shale 
o i l  der ived f u e l s  represent  t h e  most e f f i c i e n t  use o f  na tu ra l  resources, 
fo l lowed by d i r e c t  coal  l i q u e f a c t i o n  and LCH4 w i t h  LH2 r e q u i r i n g  about 
double the amount o f  resources as a . , je t  A f u e l  f rom shale. I f  the  comparison 
i s  made on ly  on t h e  coal based fuel$; then d i r e c t  coal  and LCH4 are  about 
a s tando f f  as t h e  most e f f i c i e n t ,  fo l lowed by i n d i r e c t  coal  l i q u e f a c t i o n  
der ived fue l s ,  and LH2 from coa l .  

For  supersonic a i r c r a f t ,  t h e  comparison i s  l i m i t e d  t o  LH2 and 
syn the t i c  j e t ,  based on data from Table 8-12. As shown i n  Table 8-18 shale 
o i l  based j e t  A i s  s t i l l  t h e  most e f f i c i e n t  use o f  n a t u r a l  resources. With 
a1 1 coal  based f u e l s ,  coal  1 i q u i d s  are t h e  most a t t r a c t i v e  f u e l .  

The st-udy by Ra d i cludes data o f  the  d i r e c t  energy consumption 
f o r  b u i l d i n g  t h e  a i r c r a f t .  ?5-7! The a i r c r a f t  a c q u i s i t i o n  energy i n c l  udes 
a l l  o f  , t he  energy consumed by the  a i r c r a f t  manufactur ing f a c i l i t y .  

I 1  1 u s t r a t i v e  L i fe -Cyc le  D i r e c t  Energjl Consumption 
For The Design-Point A l te rna t i ves  

( Quads 

A i r c r a f t  A c q u i s i t i o n  20-Years ' Fuel To ta l  

VLA-JP 0.04 1.15 1.19 
VLA-LCH4 0.04 1.22 1.26 
VLA-LH2 0.03 1.01 1.04 

'NOTE: Based on t h e  procurement o f  112 UE a i r c r a f t  and on an 
average UTE r a t e  o f  720 f l y i n g  hours per  year. 

Source: Ref. (8-7) 

As shown above, t h e  a c q u i s i t i o n  energy i s  o n l y  about 3-4% o f  t h e  t o t a l .  
The 20 year f u e l  i s  t h e  energy consumed by the  a i r c r a f t  f l e e t  and does 
n o t  i nc lude  t h e  energy l oss  necessary t o  manufacture the  f u e l .  I f  
t h e  a i r c r a f t  were used 2650 hours per  year, t he  a c q u i s i t i o n  energy would 
represent  l e s s  than 1% . o f  t h e  t o t a l  energy consumed. The main p o i n t  i s  
t h a t  t he  a c q u i s i t i o n  energy can be ignored i n  an energy resource comparison. 



Table 8-17 

Resource Requirements For Subsonic A i r c r a f t  With Various A1 te rna te  ' Fuels 

LCH4, J e t  A 
D i r e c t  I n d i  r e c t  

' Shale Coal Coa 1 

( 1  Block Fuel 

Lbs 

BTU x 109 

Fuel Resource Requ.i remen t 

Mine B T U / G ~ O ~ S  Fuel BTU 3.37 1.85 1.59 1.82 2.30 

1.068 ----- 1.055 ------- 4" 
GrossINet BTU ' 1:18 1.125 W ' 

W. 

Resource Req ' d 

M i  ne/Ne t BTUIFl i ght 9.78 5.77 4.98 5.63 7.11 

Rat io - A l l  Fuels 

( l ) ~ a s e d  on data from R e f .  (8-5) 



Table 8-15 

. , 

' 

~esource  ~ e ~ u i  rement For Supersonic A i r c r a f t  With Various A1 ternate  Fuels 

LH? J e t  A 
Shale D i rec t  I n d i r e c t  

O i  1 Coal Coa 1 

(1)  . B lockFue l  

Lbs 

BTU x 109 

Fuel Resource Requirements 

Mtne B T U ~ G ~ S S  Fuel BTU 

Gross/Net BTU 

Resource Req' d 

~i ne/Nkt B'TU/F~ i gh t . . , . 

Rat io - A l l  Fuels 

- Coal, Based 

. . ( " ~ a s e d  on data from- Ref. (86) and Table 8-12. 



8.4 Synthetic Jet Fuels 

The type of jet fuels in use currently and the specifications 
summarized are in the Appendix Volume IIIA. New types of fuels can have 
an impact on the cambustion system and the. fuel systems. In the following 
sections the potential impact of fuel properties on these two major 
,systems are described and how potential solutions to. the problems are. 
out1 ined. 

8.4.1 Combustion System 

The most serious fuel impacts on the 'combustiona system are 
combustion efficiency, combustion stability, ignition, size, weight, cost 
durability, maintainability, reliability and exhaust emissions. ' Some of 

'these areas are covered in the following sections along with a comparison 
between coal liquids and shale oil derived jet fuels. 

8.4.1.1 Combustion Stability and Ignition 

The principal fuel properties that affect the ignition and relight 
limits and combustion stability are volatility and viscosity. These two 
fuel properties affect the atomization and vaporization characteristics of 
the fuel as it is sprayed into the combustion chamber. Both of these properties 
are controlled by the boiling range of the fuel, and a review of jet fuels 
produced from coal 1 iquids and shale oil shows that there are no major 
differences between' these two types of synthetic fuels on viscosity. 

8 .4.1.2 Durability, Reliability, and Maintainability 

Durability, re1 iability and maintainability can. be seriously 
affected by fuel hydrogen content. As shown in Figure 8-5, coal and 
shale based hydrocarbons contain less hydrogen then petroleum. Sh le 
oils before upgrading tend to be in the 10 .S  - 14 percent hydrogenf8-11). 
Kerosene from direct coal 1 iquefaction- pm'cess, before upgrading typically 
falls in thc9.5 - 12 percent range. The relationship between aromatics 
content and hydrogen content of the fuel is ,shown in Figure 8-6. A limited 
check shows, that shale oil derived jet fuels .fall within the band, while 
coal.derived jet fuelsbfall slightly below the band. 

A decrease in' hydrogen content increases fl ame radiation ,, hence 
combustor liner heating,'. as shown in Figure . 8-7. Several potential 
des i gn approaches can improve component durabi.1 i ty, and reduce mai ntenance 
requirements - such as lean~combustion teGhniques, advanced materials 
and coatings, advanced 1 iner coating techniques and improved structure. 
Lean combustor can,'reduce the effect of fuel hydrogen content on flame 
luminosity and reduce liner temperature, as shown in Figure g 8 .  
It is also interesting to note that the maximum liner temperature was 
over 200°C lower than conventional combustors. Thus, while coal and shale 
liquids are lower in hydrogen, changes in engine design may reduce the need 
for upgrading to today's hydrogen .level, assuming the upgrading is not 
required for. some other property - such as thermal stability. The economics 
of upgrading compared to new engtne are discussed in Section 8q.5. 



Fi~rur-e 8 - 5  . .. 

Hydrogen Content of Coal, Shale and Petroleum Jet Foels 

0 
Source: Ref. (8-10, ell) 

Fiaure 8 - 6  

I Relationship Between Hydrogen Content and Aromatics 
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Figure 5 - 7  

Hydrogen Content on Maximum Combustor L i n e r  Wall Temperature. 
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HYDROGEN CONTENT, 
PERCENT BY WEIGHT 

Source: Ref.  (8 -6) 

F igure 8-8 

Fuel Hydrogen Content on Maximum Combustor L i n e r  

-r CF6-50 FULL-ANNULUS COMB USTOR 

LVORBIX AND DOUBLE- 
ANNULAR COMBUSTOR S 

H,YDROGEN CONlENT, PERCENT BY WEIGHT 

Temperature 

Source : ~ e f .  (8-1 2) 



8.4.1.3 Exhaust Emissions 

The p r i n c i p a l  fuel  p roper t ies  t h a t  can a f f e c t  engine exhaust 
emission a re  v o l a t i  1  i t y ,  hydrogen content ,  and f u e l  bound n i t rogen  content.  
F.uel hydrogen content  can af fect  a1 1 four p o l l u t a n t  emissions w i t h  t h e  
c u r r e n t  technology j e t  engines. -F igure 8-9  . i l l u s t r a t e s  t h e  e f f e c t  o f  . . 

f u e l  hydrogen content  on carbon formation, expressed j n  t rms o f  SAE 7 Smoke Number, t h e  standard f o r  t h e  a i r c r a f t  indust ry .  8-12 Figure 8-10 
shows the  carbon monoxide and unburned hydrocarbon emission f o r  t h i s  
same type o f  combustor a t  i d l e  cond i t i ons  as a f u n c t i o n  o f  f u e l  hydrogen 
content .  The e f fec t  of fue l  hydrogen on NOx emission i s  i l l u s t r a t e d  i n  
t h e  F igure8-11.  Th is  increase i n  I.!Oxemission was a t t r i b u t e d  
t o  a poss ib le  increase i n  combustion flame temperature t h a t  ~ o u l d ~ h a v e  
occurred as t h e  fuel  hydrogen content  was decreased. The a f f e c t  o f  
f u e l  -burned n i t r o g e n  ori' NOx emission i s  shown i n  F igure  8-12. NOx 
emission increased s u b s t a n t i a l l y  a t  a l l  ope ra t i ng$cond i t i ons  as f u e l -  . 
bound n i t rogen  content  increased."- As shown i n  F igure  8-1 3, shale 
o i l  kerosene conta ins  cons iderab ly  more organic n i t r o g e n  than coal  der ived 
f u e l s  o r  petroleum. Shale o i l  kerosenes range f rom .8 - 1.5 w t  percent 
organic n i t rogen,  w h i l e  coal  l i q u i d s  are  i n  . the  .'I - .4 w t  percent ranae, 
w h i l e  most petroleum kerosene are normal ly  l ess  than 0.1 percent n i t rocen .  (8-11) 

Several p o t e n t i a l  design changes can be used t o  c o n t r o l  exhaust 
emission. An example o f  t h e  changes i n  exhaust emission w i t h  the  Vorbix 
and double-annular combustor concepts, being developed as p a r t  o f  t h e  NASA 
Clean Combustor Program, i s  shown i n  Figure 8 -14. Thus, i t  should 
be poss ib le  t o  design new engines t h a t  cou ld  operate w i t h  lower hydrogen 
content  f u e l s  and s t i l l  meet pro jec ted emission standards. 

8.4.2 Engine Fuel Systems : 

Key f a c t o r s  a f f e c t i n g  t h e  f u e l  system a re  aromatics, o le f i ns ,  
f u e l  bound nitrogen, as w e l l  as f reeze p o i n t  and gum content .  P o t e n t i a l  
problems inc lude  f u e l  breakdown t o  form depos i ts  and/or gum, p lugging 
f u e l  system components, reduc t ion  o f  o i l  c o o l i n g  capac i ty ,  and v i s c o s i t y  
increases o r  f r e e z i n g  o f  fuel  w i t h i n  t h e  system. 

5.4.2.1 Thermal S t a b i l i t y  and Deposi t ion 

Increas ing e l -bound.ni t roaen ontent  can r e s u l t  i n  'a  l e s s .  
thermal l y  s t a b l e  f u e l .  fl-1138-12,8 - 1 4 9 ~  -165 Breakdown temperatures o f  
a..number o f  shale and coal  der ived f u e l  samples are  shown i n  Figure 8-15. 
The f u e l s  hydro t reated severel 'y t o  100-200 ppm (.01 - .02 w t  percent) had 
breakpoints i n  t h e  470-525OF range. Thus t o  have breakpoints o f  500°F 
o r  more, i t  appears t h e  coa l  and shale ue ls  w i l l  have t o  be hydrogenated 
t o  n i t rogen  l e v e l s  below about 100 PPm. f8.-12) 



E f f e c t  o f  Fuel Hydrogen Content,on Smoke Numter 
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, Figure 8-10 

Effect of Fuel Hydrogen Content on Emissions of carbon 
Monoxide and Unburned Hydrocarbons at Idle Condition 
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Figure 5-12 

E f f e c t - o f  Fuel Bound Nitrogen Content on T o t a l  Emissions o f  NO, 

NEL-BOUND-NITROGEN CONTENT, pglg OF FUEL 
Source : Ref.' (5-1 2 )  

F igure 8- 13 

~ i t r o ~ e n  Content of -Coal, Shale and ~ e t r o l e u m  Based J e t  Fuels 
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Figure 8-14 

Emission Reduction capabil  i ty o f  Selected 
Advanced-Technology Combustor Concepts 
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Figure 8 -1 5 

Var ia t ion  o f  Breakpoint Temperature w i t h  Nitrogen Level 
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Coal and shale der ived fuels w i l l  behave d i f f e r e n t  since shale 
o i l  derived f ue l s  are much higher i n  n i t rogen. For example, as 
shown i n  Figure 8-16, i f  shale o i l  based . iet  f ue l s  are reduced t o  100 DDm 
ni t rogen, the aromatics w i l l  general ly  be less than 10 - 15 percent, 
wh i le  w i t h  coal .based fuels, the aromatics may be. as h igh as 50 - 60 
percent. A general t rend t o  hiqher breakpoint temperatures was' 

.observed as the weioht percent of hvdrogen was. increased, as shown i n  
5-17. A 260°C breakpoint general ly  r equ i r i ng  a t  l e a s t  13 percent Hz .  [@!f&Y 

Hydrotreat ing i s  no t  the only possib le approach t o  so lv ing  
the thermal s t a b i l i t y  problem. It may be t ha t  modi f ica t ion can be 
made t o  the fuel system so tha t  the  f ue l  does no t  reach as h igh a  
temperature l eve l .  This would permit the use of f ue l s  o f  lower 
thermal s t a b i l  i t y .  ,. 

8.4.2.2 Fuel Pumpabil i ty and Flowabi 1  i t y  

The fue l  property t h a t  can a f f ec t  the f l o w a b i l i t y  of the f ue l  
a t  low temperature i s  the freeze point.. As shown i n  Figure 8-18, the . 
f reez ing po in t  increases as the f ina l ,  b o i l i n g  p o i n t  i s  increased. 

The fuel po in t  i s  con t ro l l ed  by the temperature a t .  which wax 
c r ys ta l  1  i t e s  f i r s t  form as the  fuel; temperature i s  reduced and i s  con t ro l  l,ed 
by the  'conce t r a t ' o n  o f ,  the highest  carbon number normal pa ra f f i ns  present 
i n  the fue l  .?8-361 Because shale l i q u i d s  contain higher l eve l s  o f  n-paraf f ins  
than general ly  does petroleum, they have higher (poorer) f reeze po in ts .  By 
contrast, coal l i q u i d s  which are low i n  t o t a l  . pa ra f f i n  content tend t o  have 
lower ( be t t e r )  freeze po in ts .  I n  f u e l  f low tes ts ,  such as a  pour po in t  
tes t ,  f ue l  " f l owab i l  i ty" .  may c  ase hen as 1  i t t l e  as 2-3 weight percent 
so l  i d s  i n  t h e  f ue l  are formed.f8-377 A1 though cur ren t  j e t  fue l  spec i f ica t ions 
are w r i t t e n  around a, freeze point ,  value, .which i s  an incor rec t  property of ' 
f ue l  composition ' the  c r i t i c a l  property i s  low temperature f l owab i l  i ty 

' 

which i s  measured by a  pour p o i n t  t e s t .  It i s  possib le t o  improve the low 
temperature f l ow roper t ies  o f  d i s t i l  l a t e  f ue l s  ( i .e. t o .  reduce the pour 
po in t  o f  ;the f u e l  l' by the use o f .  wax c r ys ta l  mod i f ie r  types o f  add i t i ves  
which change the morphology o f  the w x  c r  s t a l l i t e s  from t h e i r  i n t e r l ock tng  . 

p la tes  t o  a  more .favorable geometry.f8-37f S im i l a r l y ,  i t  i s  possib le t o  . 
improve the low temperature f low proper t ies  o f  a  f ue l  by methods which-. 

,reduce o r  remove the highest  carbon number n-paraf f ins such as se lec t i ve  , 
hydrocracking, isomerizat ion, molecular , .sieving o r  sho r t .  solvent  ex t rac t ion .  
Thus, i f  the  f i n a l  b o i l i n g  p o i n t  i s  increased t o  increased f ue l  ava i la -  . . 

b i l i t y ,  then the  freeze p o i n t  would be increased. 

A pre l iminary  study on the e f f e c t  o f  h igh-f reezing po in t  
, fuels on the design o f  commercial i ' r ~ r a f t  f ue l  systems has been ca r r i ed  
ou t  by Boeing under NASA Cont ract .$- I l l  The study evaluated two d i f f e r e n t  
fue ls :  (1)  a  fue l  w i t h  O°F freeze po in t  t h a t  would requ i re  6200 Btu/min/ 
tank heat requirements for  the extreme minimum i n  f l i g h t  ambient 
temperature conditdons; and (2)  a  f ue l  w i t h  a -20°F f reez ing  p o i n t  t h a t  
would requ i re  3500 Btu/min/tank heat requirements. The heat ing requirements 
could be reduced by insulating the f ue l  tanks, bu t  i nsu la t i on  alone was 
insuf f ic ie7f .  maintain fuel temperatures above the f reez ing po in t  i n  

,3-i7) a l l  cases. 



Figure 8-16 

Re la t ionship  Between Aromatic Content and Ni trogen 
Level f o r  Coal and Shale O i l  J e t  D o i l i n g  Range Fuels 
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Figure 8 - 17 ! . . 
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Var ia t ion  o f  Breakpoint Temperature w i t h  Hydrogen Content 
o f  Low-Nitrogen ( ~ 6 7  ppm) Fuels 
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Figure 8-18 

Relat ionship Between Freeze Point  and F ina l  B o i l i n g  Point  f o r  J e t  Fue ls . .  
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Several mod i f i ca t i ons  t o  e x i s t i n g  a i r c r a f t  systems, were 
inves t iga ted,  f rom minor changes us ing  e x i s t i n g  heat  r e j e c t e d  by the '  
a i r c r a f t  system t o  major changes wh ich - invo lve  more extensive changes 
f o r  t he  O°F f r e e z i n g  po in t .  The economic pena l ty  t o  make t h e  necessary 
changes were very small ,  genera l ly  l ess  than l t / a a l l o n .  I f  ground 
hand l i ng -mod i f i ca t i ons  would be required,  these can a l so  be made f o r  a 
minimal cost,  l i k e  O.Olb/gal. o f  f u e l  handled. Thus, use o f  h ighe r  
f reeze p o i n t  f u e l s  should be s e r i o u s l y  considered. 

8.4 .2 .3  Mate r ia l  C o m p a t i b i l i t y  

One poss ib le  area o f  concern i n  t h e  a i r c r a f t  f u e l  system i s  
t h e  poss ib le  impact t h a t  i nc reas ing  aromatics may have on the  e l a s t i c i t y  
of elastomer compounds and sealants. One poss ib le  e f f e c t  i s  shown i n  
Figure 8- 19. 

8 .4 .3  Storage ~ t a b ' i l  ity 

Another f a c t o r  t o  be considered i s  t h e  r e l a t i v e  storage s t a b i l i t y  
o f  t h e  syn the t i c  f u e l s  and t h e  i n f l uence  o f  . f u e l .  upgrading on storage l i f e .  
With shale o i l  based j e t  fuels, i t  appears w i t h  a f u e l  n i t rogen  l e v e l  o f  
over 100 pDm, sludge w i l l  form under normal storage conditions.(8-11,8-,13.) 
!Jith deoxypenated fuels s tored i n  t h e  dark, t h e  amount o f  sludae ma be less. 
The order  o f  magnitude of t h e  problem has nokbeen def ined, as t o  t K e 
f e a s i b i l i t y  and cost  t o  f i l t e r  o u t  t h e  sludge. 'Da ta  are  n o t  known t o  
e x i s t  on how coal  l i q u i d s  would behave on storage s t a b i l i t y .  Th is  i s  
an area t h a t  requ i res  a d d i t i o n a l  study. 

8.4 .4  Summary - Synt,het ic J e t  Fuels f r o r  coal' and Shale 

It should be poss ib le  t o  produce acceptable j e t  f u e l s  from 
e i t h e r  coal  o r  shale o i l  resources. F a i r l y  l a r a e  s f j e t  
a i r c r a f t  f u e l s  have been produced f rom shale o i1 !8-~~s ' -379 It appears 

: t h a t  t h e  product ion o f  a i r c r a f t  j e t  f u e l s  f rom shale o i l - d e r i v e d  crude 
i s  t e c h n i c a l l y  f e a s i b l e  and should be more s t r a i g h t f  w a r d  than would 
be t h e  comparable product ion  f rom coal  -der ived o i  1 s .r8-15) l iydroprocessing 
s e v e r i t y  i s  ' important t o  t h e  product ion of s p e c i f i c a t i o n  fue l s .  Product ion 
o f  s p e c i f i c a t i o n  j e t  f u e l  from shale l i q u i d s  w i l l  r equ i re  moderate s e v e r i t y  
hydroprocessing @ 1500 p s i  t o t a l  pressure... Coal-derived fuels, however, 
w i l l  n o t  meet dens i t y  s p e c i f i c a t i o n s  unless hydro t reated a t  h i g h  pressure. 
Increas ing processsing seve r i t y ,  i n  general,  improved t h e  thermal s t a b i l i t y  
and decreased the  aromatic hydrocarbon and n i t r o g e n  content  o f  t h e  product  
f u e l .  S u l f u r  l e v e l s  o f  t he  processes f u e l s  were a l l  w e l l  below s p e c i f i c a t i o n s  
a t  a1 1 processing s e v e r i t i e s .  

I n  comparing coal  der ived j e t  f u e l s  t o  shale 0 '1  de r i ved  fue l s ,  a t  1 t h e  same aromatic l e v e l ,  t he  f o l l o w i n g  has been observed. 8-15) 

 ensi it^ - Coal der ived j e t  f u e l s  w i l l  have h igher  
dens i t y  than shale o r  petroleum based f u e l .  



Figure 8-19 

Effect of Various Fuels on Material Elasticity 

r FUEL I1  UET A + 

- 

r FUEL I UETA + 2WAROMAnCS) 
r' l.OFl-.------ '--------A- ---- .--=, 

?- - -------------- ---------- -- 

(b) TYPICAL SEALANT (FWOROSILICONE RUBBER) AT 1!@ C. 

.8 

Source : Ref. (8 -12) 

i i  - / &FUEL I11 (JET A + 60% AROMATICS) - FUEL I1  (JET A + 40% AROMATICS 

0 ~ 0  
I I I I 

1 2 3 4 5 6 7 



Luminometer Number - Coal based j e t  fuel's w i l l  have 
poorer combustion propert ies than shale o i l  o r  . . 
p.etroleum based fuel, due t o  the formation o f  
naphthenes ra the r  than pa ra f f i ns  when the coal 
l i q u i d  i s  hydrogenated. 

. . 
Freeze Point  - Coal der ived f ue l  w i l l  have a lower freeze 
po in t  than a shale o r  petroleum based f ue l  a t  a given end 
po in t .  

Heat o f  Combustion '- Coal based f ue l  w i l l  have a higher 
volumetric heat o f  combustion and a lower weight heat 
o f  combustion than a shale o i l - de r i ved  fue l .  However, 
t h i s  d i f fe rence  i s  r e l a t i v e l y  smal I .  

8.5 Economic~Comparison Between Upgrading Fuels t o  Meet Current 
Hydrogen Levels and Modifying the Engine 

With coal- derived' synthet ic  f ue l s  , the hydrogen content can 
run around 7-10 percent before upgrading. Current petroleum j e t  f ue l s  
run around 14 percent hydrogen. The cost  t o  add hydrogen t o  a coal 
der ived j e t  f u e l  can be apprec'iable as was shown i n  the  Appendix Volume I I I B ,  
Section 6. An a1 ternate  t o  adding hydrogen .would be t o  develop' an engine t h a t  
could operate sat is fac tory  ' w i  t h  a. 10-12 percent hydrogen content f ue l .  : The - 
Vorbix and Double-Annular combustors, being developed as p a r t  o f  the  NASA 
Experimental Clean Combustor Program, have shown t h a t  the maximum combustor 
l i n e r  temperatures are insens i t i ve  t o  fue l  hydrogen content, as shown 
below. . 

r CF6-50 FULL-ANNULUS COMB USTOR . 

- 
- *\\- J T ~ D  CAN COMBUSTOR 

O 'u- 

LVORBIX AND DOUBLE- mt ANNULAR COMBUSTORS 

lw1 A I I I I 
11 13 ' 14 15 16 

- . HYDROGEN CONTENT, PERCENT BY WEIGHT 

Source: Ref. (8 -12) 



This technology was developed by P r a t t  and Whitney (Vorbix)  and General 
E l e c t r i c  (Double Annular) t o  meet f u tu re  NOx standards. While these 
combustion systems themselves may not  be app l icab le  t o  fu tu re  fue ls  
they do represent technology which might be su i tab le  and the appJicat ion 
o f  cost  in format ion from these devices t o  the cu r ren t  problem ' i s  va l id .  
Informat ion has been reported on the estimated incremental cost  o f  
producing t h i s  new engine, the increased maintenance cost  and any f ue l  
penal t ies,  t ha t  can be used t o  make the economic com r i son  between 
f u e l  upgrading and engine modi f icat ion.  (8-3,8-19,8-21! The fo l lowing 
sections w i l l  summarize the economic basis used f o r  the new engine 
and the l a s t  two sect ions w i l l  show the breakeven po in t  f o r  swi tching 
engines o r  upgrading t he  f ue l .  

Cost o f  New Engine 

The incremental cost  of a new encine can be d iv ided i n t o  f o u r ,  
major components : non-recurr i  ng, 'manufacturing, maintenance, and operating. (8-19) 
The non-recurr ing cost  covers design, development, c e r t i f i c a t i o n  and i n i t i a l  
production. These funds represent the investment by the engine b u i l d e r  
t o '  develop and demonstrate new technology' f o r  a spec i f i c  engine fami ly  

' t h a t  must be recovered i n  the engine s e l l i n g  p.rice. Not included are the 
R&D cost  o f  i n i t i a l  design t h a t  i s  general ly  funded by the  Government. 
The manufacturing cost  refers to,the incremental cost  i n  the  engine s e l l i n g  
p r i c e  as a consequence of increased complexity o r  more expensive mater ia ls  

. f o r  the new engine. For the Vorbix engine, P r a t t  and Whitney tias estimated 
the p r i ce  i n c  ement for  the JT9D and JTlOD engine a t  around $300,000 (1978 
do1 1 ars)  . (8-3! I n terms o f  1980 do l l a r s  t h i s  i s  around $350,000. This 
cost  inc ludes the  amor t iza t ion o f  the non-recurr ing development cost  
over. t h e i r  an t i c ipa ted  sales and a re tu rn  on investment p lus the incremental ' . 
manufacturing cost  f o r  the engine. 

. . The increased complexity of the  Vorbix type engine i s  expected 
t o  lead t o  increases i n  maintenance cost. Th is  i s  p a r t i c u l a r l y  t r u e f o r  
combustors s ince the burner can g rea t l y  in f luence tu rb ine  l i f e .  A. range 
o f  maintenance cost  has been present a study f o r  'the EPA, based on td-SP 0 data submitted by P ra t t  and Whitney. ne case assumes t h a t  the  
burner l i f e  i s  equal t o  t h a t  achieved today, whi le  the other case assumes 
t h e  burner 1 i f e  i s  reduced by 50 percent. The increased 'maintenance cost, 
i n  terms o f  1980, d o l l a r s  i s  $33,000 per year per engine f o r  the f i r s t  
case, and $139,000 per year per engine f o r  the second case. Changes t o  
operat ing cost  a re , re l a ted  t o  increases i n  f ue l  usage. 

The engine producers c la im tha t .  there w i l l  be no change . i n  
s p e c i f i c  f ue l  consumption, bu t  the  Vorbix type-engine w i l l  weigh.more. 
Th is  added weight w i  11 cause the  a i r c r a f t  t o  burn more f ue l  t o  ca r r y  
a given payload on a given f l i g h t .  This impact is .  f a i r l y  small, $4-7,000 
per year per engine, a f t e r  ad jus t ing  t o  $1980 and f o r  h igher f ue l  cost. 

The on ly  o ther  fac tor  t o  consider i s  the  cost  associated wi.th 
a possib le premature in t roduc t ion  of a new engine i n t o  serv ice.  I f  the 
engines are no t  thoroughly tes ted  before being p u t  i n t o  service, then 



there  w i l l  be add i t i ona l  shop.cost t o  remove the  engines and co r rec t  . 
t he  problems. Th is  should represent a "worst a " est imate and would s-$7.. . . .  . . amount t o  $240,000 per engine per s h o p v i s i t . (  

The cost  o f  - in t roduc ing a, new engine would then be as fo l lows 
for a JT9D o r  JTlOD type engi,ne fo,r a 4 engine .wide body plane: 

. . . ., . 
. . . .  . . . .  ., . . 

Incremental. cost  o f  New ~ n g i n e '  '- '.. $350,0'00 (1980 do1 1 ars)  

Increased Maintenance - Same burner l i f e  as today $33,00O/yr/engine 
- Burner l i f e  reduced by 50 percent $1 39 ,OOO/yr/engine 

Increased > .  Fuel Penal t y  .,. 
,. . . . .  . . 

Service Test -Penalty . ; . .  . 
. .  . 

.. . ' $240,00O/engine per shop 
. .  . . . 

. . . ' .  v i s i t '  . .  .: . . 
. . 

. . . . . .  . . 

8.5.2 Fuel Cost Savings 

To o f f s e t  t h e  added cost  o f  i n s t a l l i n g  an engine that ,would  
have greater  f ue l  f l e x i b i l i t y  there  needs t o  be a reduct ion i n  f u e l  

. cos t .  I n  t he  case of coal der ived fue ls ,  i t  ' i s  assumGd t h i s  w i l l  be 
accompl ished by no t  having t o  add hydrogen t o  the  fuel.. To quan t i f y  
t h i s ,  i t  i s  necessary t o  know the amount o f  f ue l  used per engine per 
hour, the  number o f  hours each engine i s  used per  year, t he  heat ing 
value o f  the f ue l  and the cost  t o  be saved. by us ing a lower hydrogen 
content coal der ived j e t  fue l .  The f o l l ow ing  values were used f o r  
t h i s  study, w i t h  the  source p f  the . in fo rmat ion  shown on the r i g h t .  

Fuel Re1 ated Factor  

1. Volume o f  Fuel Used Per Engine - 
870 gal/hour 

2. Number o f  Hours Per Year - 2650. 

3. Heating Value o f  Coal Derived J e t  
Fuel -' 130,000 BTU/gal 

4. Cost o f  Adding Hydrogen t o  Coal 
L iquids.  Depends on Coal L iquids,  
bu t  used the fo l lowing:  

Source o f  Data 

Energy s t a t i  ~ t i c s ( ~  -21 ) 
reported the  f ue l  cost /hour 
f o r  f i v e  a i r l i n e s ,  f l y i n g  8747's 
and the cost  per gal .  This , ' 

a l lowed the average f u e l  
consumption t o  be ca lcu la ted.  

EPA' study t h a t  gives the  average 
hours per e f o r  B747 a i r c r a f t  
f o r  1976. (i(-Qr 
This  study. 

Th is  study. 



8.5.3 Economi c Comparison 

The cost  savings from using a lower hydrogen content fue l ,  
compared t o  the added cost  f o r  a more v e r s a t i l e  engine and increased 
maintenance.cost are shown i n  Figure 8-20. I f  the  burner l i f e  i s  the 
same as the cur rent  engines and the added expenses includes the incremental 
cost  o f  the new engine w i t h  a 20 percent cap i t a l  recovery fac to r ,  the 
increased maintenance cost  and the  small incremental f ue l  cost, then the 
a i , r l  i n e  should see an incent ive t o  use the  new engine i f  the hydrogen 
content  can be 13.2 percent compared t o  the cur rent  14 percent. I f  a 
12 percent-hydrogen f ue l  can be used, the incen t i ve  would be about 
$170,000 per year  per  engine t o  use an engine t ha t  can handle a f u e l  . ' 

w i t h  a lower hydrogen content. If the coal derived j e t  f ue l  could be 
10 percent hydrogen i n  place of 14 percent, the incen t i ve  would be 
$440,000 per year per  engine. 

I f  the burner l i f e  i s  reduced by 50 percent, the incen t i ve  
drops t o  $60,000 per year per  engine f o r  a 12 percent hydrogen fue l ,  
over and above about a 10 percent r e tu rn  on the incremental cost  o f  
the new engine. If the serv ice t e s t  penal ty i s  a lso included, the  
breakevent po in t ,  i nc lud ing  a 10 percent r e tu rn  i s  12 percent hydrogen. 

The absolute l e v e l  of the  numbers are  no t  as important as 
the po in t  t h a t  c l e a r l y  there i s  an economic incen t i ve  t o  develop an 
engine t ha t  can accept a poorer q u a l i t y  f ue l .  Since the Vorbix and 
Double Annular combustor are be'ing devel oped f o r  emissi on cont ro l ,  they 
may be i n  serv ice before any coal der ived j e t  f ue l s  are used, and i t  
may be possib le t o  develop even a b e t t e r  engine o r  improve on the  burner 
l i f e .  

8.5.4 Breakeven Cost f o r  Petroleum Type Fuel 

'Since i t  i s  possib le t o  a lso  have a petroleum based f ue l  w i t h  
a lower hydrogen content, i t  i s  i n t e r e s t i n g  t o  ca lcu la te  the necessary 
f u e l  cost  reduct ion necessary t o  breakeven w i t h  t he  a i r l i n e ' s  added 
cos t  f o r  the  new engine and added maintenance cost. Based on the 
engine cost  data shown i n  8.5.1, the added expense i s  $1 10,000/~ear( l )  
per  engine  of^' the burner 1 i f e  i s  the same as cur rent  engines and 
$216,00O/year per engine i f  t h e  burner l i f e  i s  reduced by 50 percent. 
Th is  includes a .20 percent c a p i t a l  recovery f a c t o r  on the incremental 
engine investment. The f ue l  would have t o  cost  5&/gal. .less f o r  the 
f i r s t  case and 9&/gal. less  f o r  the l a t t e r  case t o  break even. 

8.6 Broadcut Petroleum J e t  Fuel . 

One area t h a t  i s  rece iv ing  a t ten t ion -  as a means f o r  increasing 
. t he  a v a i l a b i l i t y  o f  j e t  fue l  from petroleum i s  the  use o f  a broadcut f ue l  - , 

increasing the f i n a l  b o i l i n g  .po in t  and reducing the i n i t i a l  c u t  .point. 

1 1 ) ~ a l c u l a t e d  as fo l lows:  $350,000 f o r  new engtne x .2 CRF + $33,000 
maintenance + $7000 f ue l  = $110,000 



8-53. 

Fiaure 8-20 

Economic Comparison o f  Uparadinp Coal Derived J e t  Fuel 
Versus Modifying Enaine . 

% H2 i n  Coal Derived Jet  Fuel 



A broadcut fue l ,  does no t  increase petroleum s u p p l y s i t  increases j e t  fue l  
supply a t  t he  expense of something e lse - such as d ~ e s e l  fuel ,  chemical 
feedstocks or home heat ing o i l .  Thus as petroleum resources diminsh, i t  
w i l l  be necessary t o  es tab l i sh  end use p r i o r i t i e s  (by market o r  non-market 
mechanisms). The purpose of t h i s  sect ion i s  t o  g ive an idea o f  what 
changes i n  f ue l  proper t ies  and y i e l d s  are possib le i f  the fuel spec i f i ca t ions  
a r e  relaxed. While the examples apply t o  petroleum based fuels,  s i m i l a r  
changes would apply t o  a  coal der ived l i q u i d  o r  a  shale o i l  based j e t  fue l .  

Current j e t  A and two possib le a l t e r n a t i v e  spec i f i ca t ions  
(der ived from the minutes o f  the "Je t  A i r c r a f t  Hydrocarbon Fuels Technology 
~o rkshop " )  are compared w i t h  representat ive v i r g i n  crude f rac t ions  from 
South Louisiana and Prudhoe Bay i n  Tables 8-19 t h r u  8-21. 

Natura l ly ,  the volume 'and qua1 i t y  o f  the  j e t  fue l .  i s  d i r e c t l y  
r e l a ted  t o  ' t h e  s p e c i f i c  crude being processed. This examination i s  made 
wi thout  regard f o r  competing non-aviat ion demands f o r  the middle o f  
t h e  crude ba r re l .  The aim i s  t o ' i l l u s t r a t e  theore t i ca l  y i .e ld and processing 
d i f ferences if j e t  f ue l  speci f i ca t ions  are relaxed. Demands f o r  d iese l  
fue l ,  chemical feedstocks, and heat ing o i l  a f f e c t  fuel '  a v a i l a b i l i t y .  
Thus, even though y i e l d  increases may be s i gn i f i can t ,  the add i t i ona l  y i e l d  
may not  be r e a d i l y  ava i lab le  t o  the av ia t ior l  indus.try. 

Yie lds and Qua1 i t i e s  

T h e y i e l d s  and q u a l i t i e s  shown i n  Tables 8-19 through 8-27 
represent s t r a i g h t  run p i p e s t i  11 product wi thout  considerat ion o f  downstream 
processing. For example, hydro f in ing  o r  aromatics ext rac t ion,  which would 
a l t e r  chemical proper t ies ,  such as s u l f u r ,  aromatics, e tc .  i s  no t  considered. 
These processes a re  assumed t o  have l i t t l e  e f f e c t  on t he  volume o f  the  
kerosene o r  d i s t i l l a t e  cut .  One important f a c t o r  which i s  taken i n t o  
account i s  t h a t  a  r e f i n e r y  p i p e s t i l l  w i l l  ,not produce a  p e r f e c t l y  f rac t iona ted  
cut .  A normal sidestream i s  lower i n  f r ac t i ona t i on  q u a l i t y  when compared 
w i t h  a  True B o i l i n g  Po in t  d i s t i l l a t i o n  and so an i l l u s t r a t i o n  o f  the impact 
t h a t  improved f r ac t i ona t i on  has on t h e  y i e l d  o f  spec i f i ca t i on  f ue l  i s  a lso 
shown i n  Table 8-19' which compares a  t yp i ca l  sidestream cut  w i t h  15/5 
d i s t i l l a t i o n . *  

E f f e c t  o f  Improved D i  s t i  11 a t i on  

Improving f r ac t i ona t i on  i s  one way t o  improve y j e l  d  o f  a  given 
product. Be t t e r  f rac t iona t ion  can be achieved, f o r  example, by increasing 
the re f lux  r a t i o ,  adding add i t i ona l  tower t rays  o r  increasing the s t r i p p i n g  
steam ra te .  I n  e x i s t i n g  towers, some o f  these methods o f  increasing y i e l d  
are c l e a r l y  impract icable.  Even i f  t echn i ca l l y  possible, t he  suggested 
changes a1 1  represent increased energy consumption and thus increased cost, 
and have no t  been appl ied i n  actual  p rac t i ce  due t o  economic l i m i t a t i o n s .  
The purpose i n  descr ib ing the e f f ec t  o f  improved d i s t i l l a t i o n  i s  t o  
i l l u s t r a t e  the changes possib le i f  the  economics would favor t h i s  change. 
i n  the future. 

*This i s  a  laboratory  d i s t i l l a t i o n  technique which provides. f r ac t i ona t i on  
equivalent  t o  a  column wi.th 15 theore t i ca l  t rays  and a  5: l  r e f l u x  r a t i o .  



Table 8- 19 
* .  . >- 

Comparison o f  Current J e t  A Fuel Specif icat ions With 
V i rg in  Cuts of South Louisiana and Prudhoe Bay Crudes 

Onren t  J e t  A 
'Specif icat ion South Louisiana Prudhoe Bay 

Hodnal  Boiling Range. *F 320/510 300/550 330/508 300/ 550 

Fractionation Uorrnal) (1515") ' (~ormal)  (15/ 5*) 

Composition 

Aromatics ( ~ 0 1 % )  Hax . 2 0  
Sul fur ,  Fkrc. (wt%) lhx  0.003 
Sulfur ,  Tota l  (wtX) Max 0.3 
Nitrogen, Total  (wt%) Max - 
Hydrogen' (wt%) Max - 

.Vela t i l i t y  

M s t i f  lat ion '  
Temp., OF 10% Kcc. &lax 400 

50% k c .  !lax .. . 450 
Fina l  B.F. h . 572 

P ~ R S I I  Point, OF tun-Fhx 105-150 
Gravity, API (60°F) Min-t.Lix , 39-51 
Cr.lvi ty,  Spec i f i c .  (G0/60°F) Min-lhx 0.7753-0 .8299 

Freezing Point ,  OF Max -40 -55.5 , -48.0 -41.6 -35 .O . . 
Viscosity @ -30°F, CS tlax 15 7 .O ' 15.0 6.. 1 11.8 

@ 100°F, CS e x  - 1.6 . 1.8 1.6 1.6 . . 

I .  , " 1 . "  

lhermal s t a b i l i t y  @ 300/400°F -- 
Coker MMM Hg 
Coker Tube Color Code 

)lax 
tbx 

Zacbus t ion ---- 
Net Ilrat, ~ t u / l b  Min 18,400 18,500 18,500 18,500 10, 500 

A lahoratory d i s t i l l a t i o n  technique which provides fract ionatJon equivalent to n column with 15  t r ays  
and 5:l r e f lux  ra t io .  



Table 8-20 

Comparison of a Possible Broad Jet  Fuel Specif icat ion With 
Vi rg in  Cuts of South .Louisiana and Prudhoe Bay Crudes 

Possible Broad 
Speci f ica t ion  South Louisiana Pmdhoe Bay 

Nominal Boiling' Range, 'P 

LVX on Crude 

Aromatics (VolZ) Nax 
Sul fur ,  tkrc .  (wtZ) Max 
Sulfur,  Total  (wt4) Flax 
Nitrogen, Tota l  (wtl) Max 
Hydroeen ( w t X )  Min 

V o l a t i l i t y  

'D i s t i l l a t i on  - 
Temp., "F 10X Rec. Max 420 

50% Rec. t&x 470 
f i n a l  R.P. Max 600 

Flash Point ,  OF Mn-Fkx 90-170 
Gravity, API (60DF) Fun-lhx 36-51 
Gravity ,. Speci f ic  (60160'~) klin-Hnx 0.7753-0.8448 

Flu id i ty  

Freezing Point ,  OF . )lax -20 
Viscosity @ -30°F, CS tlax - 

@ l0OoF, CS )lax 3 

Tltermql S t a b i l i t y  @ 250/350e~ 

Coker AP i n  Hg. #tax ' 12 
Coker Tube Color Code tlax r 

Net I l c ~ t ,  Btullb Ilin , 18,300 18,500 



Table 8-21 

Nominal Boil ing Range , OF 

Comparison of a Possible Broad Specification With  
Virgin Cuts of South  Louisiana and Prudhoe Bay Crudes 

Poksiblt? Broad 
S ~ e c i  f i cn  t ion  South Louisiana - 

LVX on Crude 43.1 

Composition 

Aromatics (VolX)' Uax 40 , 15.0 
Sul fur ,  Herc. (wtX) H j x  0.003 0.0003 
Sul fur ,  Total  (wt%) Fhx 0.3 0.069 
Nitrogen, Tota l  (wtX) Max 0.005 0.001 
Hydrogen (wt%) itin 12.5 - ,  13.4 

M s  t i l l a t i o n  
Temp., 'F -'lo% Rec. 

50% Rec. 
Finn1 B.P. 

Flash Point ,  OF 
Gravity, M I  (60°F) 
Gravity, Spec i f i c  (60/60°F) 

F lu id i t y  

Freezing Point ,  OF 
Vis tos i ty  @ -30°F, CS 

@ 100°F, CS 

Thermal S t a b i l i t y  @ 250/350 OF -. 

Max . 
Ehx 
Hax 

Min-Flax 
PU.n -:.lax 
bun-Flax 

Cokar AP i n  HE. Max 
Coker Tube Color Code thx 

Combus t i o n  -- 
Net IIeat, ~ t u / l b  

Prudhoe Bay 

2801 620 



The reference case i n  t h i s  study i s  shown i n  Table 8-19. 
The two crudes are f rac t iona ted  i n t o  b o i l i n g  ranges that,meet most cu r ren t  
j e t  A spec i f i ca t ions  whi le  maximizing y i e l d .  The f i n a l  b o i l i n g  .point speci- 
f i c a t i o n  i s  s l i g h t l y  exceeded f o r  the  normal c u t  o f  South Louisiana. I n  
add i t ion,  the Prudhoe Bay f rac t ion  would requ i re  t r e a t i n g  t o  reduce aromatics 
content. For South Louisiana, the  y i e l d  increases 34 percent (23.5 vo l  . ' 

percent t o  31.5 vol  percent) and the f i n a l  b o i l i n g  po in t  spec i f i ca t i on  
- i s  a l so  met. The Prudhoe Bay y i e l d  .increases ' b y  41 percent (17.1 vol 

,percent t o  24.1 vo l  percent),  but. s t i l l  .requires t r e a t i n g  f o r  aromatics 
. reduction. .A sumnary o f  key qua1 i t i e s  fo l lows. 

current 
spec .  

Nominal B o i l i n g  
Range, OF 

Yield, LVZ 
on Crude - 

Aromatics, 
vol.2 (max) 2 0 

Final B o i l i n g  
Point  OF (max) 550 

*"Does no t  meet s p e c i f i c a t i o n  

I 
South Louisiana 

320151 0 300/550 Percent 
{Normal) 15/5* Increase 

23.5. 31.5. 34 

15.1 15.3 

553 ** 55 0 
, 

.a Although the  y i e l d  c red i t s  f o r  improving f r ac t i ona t i on  are 
large,  i nd i v i dua l  case evaluat ion o f  the cost  f o r  improving f r ac t i ona t i on  
i s  required. The methods f o r  b e t t e r  f r ac t i ona t i on  ou t l i ned  above each 
ca r r y  associated costs. I n  add i t ion,  physical and economic const ra in ts  
may i n h i b i t  t h e i r  implementation. ,Ex i s t i ng  u n i t s  may no t  have capaci ty 
enough f o r  increasing the number of t rays  and the add i t i ona l  expense 
f o r  steam generation o r  more re f lux  may heav i l y  deb i t  the  y i e l d  
improvement. Grass roots  design does present more opportuni t ies-  f o r  

- t i g h t e r  f rac t iona t ion ,  bu t  t he  economic fac to rs  o f  add i t i ona l  investment 
and operat ing cost  may outweigh the advantage o f  added product volume. 
General izat ions concerning f rac t iona t ion  improvement would be misleading. 
S u f f i c e  i s  t o  say t h a t  there i s  t heo re t i ca l  scope f o r  h igher y i e l d s  
o f  spec i f i ca t i on  product, bu t  p rac t i ca l  l i m i t a t i o n s  may prevent these 
y i e l d s  from being rea l ized.  

Prudhoe Ray 
>----- 

330/508 .300/550 Percent 
(Normal) 15/5* 7 Iacreas  

17.1 24.1 4 1 

23.9** 25.l** 
. . 

550 55 0 
J 

Broadcut Imp1 i ca t i ons  on Y ie ld  and Qua1 i t y  

The f i r s t  broadcut spec i f i ca t i on  examined i s  shown i n  Table 8-20. 
Comparison w i t h  cu r ren t  spec i f i ca t ions  hows t h a t  t h e  aromatics content 

. w i l l  be h igher ,  the b o i l i n g  range widert8-341, t h e  g r a v i t y  spec i f i ca t i on  has 
increased and the v i scos i t y  i s  now measured a t  100°F instead of -30°F. 
These changes r e s u l t  i n  increased y i e l d .  The normal South Louisiana 



recovery has increased by 50 percent over the normal cu t  f o r  cur rent  
spec i f ica t ions.  The y i e l d s  for  Prudhoe Bay have a lso increased - the 
normal cut  shows a 58 percent increase over the reference cut .  However, 
as the t a b l e  indicates,  the re laxa t ion  o f  the aromatics content s p e c i f i -  
ca t ion  el iminates the  need f o r  f u r t he r  treatment because the Prudhoe Bay 
q u a l i t y  now f a l l s  below the maximum. A key q u a l i t y  summary fo l lows. 

Broad 
Spec. 

. Nominal Boiling 
Range, OF 

Yield, LVX 
I on Crude - 

I Aromatics, 
volX (max.) . 

. . 
3 5 

I" . F i n a l ,  Boil ing 
Point  OF (max) 600 

I t ,  

8.6.4 Addi t ional  Broadcut spec i f i ca t i on  

South Louisiana 
Percctlt 

2901570 320/510 Inc rease  

35.2 23.5 5  0  

15 15 

603 553 . 

A f u r t he r  re laxa t ion  i n  spec i f i ca t i on  w i l l  increase the 
theore t i ca l  y i e l d  even more, as shown i n  Table 8-21. Here the al lowable 
aromatics content i s  40 vol percent, the  f i n a l  b o i l i n g  po in t  650°F, 
minimum f l ash  90°F, maximum f l a s h  200°F, and t he  maximum v i scos i t y  
a t  100°F i s  4 CS. The South Louisiana (normal f r ac t i ona t i on )  y i e l d  
i s  43.1 vol percent - and 83.percent increase over the  reference cut .  
The Prudhoe Bay y i e l d  i s  33.4 vo l  percent (normal) an increase o f  95 
percent over the reference normal cut .  Un l ike  ,the reference cut, 
these Prudhoe Bay f rac t ions  do no t  requ i re  t r e a t i n g  t o  meet the  aromatics 
content spec i f i ca t ion .  The b r i e f  t ab le  which fo l lows summarized important 
qua1 i t i e s .  ' 

Broad 
Spec. 

Nominal Boil ing 
Range, O F  

Prudhoe Bnv 
.. 

Percent  
290/570 330/50F Incrcn-ic- 

27.1 17.1  58 

25 2 4 

606 550 

I Yield, LVX 
on Crude - 

L 

Aromatics, 
vol% (max) 40 

F ina l  Boil ing 
Point OF (max) 650 

a' 
. . 

i South Louisiana 
Percent  

2801620 320/510 Inc rease  

43. 1 23.5 83 

15  15 3 

+ 648 , 553 

Prudhoe Bay 
Percent  

280/620 3301508 I n c r e a s e  

33.4 17.1 95 

26 24 

650 550 



I n  summary, re laxa t ion  of j e t  fuel. spec i f i ca t ions  ' w i l l  lead t o  
h igher y i e l d s  o f  t h i s  product, bu t  a t  the expense o f  lower y i e l d s  of 
o ther  products. Competing demands f o r  the  middle o f  the crude ba r re l  
w i l l  have t o  be evaluated i n  order t o  determine the t o t a l  impact o f  
mix imiz ing j e t  f u e l  y i e l d .  I n  add i t ion,  broader . spec i f i ca t ions  ,may 
e l  iminate the need' f o r  some downstream processing, thereby reducing cost .  

I n  add i t ion,  the production o f  broad c u t  impact d i  
on both r e f i n e r y  and end-use energy consumption. ~ n d e r s o n e  - 5fi!tiI 
studying highway t ranspor ta t ion  has reported t h a t  process energy savings . . 
o f  1 t o  3 percentage'points can be a t ta ined when producing a broad cu t  
f ue l  roughly equivalent  to .  equal par ts  o f  gas01 ine  and d iese l  f ue l .  Also, 
Anderson ind icates increased engine e f f i c iency  f o r  the broadcut ' f ue l .  Thus, 
there i s  scope f o r  increasing the composite production/use f ue l  system 
i n  the  broadcut opt ion.  However, he po in ts  ou t  t h a t  these data are 
very pre l iminary  and requ i re  f u r t h e r  study f o r  confirmation. 

Thus, even though y i e l d  increases may be s'gnif icant, the  
add i t i ona l  y i e l d  may no t  be r e a d i l y  ava i lab le  t o  the av ia t i on  industry.  

8 .7 Overal l  Comparison and Ranking. 

The advantages and disadvantages f o r  LH2 compared tb synthet ic  
j e t  f ue l  from e i t h e r  coal o r  shale o i l  are suinmarized i n  Table 8-22:. 
L i q u i d  hydrogen's greatest  po ten t i a l  would appear t o  be f o r  long range 
f l  i g h t  (greater  than 5500 mi les)  .,at subsonic speeds o r  f o r  supersonic 
f l i g h t s .  These advantages are due t o  the  l i g h t e r  weight o f  the  LH2 
a i r c r a f t  f o r  a given mission due to,the lower weight o f  the f u e l  car r ied.  
There are a lso  environmental advantdges f o r  the LH a i r c r a f t .  The major 
disadvantages f o r  LH2 are (1 )  t he  higher cost  o f  t ! e fue l '  per f l i g h t ;  

' 
(2)  resource u t i l i z a t i o n  would be poorer, and (3) a i r p o r t  modi f ica t ions 
would be.much more expensive. 

An attempt has been made t o  quan t i f y  these di f ferences,  using 
a ti k e r t  scale, w i th '  t h e  fo l low ing  r a t i n g  system. 

I n i t i a l  Cost +1 - I n i t i a l  cost  less  than a synthet ic  
j e t  A plane. 

0 - Some i n i t i a l  cost  as a synthet ic  
j e t  type. 

-1 - I n i t i a l  cost  higher. 

Energy U t i l i z a t i o n  +I - Resource requirements. Same as f o r  
lowest synfuel case. 

0 - 1.1 t o  2 t imes more resource requ i re-  
ment than lowest. 

-1 - Greater than tw ice the resource 
requirement o f  the 1 owest synfuel.  



Table 8-22 

AdvantagesIDisadvantages f o r  LH2 Compared t o  Synthetic J e t  

Advantaqes f o r  LH7 Disadvantages for  LH7 

8 L igh te r  weight a i r c r a f t  than r A i rpo r t  modi f ica t ion t o  add LH2 
synthet ic  j e t  f ue l  . ' would be a major undertaking 

r Longer range possib le r Overal l  economics unfavorable 
compared t o  shale o i l  based 

r Greatest performance advantage , f ue l  f o r  subsonic and super- 
i s  w i t h  supersonic f l i g h t  sonic a i r c r a f t .  

r Emission of CO, C O ~ ,  H/C, odor r Overal l  economics unfavorable 
el im'nated and NOx equal t o  o r  w i th  coal based 1 iqu ids  f o r  - 
1 ess/5-21) subsonic-close f o r  supersonic 

r .Potent ia l  reduct ion i n  noise .and r Requires more energy from 
sonic boom. mine t o  engine 

r I n i t i a l  cost  lower f o r  supersonic r Amount o f  Hz0 emit ted i n  
a i r c r a f t ,  about same f o r  subsonic f l i g h t  i s  h ~ g h e r  

a Maintenance cost  may be lower a Safety 'o f  handl ing LH2 more 
hazardous than synthet ic  j e t  

a Can use shor ter  runways f ue l  



Cost o f  Fuel/Fl i q h t  

. . 
. . Maintenance Cost, ,, 

. . .  . . -. 
. . 

+1 - Cost o f  :fuel per f l i g h t  equa l  t o  
lowest syn f ue l  case. 

0 - 1 .1 t o  1 . 5  .times as expensive 
as lowest cost  fue l .  - 

-1 - Greater than 1.5 times as expensive 
f o r  fue l  per f l i g h t .  

. . . . . . . .. 

+1 - Lower maintenance cost than f o r  
a syn f ue l  a i r c r a f t .  

0 - Maintenance cost  equal t o  syn 
f ue l  a i r c r a f t .  

Emissions +2 - Much lower emission than a syn f ue l  
engine. 

+1 - Some improvement over a syn the t i c  
j e t  fue l .  

0 - Emission e@al t o  cu r ren t  standards. 

Cost o f  A i r p o r t  
F a c i l i t i e s  

Pub1 i c  Acceptance o f  
A i r c r a f t  

E f f e c t  on Foreign 
Sales 

0 - Same as f o r  synthet ic  j e t  fue ls .  
-1 - More expensive than synthet ic  j e t  fuels. 
-2 - Much more expensive than syn the t i c  j e t  

fue ls  . 
0 - No change from current  a i r c r a f t .  

-1 - Some reluctance t o  use a i r c r a f t  w i t h  
t h i s  f ue l .  

0 - No e f f e c t  on fo re ign  sales. 
-1 - Some e f f e c t  on fo re ign  sales. 

The basis f o r  the ra t ings  used are covered i n  previous sect ions f o r  the 
i n i t i a l  cost, energy u t i l i z a t i o n ,  cost  o f  f ue l  per f l i g h t .  The basis 
f o r  the o ther  r a t i ngs  i s  discussed below. 

Maintenance Cost 

Studies by ~ o c k h e e d ( ~ - ~ ~ )  and o t h e r ~ ( 8 ' ~ ~ )  have s ta ted  t h a t  
maintenance o f  hydrogen-fueled a i r c r a f t  should be s impler and less 
f requent than f o r  je t - fue led  engines because hydrogen mixes so qu ick ly  
and completely w i t h  a i r  and burns c learer .  It i s  assumed t h a t  LCH4 
would behave s i m i l a r  t o  LH2. 

.E f f i c iency  of Turnaround 

Studies by ~ockheed(8-30) and ~ o e i n ~ ( 8 - 3 ' )  on designs o f  
a i r p o r t s  using LH2 concluded t h a t  the  turnaround time would be about 
the same f o r  LH2 as fo r  syn the t i c  j e t  fue ls .  



' A i r  Po l l u t i on  Emission . 

~ s t i m a t e s  developed by ~obkheed f o r  LH2 and j e t  A a re  shown 
i n  Table 8-23 and were used as t h e  basis t o  a r r i v e  a t  the  rating-shown. 

Noise -. 

A hydrogen-fueled plane would e qu ie te r  on takeo f f  than a j e t  A ? fueled plane, bu t  n o i s i e r  on landing.(8-2 as shown i n  Table 8-24. Therefore, 
i t  was decided t o  r a t e  a l l  three fue ls  the same. 

Cost o f  A i r p o r t  Modi f ica t ion 

The cost  t o  add hydrogen l i que fac t i on  f a c i l i t i e s  would be 
considerably more expensive than f o r , t h e  type o f  l i q u i d  f ue l  f a c i l i t i e s  
i n  use today, based on data .discussed i n  Appendix Volume I I I B .  Methane 
l i que fac t i on  wou1.d be less c o s t l y  than H2 l i que fac t ion .  

Pub1 i c  Acceptance 

This i s  pure ly  conjecture, but  t he  general pub l i c  would probably 
'. be more re luc tan t  t o  f l y  w i t h  cryogenic 1 iqu ids  . f o re "  . and a f t  o f  the 
" cabins, than w i t h  j e t  fue l  i n  the wings. 

E f f ec t  on Foreign Sales 

I f  l i q u i d  hydrogen ' fueled a i r c r a f t  were used, fo re ign  a i r p o r t s  
would a l so  have t o  i n s t a l  1 p lants  t o  produce hydrogen and t o  1 i q u i f y  it. . . 

, This would be cos t l y .  The same would apply f o r  l i q u i d  methane. With j e t  A, 
,.. t he  countr ies could continue t o  use petroleum o r  a synthet ic  fue l .  

Each stakeholder would no doubt g ive a d i f f e r e n t  weight t o  some 
o f ,  the fac tors .  For t h i s  study, an equal weight i s  assigned t o  each factoe-,i ls 
shown i n  Table 8-25, On t h i s ' b a s i s  the most a t t r a c t i v e  f ue l  would be a shale 
o i l  der ived synthet ic  j e t  f ue l  ,: folfowed by a coal der ived j e t  fuel, l i q u i d  
methane, and 1 i q u i d  hydrogen the l e a s t  a t t r a c t i v e .  

'. 
For supersonic a i r c r a f t ,  the changes i n  Table .8-25 would be . . 

i n  i n i t i a l  cost, where LH2 would have an advantage. The"other ra t ings  
would remain the  same. 

8.8 Possible R&D 1deas 

Some possible areas where .R&D may be useful  are as fo l lows: 

Studies should be made t o  def ine the po ten t i a l  f o r  LH2 and LCH4, using 
f ue l  cost  in format ion i n  t h i s  study. Th is  would determine the break even . 
distance f o r  subsonic a i r c r a f t  and the supersonic d istance and speed t o  
break even w i t h  s ha1 e o i  1 der ived j e t  fuel . 

'*The Laplace c r i t e r i o n  i s  appl ied. 



. . 

. '  Table 8-23 

Noise Comparison: LH2 Vs. J e t  A Subsonic Passenger A i r c r a f t  

Area of 
Noise Levels i n  EPNdB 90 EPNdB 
( ) = FAR 36 Limits Contour 

Aircraft  Tnkeof f S ide l ine  Approach (sq m i )  

3000 nmi -. 

5500 nmi 

Jet-A ' ' 94,2 (107) 87.8 (107.6) 96.7 (107.6) 4 .7  

Lockhccd L-10 11 
(Cert i f icat ion t e s t s )  96 .0  (105.6) 95.0 (107) 102. S (107) 6 . 6  

Source: Ref. (8-2) 



Table 8-24 

Air Pollutant Emissions Comparison: LH2 Vs. Jet A Subsonic Passenger Aircraft 

~ s t i m a t e d  Emission Leva1 
(g/kG f u e l  except  

Emission Engine a s  shown) 
Product Condition Jet-A 4 

CO I d l e  3 0 Q 

Unburned HC I d l e  4 0 

Smoke Takeoff 15* 0 

Takeoff 

Hzo Cruise 4 1 . 9  lb/nmi 82.4 lb/nmi 

Odors Ground Object ionable  None 
operat lons  

*SAE 1179 smoke number. 
+Adjusted f o r  the  d i f f e r e n c e  between the gravimstric  energy.  

d e n s i t i e s  of Jet-A. and hydrogen (a f a c t o r  o f  2 . 8  i n  f a v o r  
of hydrogen). 

Source: Ref. (8-2) 



Ratings f o r  Subsonic A i r c r a f t  

I n i t i a l  Cost. 0 0 

Energy U t i l i z a t i o n  

Cost o f  ~ u e l . 1 ~ 1  i g h t  . . 

Maintenance Cost 

E f f i c i e n c y  o f  A i r c r a f t  
, Turnaround 

A i r  Pol 1 u t i o n  Emission 

Noise 

Cost o f  A i r p o r t  M o d i f i c a t i o n  

Pub1 i c  Acceptance 

E f f e c t  on Foreign Sales 

To ta l  

J e t  A 
Shale Coal 

O i l  Derived Derived 
J e t  Fuel L iqu ids  



. . 
. . 

. . 
. . 

. . 

r It would appear t h a t  coal l i q u i d s  produced v i a  the i n d i r e c t  method would 
have more a t t r a c t i v e  physical propert ies than those produced v i a  d i r e c t  
1 Iquefaction. Studies should be made. t o  improve. the. y i e l d  o f  d i s t i l l a t e s  . . 

wi th.  Fis.cher-Tropsch cata lys t .  . . . 

e Storage s t a b i l i t y  o f  coal 1 iqu ids hydrotreated t o  various leve ls  should 
be determined. 

e Studies should be made on engines t h a t  could operate w i t h  more aromatic 
j e t  fue ls .  These same engines should be tested w i t h  higher ni t rogen 
l eve l  fue ls  t o  see i f  they are also e f f e c t i v e  i n  reducing NOx emissions. 

Q Economic comparisons should be made t o  see i f  i t  would be more economic 
t o  modify the fuel system o r  upgrade coal o r  shale based fue ls  t o  meet . t he  current  thermal s t a b i l  i t y  standards. 

. . 

r Processing a l ternates (such as chemical t rea t ing ,  c l a y  f i l t e r i n g )  t o  
severe hydrotreat  ing  t o .  improve storage and thermal s.tabi.1 t ty  . o f  . . 

shale o i l .  derived fue ls  should. be investigated. 
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9. DEMAND RELATED ISSUES 

9.1 Enerqy SupplylDemand Projections 

The demand f o r ,  and supply o f , .  fuels  f o r  non.-highway transportation 
a r e  par ts  of the  supply/demand system fo r  a l l  t ransportat ion,  and e x i s t  i n  
the context of the future a v a i l a b i l i t y  and u t i l i z a t i o n  of energy f o r  a l l  
purposes. Recent projections by both the .Energy Information Administration 
and the Transportation Energy Conservation ( T E C )  Division of the Department 
of Energy were reviewed i n  order t o  provide an energy context for  the present 
study. 

The various projections a r e  based on d i  fferent. assumptions. 
The EIA cases consider d i f f e ren t  r a t e s  of economic growth, d i f f e ren t  
leve ls  of recoverable U.S. o i l  and gas resources, and changes i n  the real 
pr ice  of imported o i l ,  while the TEC projections consider baseline and 
conservation cases. Naturally, the d.ifferent assumptions 1 ead to  numerically 
d i f f e r e n t  e s t i ~ a t e s  of fu ture  supply and demand. In s p i t e  of the numeric21 

. differences,  i t  i s  possible t o  in fe r  tha t  the projected increments' (by 
year 2000) i n  l i q u i d  fuel supplies derivable from new and emerging 

: technologies a r e  considerably l e s s  than required to  sustain the present 
/. pattern of domestic energy usage. Hence, one inference (as drawn by EIA) 

Is t h a t  "substantial  adjustments i n  patterns of consumption will take 
place." Such adjustments would not be l imited t o  the t ransportat ion 
sector .  Indeed, some displacement of ' o i l  from the industr ia l  sec tor  t o  
t ransportat ion is a common expectation. Nevertheless, shifts within 

re- the  transportation subsectors a r e  both possible and 1 i kely. ' Two additional 
qua1 i t a t i v e  concl usions may be drawn: 

(1 ) ' i n i t i a t i v e s  f o r  conservation and production of 1 i q u i d  
fue ls  by new technologies b o t h p p e a r  important. . . . . 

(2)  de f in i t e ly  i n  the near-term. (unt i l  1985) and probably 
i n  ' the mid-term (from 1985, t o  2000) conservation may 
be uant f ta t ive l  more important thap what may be 
?--n-- ach eve y new supply technologies. 

9.2 Mil i t a r y  and ~ n t e r n a t i o n a l  ~ o n s i d e r a t l o n s  

His tor ica l ly ,  the mil i t a r y  fuel requirements of  t h e  u .s. have 
been procured both domestical l y  and overseas. Currently,  DOD' s 
consumption of energy, including e l e c t r i c i t y ,  f s .  about 2% of U .S. energy 
demand. G!hile the aggregate percentage i s  small , mil i tary.  demand i s  
concentrated i n  a small number of  products and about 62% of the to t a l  i s  
f o r  transportation: 

Transportation Mode % of Total Demand 
a i  r c r a f t  44 
marine 13 
ground 



A t  present, the  t ransportat ion fuels  a r e  derived en t i r e ly  from petroleum. 
Review of  the system of mi l i t a ry  fuel supply and the  special demands 
placed on mil i t a r y  fue ls  led t o  two expectations. 

e Most of DODts transportat ion fuel needs will  continue 
t o  be met w i t h  conventional types of j e t  and diesel fuej  
(regard1 ess of  raw material source).  

e DO0 may adopt a unique fuel system i f  this provides 
a !unique performance advantage. 

Competition is  a par t icu lar ly  important fac tor  i n  international 
markets .' Cost, re1 i ab i l  i t y ,  and avai labi l  i t y  of product o r  service a re  
usual ly key ingredients of internat ional  competition, b u t  may be blunted 
t o  varying degrees by regulations t h a t ,  i n  addition t o  establ ishing 
Internat ional  standards, tend t o  limit the r a t e  a t  which systemic changes 
can occur. 

The introduction of new fue ls  i s  not a goal of  companies providing 
t ransportat ion services.  T h i s  f a c t  leads t o  a genera1 inference t h a t  any 
a1 t e rna te  fuel w i t h  properties s imilar  t o  those of the fuel current ly used, 
which will  a l so  minimize capi tal  and operating expenses, will be preferred 
t o  an a l t e rna te  fuel t h a t  i s  d iss imi lar ,  thereby causlng additional capi ta l  

/ *-*- 

expense and hand1 ing problems. For each t ransportat ion mode, the  goal i s  I 

t o  provide e f fec t ive  t ransportat ion of  people o r  f r e igh t  as  economically I 

as possible. 

9.3 Ins t i tu t ional  Issues and Constraints i 1 
I An essent ia l  fea ture  of an NHT system, other  than a pipel ine,  is 

t h a t  the  equipment moves from place t o  place and must be.able  t o  obtain 
fuel  wherever i t ' i s  needed. This creates  a s i tua t ion  i n  which a number of  

1 
i 

conditions must be s a t i s f i e d  simultaneously tf a new system I s .  t o  be 'Introduced: 

(1) the NHT equipment industry,  o r  some segment of i t ,  must L---.-. - -- _ 
decide t o  introduce a .new engine o r  t o  sponsor radical 
modifications o f  i t s  ex i s t ing  angines 

(2) independently of  ( I ) ,  the fue ls  industry must decide t o  
introduce a new fuel 

(3) preferably, f e r  competf t i v e  reasons, several companies . 
In both indus t r ies  should decide fndependently t o  
Introduce the  respective new products 

(4) NHT equipment users must be w i l l i n g  t o  purchase the new 
products (otherwise commercial introduction will be a 
f a t  1 ure) 

(5) except i n  special applications where fuel could be 
provided a t  a s ingle  point,  the new fuel must be 

,widely avai lable  



(6) the new system should o f fe r  cos t  o r  performance 
advantages over conventional o r  other 'a1 ternat ives , 
and should not present any major disadvantage. 

In cont ras t ,  no serious evolutionary problem i s  seen on the fue 
s ide  i f  the  new NHT equipment can use conventional fuels  (regardless of 
t h e i r  raw materials source). Similarly,  'no serious evolutionary problem: 
wil l  be associated w i t h  the introduction of a new fuel i f  i t  can be used 
by a ( la rge)  segment of the exis t ing NHT equipment population o r  i f  there 
is some ( la rge)  established demand fo r  the new fuel regardless of the  
end-use appl icat ion.  

Experime.nt fn Probabil i s t i c  Forecastinq 

The projections made i n  t h i s  study depend on a var ie ty  of 
assumptions. In the case of energy .projections , most of the assumptions 
may be considered ."basel ine". However, other  plausible assumptions could 
be made, and di f fe rent  projections and conclusions migh t  fol low. Hence, 
the study must deal wtth the issue of future uncertainty. T h i s  was 
attempted us ing  some of the.concepts t h a t  underlie a forecasting technique 
ca l l  ed "cross-impact analysis" . However, the purpose was not t o  generate 
forecasts per s e ,  b u t  ra ther  to: 

/ 

r suggest the range of uncertainty t h a t  ex i s t s  today 
w i t h  respect t o  some of the fac tors  l ike ly  to  a f f e c t  
the future development of a l t e r n a t e  fuels  and NHT 
sys tems . 

r show how the change.of a s ingle  assumption ( t reated 
as  a future "event") can lead t o  s ign i f i can t  changes 
i n  the  perceived probabi l i t ies  of other  events. 

Both Exxon Research and DOE groups part ic ipated i n  the  probabi 1 i s t i c  
forecasting experiments.. With  one exception, the pat terns of response by 
these groups were very s imilar .  The reason fo r  the  exception i s  not known, 
b u t  may involve d i f f e ren t  weightings of correlat ional  and causal fac tors .  
The t e s t  groupst responses had a d i f f e r e n t  focus and format than are found 
I n  most pub1 ished energy projet t fons , '-thereby making i t  possible t o .  derive 
d i f ferent  imp1 icat ions tha t  may be useful .fn the  contingency o r  s t r a t eg ic  
planning of R&D. While t h i s  would have t o  be estab1ish.ed by additional 
work, i t  is believed tha t :  

r knowing and understanding the  assumptions made by individuals 
concerning energy futures  and p r i o r i t i e s  a re  important 
t o  the  resolution of ins t i tu t iona l  problems. 

r there  i s  considerable risk i n  acting upon d i r e c t  answers 
t o  questions such as  "when - will Technology ' X I  be 
competitive w i t h  current  technology?", and t h a t  more 
useful / l e s s  r isky answers can be provided by probabi 1 i s t i c  
ra ther  than deterministic methods. 



An ove ra l l  imp1 i c a t i o n  of the high l e v e l  o f  uncer ta in ty  (about 
energy fu tu res )  revealed by the experiment i s  t h a t  "surprises" should be 
expected. Important charac te r i s t i cs  o f  these "surprises" are: 

(a) they are l i k e l y  t o  be p o l i t i c a l  events ( ra ther  than 
techno1 og ica l  developments). . : 

. . 

(b) the precise t iming o f  the events,'rather than t h e i r  
, nature, may be the main f a c t o r  t h a t  makes them 

"surprises". 
'I 

( c )  most o f  the events would have an adverse impact on 
crude o i l  supply, and sharp increases i n  p r i ce  
could occur as a consequence o f  r e a l  shortage. 

(d) there w i l l  be an impact on i n s t i t u t i o n a l  ba r r i e r s  
(which may be broken i n  t ime o f  c r ises) .  '!: 

  not her imp l i ca t ion  o f  the  p r o b a b i l i t y  o f  surpr ises i s  t h a t  the 
lead-time f o r  obta in ing a neQ source o f  supply w i l l  tend t o  be more 
important than t h e u n i t  cost  o f  the  new supply. Put d i f f e r e n t l y ,  a b i l i t y  
t o  move f a s t  w i l l  comnand an economic premium. Biomass f ue l s  stand t o  

. .. benef i t ,  as do any p ro jec ts  t h a t  can be implemented qu ick ly .  . . 
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16. Abstracts (cont.) 
. . 

The future outlook f o r  possible prime movers and potent ia l  fue l  sources f o r  the 
long term (2000+) i s  as fol lows. I n  the marine area, steam engines burning coal o r  
diesel engines w i th  unrefined shale o i l  o r  coal s1ur r i .e~  are the prime candidates. 
With the a i r c r a f t  gas turbine, e i t he r  synthet ic . l iqu ids from shale o r c g a l  would 
appear t o  be the most desirable fuels.  Railroads w i l l  probably remain wi th the diesel/  
e l e c t r i c  prime mover using .shale o i l  as a source o f  d i s t i l l a t e .  Pipelines wi1.l 

. probably use e l e c t r i c  motors as the major type of prfme mover. 

This, report covers a sumnary. o f  the data used i n  the preliminary screening of 
the al ternate fuels and pr.ime hovers as well as the detai led eva1uat;ion o f  each o f  the 

. four modes from the standpoint o f  the user, fuel supplier and the errgine designer. 
' .  




