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Introduction 

The predicted shortages of f o s s i l  f u e l s  at sme indefini te  time i n  the 
future nat-y gives r i s e  t o  a search for  alternatives.  
successors ultimately be dependent on e l e c t r i c  power used d i rec t ly  or stored 
in electrochemical bat ter ies?  Alternatively, w i l l  there  still be a role for 
energy stored and distributed in the form of l iquid fuels? Also one vishes 
t o  lmou the most probable source of these synthetic fuels.  U i U  it be best 
t o  use coal and tar sands a s  the source of energy or w i l l  nuclear parer be 
more at t ract ive? 

shall we or our 

In assessing the zost  p rokb le  routes which future  energy dis t r ibut ion 
w i l l  take, operating a s d  cap i ta l  costs are  of critical importance. 
dealing with the cost of a process which i s  not yet practised it is very 
d i f f i e d t  t o  be very precise ic one's estimates. 
paper an attempt is  made t o  suggest the arders of magnitude of cost involved 
in making synthetic f u s l s  derived essent ia l ly  from carbaa diaxide and water 
with the addition of energy fron a non-fossil source. 
such a course might be desirable a t  sane t i n e  in the future when fossil f u e l s  
are re lat ively scarce and nuclear power comparatively inexpensive. 

Y e t  in 

Nwertheless, in this 

It is assumed that 

Far autanotive use the convenience of a l iquid fuel is very desirable and 
the most conveniently produced l iquid fue l ,  given supplies of carbon d i d d e  
and water, is methanol. 
and with the addition of carbon dioxide by a suitable ca ta ly t ic  process, 
methanal results: 

Qdrogen may be produced by electrolysis  of water 

Overall reactions: 3H2 + Go;! -> CH3 OH + H20 

Alternatively, it vould be possible t o  mke hydrocarbons by the Fischelc 
Tropsch reaction. 

Thus, given the costs of making hydrogen and obtaining carbon d i d d e  
and adding the cost of a synthetic yrodess involved, it is  possible t o  gain 
some i d e a  of the cost of e i ther  methanol or a synthetic hydrocarbon fuel.  
It should be emphasised that the costs (calculated on a 1970 basis of money 
values) are  based on fi,mes obtained from various references and are not 
plant costings made by the appropriate Div is ims  of the F&yal Dutch/Shell 
Group of canpanies. 

In this paper the cost  of hjrdrogen manufacture u i l l  be first coosidered 
followed by the cost of obtaining carbon dioxide. 
f o r  methanol production and Fischer-Ropsch hydrocarbon synthesis then follow. 

Rough estimates are made of the  capi ta l  employed, the  energy consumed 

The synthetic processes 

and manufacturing costs on a stated basis. 
f u e l  route i n t o  perspective, a compaxism is made with the costs  of coal 
based fuels. 
gasoline engines and fael c e l l s  is compared with e l e c t r i c i t y  stored i n  
ba t te r ies  and used t o  dri7e electric vehicles. 

In order t o  put the synthetic 

Also the overall  efficiency achieved by using fue ls  in 
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11 Processes and economics t o  manufacture %on foss i l "  methand 
and Fischer-Ropsch msol ine  

1. Scale of operation and overal l  reactions 

A re la t ive ly  la rge  plant has been chosen since i t  i s  assumed that 
the  fuel would be required fo r  the domestic market: a methanol 
production of 16,000 Tomes per day (T/d) or al ternat ively 9,000 T/d 
Fischer-Tropsch gasoline. The lover heating values (LHV) of those 
products is 26.709 T d / y e a r ;  and is equivalent i n  LIT1 with 2.8 10' T/a 
automotive fuel ,  the  output of a typical modern refinery. 

The overall reactions of the processes which w i l l  be discussed in  the 
next section are: 

100% * 29,700 T/d H20 (1650 Tmd/d) e 3,300 T/d % (1650 Tmol/d) + oxygen 

60,000 T/d CA Cog (600 Tmol/d) 9@* e 21,200 T/d C02 ( 5 5 0  Tmol/d) 

+ calciiim oxide 

For Methanol 
24,200 T/d CO2 + 3,300 T/d H2 a eff 16,000 T/d CH3 OH ( 5 0 0  Tmd/d) 

+ water 

For Fischer-Tropsch gasolines * 
21,200 T/d C02 + 3,300 T/d % 3 9,000 T/d ;C% (500 'nnolC/d) 

+ water * material Salance efficiency 

2. Descriution of Processes 

(a) Hjrdrogen Production 

If fossil fue l s  a r e  ruled out as a source of hydrogen then 
hydrogen by high pressure e lec t ro lys i s  of water is the  obvious 
route. This subject has been considered i n  de t a i l  by Costa and 
Grimes (1) and da ta  derived frm t h e i r  work are given i n  Table 1 
which summarises process economics. In additian t o  hydrogen, 
vast quant i t ies  of axygen are  produced by electrolysis  of water. 
If a use were avai lable  f o r  all this oxygen then of course it 
would have by-product c red i t  but it would perhaps be unwise t o  
do this f o r  the speculative econany for uhich nan-fossil chemical 
fue ls  a re  required. In the  case of Fischer-Tropsch synthesis, 
some oxygen would be used i n  the plant itself. 

cost of the e l e c t r i c  parer on hydrogen: 80% of the hydrogen cost  
being represented by cost of the  e lec t r ic i ty .  
this figure might be reduced s l igh t ly  by improved electr-catalysis 
but at this stage it would seem unwise t o  make any such assumptions. 
S h i l a r l y ,  e l e c t r i c i t y  a t  l e s s  than 4.0 mils/kWh would reduce costs. 
Nevertheless it is fe l t  t h a t  t h i s  particular figure i s  as lou  a s  can 
be just i f ied.  

Reference t o  Table 1 ' w i l l  show the d o m i t  effect  of the  

It is  possible tha t  

(b) Carbon Diaxide F'roduction 

I n  the i r  work on liqirid fue l  synthesis using n c ear power i n  a 
mobile energy depot system by Steinberg and Beller r2f , a proposal 
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was made t o  extract  carbon dioxide from the atmosphere d i rec t ly  
by compressing air, condensing vater from it, drying the resul tant  
air with a molecular sieve and f ina l ly  extracting the carbon d i o x i d e  
by another molecular sieve. Our attempts t o  calculate the cost of 
obtaining carbon dioxide by this means were halted by the real isat ion 
tha t  the compressor costs would be simply enormous. 
vessels for ' the  molecular sieves and the  molecular sieves themselves 
would not be negligible i n  cost e i ther .  A t  the  present time obvious 
sources of carbon dicodde are  s tack gases of f o s s i l  f u e l  parer 
s ta t ions and the C@ exhaust from the hydrogen units of ammonia 
plants, hydrocrackers etc. 
Viu not be available i n  the same region i n  suf f ic ien t  quant i t ies  t o  
supply wholly synthetic fue l  plants. A method which would avoid the 
need t o  pressurise the atmosphere would be t o  scrub the  carbon 
dioxide from air by means of sodium or potassium hydroxide solution. 
It i s  d i f f icu l t  however t o  assign cost data t o  this process which has 
not been applied on any scale. 

The pressure 

However it is  assumed tha t  such sources 

The process f i n a l l y  chosen f o r  evaluation was t o  obtain carbon 
dioxide by calcining limestone rock and spreading the resul tant  
calcium oxide back on the land. The quicMime would subsequently 
hydrate and f ina l ly  carbonate by natural  exposure t o  the  elements. 
On t h i s  basis the synthetic fue l  source is  thought of as being 
situated near t o  a s i t e  from which carbonate rock could be mined 
and which provides plenty of land on which the resu l tan t  lime could 
be spread t o  weather fo r  re-cycle. 
consideration were given t o  such a process, a considerable amount 
of experiment would be needed t o  determine i t s  f eas ib i l i t y .  
example, r a t e s  of carbonisation and dusting problems of the  quick- 
lime would have t o  be evaluated. 
been estimated from the costs  of lime ki lns  i n  the  U.K. 
costs  af 50% over those of a coal f i r e d  kiln were included t o  allow 
f o r  a heat exchanger from nuclear heat. It i s  assumed that heat is  
available at half the cost of e lec t r i c i ty  i.e. O.O02/kWh. 
al ternat ive of e l ec t r i ca l  heating would increase overal l  costs  by 
about 5@. 

Clearly, i f  ever serious 

For 

The costs  given i n  Table 1 have 
Capital 

The 

Some perspective on the  amount of C02 available from the 
atmosphere for  conversion t o  fue l  i s  t h a t  the atmosphe i c  reservoir 
of carbon dioxide appears t o  be about 2.5 x 10l2 tons f3 ) .  As the 
concentration of carbon diaxide i n  t h e  atmosphere i s  about 320 
par t s  per million, each cubic kilometre of air contains roughly 
430 tons of carbon diaxi.de. 
about the ear th ' s  surface the atmospheric system i s  f a i r l y  well 
s t i r red  and one would not expect great  d i f f i cu l ty  due t o  lack of 
C02 i n  any par t icular  area. 

Because of the rapidi ty  of a i r  movements 

(c )  Manufacture of Methanol 

Methanol-synthesis i s  a well established indus t r ia l  process. 
Feedstock fo r  t h i s  process - as well as fo r  the Fischer-Tropsch 
route - i s  a synthesis gas consisting of H2 and CO i n  the r a t i o  of 
about two, w i t h  minor amounts of C02 and &O. The C O  i s  obtained 
from C% by the reversed sh i f t  reaction 

C02 + E$ = H20 4 +CO 
The l a t e s t  low pressure processes have improved the economics of 
the  Methanol-synthesis. 
the figures summarised i n  Table 1. 

Published data have been used t o  provide 
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Since one is  talking about the fu ture , . i t  is interest ing t o  
speculate about an al ternat ive process for the manufacture of 
methanol by means of the electrolysis  of potassium carbonate. 
The authors are  not aware of any data which show whether or not 
this process is  i n  f a c t  feasible ,  but were it t o  be s o  the 
following cathodic reaction could be expected t o  take place. 

- 
CO; + 6H20 + 6e e CH30H + 80H- 

I f  indeed it  were possible t o  carry out t h i s  reaction then it 
would not  be necessary t o  manufacture hydrogen and one would have a 
wholly e lec t ro ly t ic  process, 

1 

i Materials of construction of the electrolysis  plant f o r  methanol 
would be similar t o  those for  hydrogen-oxygen production since both 
involve an alkal ine electrolyte and i n  each oase the m o s t  corrosive 
conditions would be expected at the wjgen evolving anodes. On the 
other hand a s t r ipper  would be needed t o  remove methanol from the 
electrolyte  and catalysts  would be needed for the  methanol electrodes. 
Some tentat ive figures f o r  methanol production by t h i s  hypothetical 
process a re  included i n  Table 1. The assumption has been made t h a t  
the plant would involve a 5% increase i n  capi ta l  cost over t h a t  for 
electrolysis  of mater. 

(d) Fischer-Tropsch Manufacture of Gasoline 

Although gasoline would be the main product, other l iquid 
fractions a r e  obtained i n  the Fischer-Tropsch reaction. 
reflected i n  Table 1. 
described by Covaarts and Schutte f 5 )  and t h e i r  data have been used 
i n  preparing the relevant figures i n  Table 1. 

These are 
Economics o the overall  process have been 
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I11 Discussion of Results 

Summarising the above resul ts ,  one can s t a t e  t h a t  l iquid synthetic 
automotive fuels  f o r  present type engine can be made from C%/H20/ener 
a t  capi ta l  investments of roughly 650 'g" $ f o r  a plant to produce 3.10 
T/a Fischer-Tropsch gasoline (or 5.3 10 
efficiency of 341%. 
would be about 160 ,$/ton (= 45 f/OS gallon "-450 b/MM BTU). 
it amounts t o  90 $/ton (= 30 b/US gallon5450 b/MM BTU). 

F 
T/a Methanol) at a thermal 

The manufacturing costs f o r  Fischer-Tropsch gasoline 
For methanol 

Table 2 compares these resu l t s  wi th :  

(a)  the present s i tuat ion i n  which gasoline i s  made w i t h  other products 
i n  a modern o i l  refinery,  

a s i tuat ion i n  t h e  future, i n  which it  is  assumed that crude o i l  
supply would be insuff ic ient  t o  meet the energy requirements, 
with consequential use of coal/ tar sands/shale t o  f i l l  the gap 
by converting these primary energy sources in to  synthetic methane, 
and crude o i l s  (gasoline etc.) . 

(b)  

The comparison made i n  Table 2 of course i s  only a rough one, but the 
data seem t o  be c lear  enough t o  make the conclusion that f o s s i l  primary fue ls  
w i l l  be used preferent ia l ly  f o r  t h e  manufacture of automotive fue ls  f o r  
existing engines and t h a t  the  C02/H20/energy route has l i t t l e  chance t o  
be competitive for a long time t o  cane. 

The above comparison i s  made on the  basis of our present engines 
requiring specific fuels.  
of manufacturing these f u e l s  from a var ie ty of "primary energy sourced1. 

The cost and efficiency aspects were discussed 

As indicated i n  Table 1, t h e  energy-efficiency of the manufacture of 
methanol and FT gasoline is only 
engines with an efficiency around 15%; consequently, from the energy 
produced by the nuclear plant only about 5% i s  actually "used i n  traffic". 

In Table 4 a comparison i s  made w i t h  the following routes, featuring 

34% and these fue ls  are  used i n  the 

" fu tur i s t ic  engines". 

Energy Engine 
A. Nuclear energy- methanol fue l  cell /battery/electric motor 

B. Nuclear e l e c t r i c a l  energy- battery/electric motor 
storage i n  ba t te r ies  

For the purpose of discussion it i s  assumed that ba t te r ies  of 100 W/lb 
w i l l  be available a t  a cost  of $20/kWh stored. 

bat tery or  heat losses  from a high temperature battery (e.g. sodium-sulphur). 

Efficiency charge t o  discharge 
I of 50% i s  assumed. T h i s  allows for electrode polarisation i n  a zinc-air 

In Europe it i s  found that gasoline service s ta t ions s e l l  much more 
f u l l  a t  weekends i n  the four  summer months than the mean throughput of the 
station. 
f igure of S E 6  overall  u t i l i s a t i o n  of f a c i l i t i e s  w i l l  be assumed. I f  bat ter ies  
am exchanged at  service s t a t i o n s ,  a day's s tore  of energy will be needed t o  
meet w i t h  f luctuating demands. 
$200/kW and a charger cost  of $200/kW w i l l  also be assumed. Bearing i n  mind 
the need for elaborate controls t o  ensure safety together with automatic 
handling o f  the ba t te r ies ,  t h i s  does  not seem excessive. 
t o  note that  a service s ta t ion  w i t h  the relat ively modest throughput of a 
million US gallons a year (equivdent t o  a mean output of 60OW &lowing f o r  

In order not t o  overstress the disadvantages of ba t te r ies  the 

Distribution of e l e c t r i c i t y  costs  about 

It i s  interest ing 
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I$ efficiency of the gasoline engine) vodld reqnire a peak output of 
abont 2.m. 
3 W  hours in batteries weighing a total of sane 1% tons, 
to batteries are -sed in “able 3. 

The energy stored i n  the station vodld be of the order of _ _  Data 

It v i l l  be noted fran “able 1 that the electrdlytic plant for hydrugen 
generation is a significant cost iten. 
synthesis costs of gasoline is d y  l i t t l e  higher than methanal m an 
energy basis. 

Perhaps surprisingly t h e  hta l  

More revealing is the Ccynparison of efficiency of energy cwersion and 
capital cost per ItU of nean throughput given in TaUe 4. As m i g h t  be exped.4, 
the battery system has the highest overall efficiency bnt this factor is over- 
shadoued by very high capitail reqmmments. 

.paver plant at an assumed $oo/lar is added, the system l& most unattractive. 

Despite the reasonable conversion efficiency of electrical energy to 

men d e n  the cost of nndlear 

gasoline, the lw efficiency of the gasdine engine gives rise to extremely 
high overall capital reqmreaents. 

ed fran the fact that a FischelcTropsch conversion plant costs ab& r -  loo0 ky available fnrn a gasoline engine. This figore is so high that it 
makes the process unattractive. The best hope far synthetic fuels appears 
t o  l i e  i n  the use of methanal in a fuel cell(assmned efficiency uith electric 
motor m). 
be developed as an effective route to methanal syhthesis this u i l l  clearly 
be more attractive than the existing chemical rante. 

Sane perspective m these figures can be 

If electrolytic reductim of potassium carbonate sdutions can 

One may conclude then t h a t  fossil fuels w i l l  be used for transport and 
other foras of “portable energf‘ for as long as they are econaically 
available. 
still remain the most attractive source of fuels far vehicles and other 
portable use. 
the l i f e  of fuel reserves. 
source of energy liquid fuels v i l l  still be available, albeit at higher 
prices than n(N. 

If the nethanol fnel cell  is developed then fossil fnels v i l l  

The high efficiency of the fnel cell  uill tend t o  prolung 
Ultimately when nuclear parer is  the major 

m 
c m  BREAgWyB OB BAmERY STORGE spsm 

Distribution system $2oo/ky 

Rectifier and charger system Pww 
Batteries $o/tar 
Utilisation of distribution and charger 5a 

Efficiency charge t o  discharge 508 

Batteries equivalent t o  1 days peak output. Ils w/tlrb Pe80 

C a p i t a l .  inVestment/kU distgbution and charging $8OO/W 
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4. ~ r o o a c b o n  Prooembg, September 1970, 277. 
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APPENDIX A. 

DETAILS COST DATA TABLE 1 

! 1. Capital employed = Total erected plant ready f o r  start-up, including a l l  
f a c i l i t i e s  and land and in t e re s t  during construction 
and working cap i t a l  (basis  USA 1970). 

\! 

2. Energy consumed = All energy consumed i n  processes (minus minor quantity 
of energy produced by combustion of energy produced as 
by-products from synthesis routes).  Electr ical  energy 
4 fils/!Mh; heat 2 Mils/kWh. 

3. A l l  costs which f o r  costimating can be related with cap i t a l  ( i n  $ of t o t d l  
cap i t a l  investment, average Over 15 years l i fe t ime)  : t o t a l  20%. T h i s  can 
be split-up a s  follows: depreciation 6.s; re turn on investment (av.) 6.3%; 
a l l  costs related with maintenance ( supply, labour, supervision, overheads) 
averaged over 15 years = 4; plant overhead (off ice  supplies, S / D ,  accounting, 
legal,  etc.) and property taxes and insurance = 3%. 

\ 

I 
I 4. All other costs = Remaining fixed and variable costs such as Operating 

labour and supervision, chemicals and catdljrsts, 
u t i l i t i e s  (excluding energy) , royal t ies  etc.  

a )  

C) 

A 

C a C 0 3  dissociation; 24,200 T3d C% - t o  take in to  account evaporation of water from CaCOg feedstock and heat 
efficiency of k i ln) .  
Capital  50% higher than U.K. lime ki lns  with coal f i r ing.  
handling and return a t  U.K. costs. 

Methanol synthesis; 16,000 T/d methanol 

Capi ta l  i n  $/annual ton methanol 
- ref.  4,  complete t r a in ,  incl .  synthesis gas generation, 

- same, excluding synthesis gas plant 
- as reported i n  Table 1 

Enerm: 
200 MWe f o r  syngas compressors; 100 Ne f o r  r e s t  of plant, 300 MW heat. 

Fischer-Tropsch synthesis; 9,000 T/d gasoline 

Capital  i n  $/annual ton product 
1. 

2.  Same, but excluding coal handling, gasification, gas purification, 

3.  

consumed i s  twice dissociation energy of reaction CaC03 CaO + C02 

Assumption: heat available from nuclear plant at 9OOOC. 
Operating, stone 

scale 800 short ton/d : 62 $/annual ton 
: L 3  $/annual ton 
: 48 $/annual ton 

A s  reported ref.  5 (including syngas plant)  , South Africa 1970: 
200 $/annual ton. 

par t  of steamparer generation: 100 $/annual ton. 
Assumption tha t  main product ttg,lsolinett and by-products require 
same capital/annual ton product: t h i s  gives cap, requirement 
gasoline plant i n  Table 1: 100 $/annual ton. 

b e r m  consumed 
1 .  

2. 

A s  reported ref. 5: 200 MWe + 4000 Mw heat f o r  2,5106 T/a plant. 
Assumed f o r  our 3.106 T/a plant (excluding the  high energy 
consumption of the syngas pa r t )  : 200 MJe + 800 MW heat. 


