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 co cazcs 

Ammonia provides the largest slngle requirement for industrial 
hydrogen. In the Uo S. essentially all ammonia currently produced (about 
16 MST/yr) is made by catalytic steam reform£ng of natural gas or some 
ocher light hydrocarbon feed stock. Future shortages of these feed 
stocks and increases in their prices will provide the incentive for 
seriously considering coal or residuum as alternative feed stocks for 
a~monta nmnufacture. 

In th~s study economics for ammonia manufacture in the 1980-2000 
period have been calculated for steam reformlng, resld parclal oxidation, 
K-T coal gas~£1catlon, and new coal gasification. Production cost data 
for these processes were developed by Chem Systems, ~ne. and are presented 
i n  A p p e n d : ~ A .  

~ n v e s t m e n t s  and o p e r a t i n g  c o s t  d a t a  f o r  ammonia p l a n t s  o f  2000 
ST/SD c a p a c i t y  a r e  summarized  ~n T a b l e  4 . 0 1  and a r e  shown i n  g r e a t e r  
d e t a ~ l  i n  T a b l e  ~ . 0 2 .  The p r o d u c t i o n  c o s t  d a t a  a r e  compared ~n  t h e  
d i a g r a m s  shown Sn F i g u r e  ~ . 0 1 .  T h e s e  d a t a  a r e  f u r t h e r  s u m m a r i z e d  a s  
follows: 

Investments and Operating Costs for Ammonia 
ii Pla. lnts I o£ 2000 ST/SD Capaclt~. l 

1980 $ 

Investment 
S M/lllons 

1980 or 2000 

P r o d u c t i o n  C o s t  l n c l n d i n  8 
Return~  S /ST,Ammonia  

1 8..._oo  oo__ o 

Steam Refor~tng 180.6 210 2~8 

Resld PartlalOxldatlon 2 8 0 . 6  2 ~ 8  2 8 3  

K-T Coal Gasification 
New Coal Gaslf~catlon 

395.0 2~8 248 
362.0  227 227 

In the year 1980 steam reforming ~IIi be the most attractive 
ammonia producing process because of its substantially lower investment 
and operating costs. However, by ~he year 2000 the price o£ natural 
~as (or an alternative light hydrocarbon feed stock) ~rlll increase 
substantially thus providing equivalent production costs for reforming 
and K-T coal gasification. ~n the year 2000, costs for ammonia production 
by ne~ coal gasification will be $227/ST compared to $2~8/ST for both 
reforming and K-T coal 8asiflcatlon~ thereby maklng it attractive to 
consider new coal 8aslflcaclon. 

It has been assumed that the ammonia plants using new coal 
~asiflcatlon would be located in XiLinois and Illinois hlgh sulfur coal 
would be used as the feed s~ock. Th~s Ill~nols location provides the 
lowest cost a~monla manufacture using coal gasification and is in the 
corn belt, the largest aznnon~a consumlng area of the U. S. 
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kesld partial oxidation Is not competitive in either 1980 or 
2000 unless resld feed stock could be purchased at prices substantially 
below those assumed In this study. 

Table 4.03 presents d a t a  resardlnE the sensitivity of a-- -onla  
manufac tu r lng  c o s t s  f o r  the  severa~  economic e f f e c t s  p r e v i o u s l y  d i s c u s s e d .  
These d z t a  a r e  compared f o r  r e fo rming  and new c o a l  8 a s l f i c a t l o n  i n  Table  
4 .04  f o r  t h e  y e a r s  1980 and 2000. ~n 1980 r e f o r m i n g  has  an advan tage  
o v e r  new c o a l  g a s i f i c a t i o n  o f  $17 co 26/ST (8-12%), However, by the  y e a r  
2000 the  h i g h e r  c o s t  o f  r e f o r m e r  f eed  s t o c k  compared t o  c o a l  p r o v i d e s  an 
advantage for new coal gasification over reforming of $5 to 38/ST (2 ~o 
1S%). 

Plott~n 8 the ammonia manufacturing costs for reforming and new 
coal 8aslflcatlon for the most likely feed scock prices against time 
shows that the cost wi~h new coal gasification equals that with reformlnE 
in the year 1989. After the year 1989, new coal Easlflcatlon provides 
lower au~onla manufacturing costs than reformln 8. This relationship is 
shown in Figure 4.02. The corresponding data for methanol (Section 5) 
are also shown in this plot for comparison. 

Table 4.05 presents est/mates to show new U. S. a~nonla manu- 
facturing capacity added during the 1980-2000 period including capacity 
Installed as reforming and new coal gasification. By the year 2000, the 
U. S. ---,onla capacity will be 41.8 M ST/yr; 21.4 M ST/yr will be with new 
coal gaslflcatlon and 20.4 M ST/yr will he with reforming. The reformer 
capacity will require natural gas or some other light hydrocarbon feed 
stock equivalent to 352,000 B/D of c%-~de. The new coal gaslflcatlon 
capacity will replace reformer capacity that would require 370,000 B/D 
crude equlvalent. Th:~ saving of hydrocarbon feed stock is discussed 
further i n  S e c t i o n  7.  

If the new coal 8aslflcatlon process were available for 
commercial use, a~nonla plants installed with thls process would have the 
overall effect of releasln8 natural gas or light hydrocarbon feed stock 
that would be required if the ammonia were produced by reformlnE. Table 
4.06 shows the calculated cost of releasln 8 reformer feed stock by usln 8 
the new coal gasification process for producing ammonla from Illinois 
high sulfur coal. When the coal is purchased at its most likely price, 
the cost of releasing reformer feed is $3.66/MBtu or $20.35/bbi crude 
equivalent. If the coal were purchased at its low price, the corresponding 
values are $3.26/MBtu a~d $18.13/hbi crude equivalent. The high coal 
price corresponds to $4.14/MBtu and $23.02/bbi crude equlvalent. All 
these values are in excess of the anticipated 1980 price of imported 
crude (about. $15/bbl) thus conflr~nE that reforming is the preferred 
ammoD/a manufacturln E process in 1980. 
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5. F..CONOHICS,.,,OFZ~THANOLHAI~FACTUP~ 

Essent~ally all methanol manufactured ~n the U. S. ~s produced 
by catalytic steam reformln8 of natural gas or some other l~Eht hydrocarbon 
feed stock. However, a large methanol plant was recently an'nounced for 
the Houston sh~p channel area w~ll employ res~d part~al oxidation./ Future 
shortages of natural gas and other l~ght hydrocarbon feed stocks ~Ii 
encourage the consideration of resld and coal as alternative feed/stocks. 

As was done Eor ammonlamanufacture, economics for met~nol 
manufacture for the 1980-2000 period have been calculated for steam 
reformlnE, resld partial oxldat~on, K-T coal gasification and ne~ coal 
8aslf~ca~lon. ~roduct~on cost data for these processes were developed by 
Chem Systems, Inc. and are presented ~n Append~xA. / 

Investments and operating cost da~ for methanol plants of 
2000 ST/SD capacity are summarized In Table 5.01 and are sho~In greater 
detall in Table 5.02. The production cost data are compared ~n Figure 

/ 
5.01. These data are further summarized as follows: ! 

/ 
Znves~ments and Operating Costs for Methanol / 

Plants of 2000 ST/SD Capacity __.: / 
/ 

1980 $ 

Investment Production Cost Including 
$ M~!i~ons Returns;S/ST Methanol .... 

1980 or 2000 198___~ 2000 

Steam Re£orminE 135.3 195 236 

Res~d Partial ~dat~on 

K-T coal gasification 
New co~l 8~slflcat~on 

231.1 221 255 

350.~ 226 226 
310.1 198 198 

In the year 1980 steam reform~-ng will be the most attractive 
methanol pro~ess because of ~ts low investment and low operating costs. 
However, by the year 2000, production costs for methanol manufacture by 
the new coal process will be substan~lally below those for reforming or 
resld part~al ox/dat~on. PTed~cted methanol manufacturing costs for the 
year 2000 ~r111 be $198/ST for the new coal process compared to $236/ST for 
refo.-mlng. 

Methanol plants using the new coal process ~rlll be located ~n 
geographical areas where low cost hlgh Btu coal is available ~-nd methanol 
markets can be servlcedw~h low transportation costs. These requirements 
would correspond to plants being located in the Eas~ Coast area or possi- 
bly the Mldcontlnenc area. The economics shown above assume the coal 
based plant is located :In Illlnols and would use Illluols h~gh sulfur coal 
as feed stock. 

B 

t 

/ 

"4 

.i 

.I 

J 

4 

I 
a 

I 

I 

I 

.! 

! 
t 

', 

'i 

t 

¢ 

J. 



4 

! 

°~ 

h 

f 

I 

t 
I 

.! 
i 

l 

p 

,, 

¢ 

o, 

| 

|. 

.*o 

I 

- 94 - 

Res£d p a r t i a l  o x i d a t i o n  i s  not c o m p e t i t i v e  ~n e i t h e r  1980 or 
2000 u n l e s s  r e s i d  f eed  s t o c k  could  be purchased a t  p r i c e s  s u b s t a n t i a l l y  
below those assumed in this study. 

Table 5 .03  p r e s e n t s  data to  show the s e n s i t i v i t y  o f  methanol 
manufacturing c o s t s  f o r  the s e v e r a l  economic e f f e c t s  p r e v i o u s l y  d e s c r i b e d .  
These data f o r  r e f o r ~ i n 8  and new c o a l  E a s i f ~ c a t i o n  are compared i n  Table 
5.04 for the years 1980 and 2000. In 1980 reform£nE has a s~ll advantage 
over ne~ coal 8a~If~cat~on of $3 to 1C/ST (2 to 7~)o By the year 2000 
new coal 8as~flcatlon has an advantage over reform~n 8 of $18 ~o 53/ST 
(8 to 22~). \ 

Plott~n 8 the methanol manufacturln 8 .cost (most likely feed stock 
prices) for reform~nE and new coal gasification against time shows the two 
processes p~ov~de equal costs ~n the year 1982. After 1982, the cost with 
new coal i~ less than for reforming. This relationship is shown in 
Figure 5.02. The corresponding data for ammonia manufacture (Section ~) 
are shown in th~s plot for comparison. 

Table 5 .05  p r e s e n t s  e~ t imates  t o  show ~he hey U. S. methanol 
c a p a c i t y  added during the 1980-2000 per iod Sncludin8 c a p a c i ~ -  i n s t a l l e d  
as  reforming and as  new c o a l  8 a s £ f i c a t i o u .  By the  year  2000 the U. S.  
methanol capac i ty  w i l l  be 15.3 u ~ l l i o n  ST/yr; 13 .2  m i l l i o n  ST/yr w i l l  
employ ne~ c o a l  g a s i f i c a t i o n  and 2 .1  ~r l l l  be w i t h  re forming .  The regormer 
c a p a c i t y  w i l l  r equ ire  natura l  gas or another l i s h t  hy.drocarbon f e e d  s t o c k  
equ iva l en t  to 37,000 B/D o f  crude .  The new c o a l  g a s i f i c a t i o n  c a p a c i t y  w i l l  
r e p l a c e  reformer c a p a c i t y  that  would r e q u i r e  230,000 B/D o f  crude e q u i v a l e n t .  
This  sav ing  ~_s d~scussed f u r t h e r  i n  SecLion 7.  

Table 5 .06  shows the  c a l c u l a t e d  c o s t  o f  r e l e a s i n g  reformer f e e d  
~tock by us ing  the new c o a l  8 a s i f i c a t i o n  proces s  for  producin8 metlutnol 
us ing  I l l i n o i s  high s u l f u r  c o a l .  When the c o a l  i s  purchased at  i t s  most 
l i k e l y  p r i c e  the c o s t  o f  r e l e a s i u  8 reformer f eed  i s  $3.22/MBtu or $17 .90 /  
bbl  crude e q u i v a l e n t .  The corresponding  data are  $2.85/MBCu and $ 1 5 . 8 5 /  
bbl  f o r  the  low c o a l  p r i c e  and $3.67/MBtu and $ 2 0 . ~ l / b b l  f o r  the h£sh c o a l  
p r i c e .  These v a l u e s  are  somewhat i n  e x c e s s  o f  the  a n t i c i p a t e d  p r i c e  o f  
imported crude (about $~,~/bbl) ,  ~hus ~ o n f i r m ~ 8  ~:hat reforming ~s the  more 
a t t r a c t i v e  methanol ~anu~actu~ing proces s  i n  1980.  
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6. ECONOMICS ~OR SMALL USERHYDROGEN 

Requlremants for hydrogen for the various small uses were 
discussed previously in Section l.~ncludlng Tables i.ii, 1.12~ 1.13, 
and Figure 1.01. 

The consumer who requires a "small" quantity of hydrogen in the 
range of 1000 to 1.0 milllon SCF/D has several choices for procurlug h~s 
hydrogen supply. ~f his facility ~s near a large hydrogen producer he 
may arrange to purchase hydrogen for over the fence pipe l~ne del~very. 
Z£ this cannot be done, he would consider the purchase of hydrogen from 
an Ind'us~rlal gas producer ~rlth delivery by truck either as a gas in 
pressurized cyl~nders or as llqu~d hydrogen. Since hydrogen purchased 
by truck dellvery is rather expensive, another choice would he to install 
a steam reformer or water electrolyzez as a hydrogen manufacturing 
£aeil~ty and use either natural gas, LPG, or electrlc/ty as the energy 
source. Zt is beyond the scope of ~hls report to show the economics for 
these cho$ces for all geographical loca~ions. However, the general range 
of costs chat apply to these choices are discussed so as to provide 
general guidance. 

Economics data for steam reforming in I00 MSCF/SD plants are 
presented in Section 3 (Table 3.02). Economics data for small capacity 
reformers ~s discussed in Reference 22. Data from this reference have 
been adjusted to 1980 operation and 1980 $ using the feed stock and other 
values used previously for calculating the economics o£ large reformers. 
These data for small reformers a~e presented in Table 6.01. The unit 
Investment cost for these small reformers increases substantially as 
plant size is decreased: 

0.100 MSCF/SD - $68.81/MBtu/yr 
0.480 HSCF/SD - 2~.81/~tu/yr 
2.400 MSCF/SD - 9.921MBtulyr 
100 HSCFISD - 5.55/MBtulyr 

] 

I 

! 

I 

J 

o 

Labor costs for operating small reformer plants, have a large 
effect on total production costs. The data shown in Table 6.01 assume 
each of these small reformers is operated essentlally unattended (0.15 to 
0.26 operator/shlft). 7f one full time operator were required the total 
cost for hydrogen would be  as follows: 

0.100 MSCF/SD - $37o941MBtu 
0.480 MSCF/SD - 20.77/MBtu 
2.40 MSCF/SD - 10.12/MBtu 

The investment in SPE electrolysis plants should be essentlally 
constant at $200/kw. Production cost data for small capacity SPE 
electrolysis plants have been calculated as shown In Table 6.02. It was 
also assumed that these plants ~ould operate essentially unattended. If 
one full time operator per shlft were required, the electrolytic hydrogen 
costs would he as follows: 
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0.100 MSCFISD - $~4.381MBtu 
0.&80 MSCY/SD - 19.68/HBtu 
2.40MSCF~SD - 14.37/HBtu 

Currently  a v a i l a b l e  electrolysis p~ants  c o s t  about $500/k~a 
rather than $200/k~proJected for the SPE pr6cess. Electrolytic hydrogen 
from currently available electrolysis plants will cost about $6.00/HBtu 
more than that from SPE electrolysis plants. 

Current costs (late 1976) for hydrogen purchased for truck 
delivery have been converted to 1980 $ using a 5Z/yr escalation rate. 
These costs are plotted in Figure 6.01 along with the costs ~ncludlng return 
for manufaeturlng hydrogen by refo~m~n8 and SPE electrolysls. 

In the requirement range up to about 50,000 SCF/day it is probably 
more attractive to purchase hydrogen for truck dellvery than to manufacture 
it on site, assuming the dealer does not have to truck It more than about 
50m/les. Purchased hydrogen will cost about $100/MBtu at the rate of i00 
SCF/day and w~ll decrease to $25-40/M~tu for 100,000 SCF/day. 

For requirements in the range of 50,000 to 500,000 SCF/day, SPE 
electrolysis would provide the lowest cost assuming this process were 
available. Costs with SPE electrolysis would be in the range of $15-20/MBtu. 
Above 500,000 SCF/day reforming using'elther nntural gas or LPG feed stock 
Is probably the, most attractive system ($6 to 15/MBtu). However, the cost 
and availability of natural gas and L~G feed stock varies considerably from 
one geographical area to another. 

Many smal l  hydrogen users  consume hydrogen on ly  a few hours per 
day. Reforming i s  not a t t r a c t i v e  under t h e s e  c ircumstances  s i n c e  t h e s e  
p l a n t s  require  s e v e r a l  hours to  ach i eve  economic,  s t eady  opeTat lon .  

This small user hydrosenmarket~rlll be  suppllQd by e i t h e r  reform/rig, 
new coal gasification through pipeline or tank truck delivery from an a~aonla 
or methanol plant, or electrolysis during the 1980-2000 period. The quantities 
supplied by each system have been predicted as shown In Table 6.03. These 
data (also plotted in~igure 6.02) assume that the small user hydrogen market 
will grow at 5Z/yr during the 1975-2000 period and that electrolysis would 
gradually increase its percentage of the total from the current 17Z to 25Z 
by the year 2000. It ~as also assumed that coal gaslflcatlon~ould start 
suppl~rlng hydrogen to the small user market in 1990 and would provide 30Z of 
the total by the year 2000. Xn the year 2000, supplies for the small user 
hydrogen market are predicted to be: 

~:Stu/~ x 106 ~SCF/day 

By refor~Lng 
By n e ~ c o a l  g a ~ l f i c a t i o n  
By e l e c t r o l y s i s  

Tota l  

37 310 
25 210 
21 18_._q 
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7. P p T ~ T L ~  SAVZ~GS OF SATUR~GAS 

As has been explained in Sections ~, 5, and 6, some of the 
ammonia, ~ethanol and small user hydrogen w±ll likely be produced by the 
new coal gaslf£cat$on process starting about 1985. After 1985, hydro- 
carbon feed stocks ~rlll become more expensive than coal and the use of 
coal gas~£1catlon will increase. 

The economics data presented in Section 3 indicate that new coal 
gaslflcatlon is llkelynotto be attractlve for reflnery hydrogen production 
during the 1980-2000 period. 

Economi:s data for ammonia, methanol and small user hydrogen 
were used in Sectlons 4, 5, and 6 to estimate the new capacity that is 
likely to be built using the new coal process. From these estimates of 
new coal capacity, ".he quantltles of natural gas feed stock saved by the 
near coal process have been calculated as ~s d£scussed in the £ollow~ng 
paragraphs. These ~ata are summarized in Table 7.01 and are further 
sunmmrized as follows: 

Natur~l Gas Feed Stock Saved by New Coal 
Gasiflcation.Pz0cess~1998-2000 

,° 

Year 1990 2000 

Natural gas requlred if all productlon 
were by reformlng, kB/D crude equiv. 

Refinery hydrogen 273 
Ammonia 527 
Methanol 166 
Small user hydrogen 36  

Total 1002 

395 
722 
267 

5__ 9 
1443 

Natural gas saved by new coal 
~ a s i f i . c a t i o n ~  k3/D crude equiv. 

Reflnery hydrogen 
Ammonia 
Methanol 
Small user hydrogen 

Total 

N m 

28 370 
70 230 
- -  15 
98 615 

Saving, X of total 10 ~3 

By 1990 tl~e new c o a l  p r o c e s s  w£11 l i k e l y  save  na tura l  gas e q u i v a l e n t  ".o 
98,000 B/D 'hrude equ£valent or about i0~ of the natural gas feed s~ock 
required for all the industrial hydrogen production. Afterward the use 
of new coal gasification will increase until in the year 2000 it will 
save natural gas equivalent to 515,000 B/D of crude or 43Z of the to~al 
natural gas feed stock requirement. 
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Table 7.02 shows the annual production of refinery hydrogen, 
annnon£a, methanol and small user hydrogen durLug the 1980-2000 period and 
the correspond£n~ requirements for natural gas feed s~ock assuming 
reforming were used to provide i00~ of the industrial hydrogen production. 

Table 7.03 shows the quantities of ammonia, methanol, and small 
user hydrogen t h a t  ~s likely t o  be prefaced by new coal gas~flcatlon. 
Also shown in th~s table are the quantlt~es of natural gas saved each 
year by the new coal process. These data are also shown ln Figure 7.O1. 

The c o a l  r e q u i r e d  t o  m a n u f a c t u r e  t h e s e  a n n u a l  q u a n t i t i e s  o f  
ammonia, methanol, and small user hydrogen are shown in Table 7.0~. 
~n 1990 the coal required is 9.1 MST/yr. Tn the year 2000 this require- 
matt ~s 58 MST/yr. 

The eleccr~clty required to produce the small user hydrogen 
manufactured by electrolysis is shown in Table 7.05. In 1980 the 
electrlclty is estimated Co be 1.6 billion kwhr/yr. By 1990 chls require- 
manc is estimated to be 3.5 billlon kwhr/yr and ~n the year 2000 the 
estimate ~s 7.9 bill~on kwhr/yr. These estimates assume the ~ota l  U. S. 
small user hydrogen market will grow at 5~/yr during the 1975-2000 period 
and that electrolysis ~rlll supply 16Z of thls production ~n 1975 increasing 
to 25~ in the year 2000. Electricity requ/red to produce th~s hydrogen 
was estimated using 77.6~ thermal efflc~ency throughout the entire 
period. If this efficiency were 90~, the electricity required in the 
year 2000 would be 6.8 b~ll~on kwhr instead of 7.9 billion kwhr shown in 
the table. 

The i n v e s t m e n t  r e q u i r e d  t o  i n s t a l l  t h e  r e f o r m e r  and new c o a l  
g a s i f t c a ~ i o n  c a p a c i t y  d u r i u 8  t h e  1 9 8 0 - 2 0 0 0  p e r i o d  i s  shown i n  T a b ! e  7 . 0 6 .  
Substant~ally more capital will be required to build the new coal gaslfl- 
cation capaclty than would be required if all the new ¢apaclty were 
Installed as reformer plants. If only reforming were used, the new capacity 
during chls 20 year period would require an ~nvestmenC of $20.7 billion. 
However, the reformer and new coal capacity shown by chess estimates will 
require an Investment of $30.4 billion. The new coal capacity requires 
$9.7 bill~on more capital chat would be required if only reform~ns were 
used. These Inves~nC dace are expressed as 1980 $. 
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8. ERDA INCENTIVES 

An o b j e c t i v e  o f  s e v e r a l  ERDA programs i s  to  reduce t h e  U.S.  
consumption o f  n a t u r a l  gas and l i q u l d  hydrocarbons  ~hrough t h e  development 
o f  systems u s i n g  c o a l  or  n u c l e a r  f u e l s .  Reducing hydrocarbon consumption  
by such procedures  would ma ln ta ln  the  p r o d u c t i v i t y  o f  the  U.S .  i u d u s t r i a l  
sys tem and would reduce ~he requirements  f o r  imported pe tro l eum.  The 
p r o d u c t i o n  o f  i n d u s t r i a l  hydrogen p r o v i d e s  an o p p o r t u n i t y  to  reduce  t h e  
consumption o f  hydrocarbon f u e l s  through  t h e  s u b s t i t u t i o n  o f  c o a l  
and /or  n u c l e a r  f u e l s .  Two s p e c i f i c  o p p o r t u n i t i e s  f o r  a c c o m p l i s h i n g  
t h i s  change are  ( I )  to  produce ammonia and methanol  by c o a l  g a s i f i c a t i o n  
r a t h e r  than  by steam reforming ,  and (2)  t o  produce hydrogen for  the  
smal l  u ser  market by e l e c t r o l y s i s  r a t h e r  than by steam reformiu  s .  

~ e  economics  da~a deve loped  i n  t h i s  s tudy  and d i s c u s s e d  in  
t h e  p r e c e d i n g  s e c t i o n s  prov ide  a means o f  e s t i m a t i n g  the  economic s a v i n g s  
tha t  would occur  i n  c o n v e r t i n g  from a re forming  o r i e n t e d  hydrogen economy 
to  one based on c o a l  and/or  n u c l e a r  f u e l .  The p r e s e n t  (1977)  v a l u e  o f  
f u t u r e  e a r n i n g s  f o r  p l a n t s  u s i n g  t h e  new c o a l  proces s  f or  manufac~u'rlng 
ammonia and methanol  have been c a l c u l a t e d .  These sav ings  d i s c o u n t e d  to  
1977 are  t h o s e  r e a l i z e d  during ~he f i r s t  20 y e a r s  o f  o p e r a t i o n  of  a l l  
new c o a l  g a s i f i c a t i o n  p l a n t s  i n s t a l l e d  i n  the  1985-2000 p e r i o d ,  when 
t h e s e  f u t u r e  e a r n i n g s  are d i s c o u n t e d  to  1977 u s i n g  a d i s c o u n t  f a c t o r  o f  
1 0 ~ / y e a r .  D e t a i l s  o f  t h i s  c a l c u l a t i o n  f o r  methanol  p l a n t s  are  shown i n  
Table 8.02 for (i) the base case situstlon (most likely fuel price); (2) 
the high fuel price case; and (3) the low fuel price case. 

The 1977 savlugs represented by these future plants are summarized 
in Table 8.01. For the base case (first line) the 1977 value of these 
future earnings are $647M for methanol and $561M for ammonia making a 
total of $1208M. For the several sensitivities (next 8 lines), the total 
is $1280M maximum and $597M minimum. It is likely that the commercial 
use of the new coal process should provide future earnings corresponding 
to a 1977 value of $500-1200M. 

J 

! 

: 

ERDA should, therefore, determine what is needed to accelerate 
the commercial use of the new coal gasification process. It is beyond the 
scope of this study to identify the program needed to accelerate the new 
coal program. Xt is likely that the developers of this improved gaslflca- 
tlon process are doing all that can be done to speed up the development. 
However, if the development of the improved gasification process could be 
assisted by an early demonstration plant, ERDA should consider sponsoring 

. with industry on a cost sharing basis a demonstration of the process. 

The development of an improved electrolyzer such as the SPE 
system would lower the investment and decrease the electricity requirements 
compared to eleczrolysls systems currently available. The data shown in 
Table 3.12 indicate that the cost including 20Z/yr before tax return for 
hydrogen produced with the improved process might be about $8.00/MBtu 
less than that for the current electrolysis system. To be conservative, 
the present value of future savings .for the improved electrolysis system 
were calculated assuming a saving of. $5.00/MBtu. This saving of $5.00/MBtu 
has been used for the electrolysis plants projected for the small user 
hy&Togen market as is shown by Table 6.02. 

q t  

• . . . . ,  b . ,  

[ 

# 

f 

p : 

[ 
l ,  

1 

[ 

1 o 
,:  

.!  

1 
I 

I 

2 

I 

1 



: 

t 

I 

.:. 

@ 

i 

i 

.4. 

7 

p ! '  ,. 

I 

o. 

.! 

l 

1 

I 

i 

t 

A. 

.I 

, I  

b 
1 

-2 

7 

I 
" 1 

, • 

- 120 - 

Table 8.03 shows the details of calculatiu 8 the present (1977) 
value of future savings for SPE electrolysis capacity installed according 
to the schedule shown in Table 6.03. The sav/ngs were calculated for SPE 
plants installed du:InE the 1988-2000 period over their entire 20 year 
llfe. The annual savlnEs were discounted to 1977 by using discount factors 
for 10Z/year. 

,% 

', The 1977 value of these future savings is $152 million. This 
figur~ does nou include any savlngs that may accrue in using the SPE 
procesp ~ for new uses not considered in this study such as for conversion 
of off,peak n-~lear or hydro electricity to hydrosen, or utilization of 
remote!hydro power, or ocean thermal energy for h~drogen manufacture. 

i 

! Vt iS beyond the scope of this study to determine what work 
should be conducted to accelerate the development of an ~mprove~ electroly- 
sis process. Xt is clear that an improved process capable o~ reduclnE 
the investment in electrolysis plants by say 50Z and increase the thermal 
efficiency to say 90Z would provide a substantial incentive for using 
electrolysis rather than steam reforming as the source of small user 
hydrogen. Such an improved electrolysis system would also be useful for 
hydrogen 8eneratlon for new uses not considered in this study. 
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T#~LE8,02 

D:L~cOUntedVa~ue of  Futu=e S&v~ngs fo r  He~hanol Product ion 
Usf~n~ Nev Coal G a s i f i c a t i o n  Process 

1980 $ DL~coun=ed ~o 1976 

Hey Co~1 Zuscal led 
Capac i ty .  HST/yr 

D£~counc /~;ded 
,,Factor(i),, Durln~; Yr. C.=~lac£ve 

1985 0,~2~ ~.0 1.0 
86 0,386 0,6 1,6 
87 0.350 0.6 2.2 
88 0,319 0 ,6  2.8 
8g 0.290 0.6 3./, 
90 0.253 0.6 4.0 
91 0,239 0.8 4.8 
92 0.218 0,8 5.6 
93 0.198 0.8 6.4 
94 0.180 0.8 7.2 
95 0.164 0.8 8.0 
96 0.1/.9 1.0 9 ,0  
g7 0.135 1.1 "~0.1 
98 0.123 1.0 11.1 
99 0.112 1.1 12.2 

2000 0.102 1.0 13.2 
2001 0.092 - 13.2 

2 0.08~ - 23.2 
3 0.076 - 13.2 
4 0 . 0 6 9  - 13,2 
5 0.063 -1 .0  12.2 
6 0.057 -0 .6  11.6 
7 0.052 -0 .6  11.0 
8 0,047 - 0 . 6  10.4 
9 0.043 - 0 . 6  9.8 

10 0.039 -0 .6  9.2 
11 0.03 6 - 0 .8  8.4 
12 0,032 - 0 . 8  7.6 
13 0 • 029 TO • 8 6.8 
24 0.027 -0 .8  6,0 
15 0.024 -0 .8  5.2 
16 0.022 - 1 . 0  4.2 
17 0.020 -1 .1  3.1 
18 0.018 - 1 . 0  2.1 
19 0.017 -1.3. 1 .0 

2020 0.013 - 1 . 0  0 

~oCal - - 

(PaSe 1. o~ 2) 

Bane Case - ~ s t  t i k e l  F Fuel P r i c e s  

RefermJ.n& Rew CoaZ Savin~s SH'/yr 
or  K-~* GiUi~f£csCLOn Saving ! 

~ST  S/ST .. S/ST Curren~ V£sco~.m~ed 

205.2 198.0 7.2 
207.3 9 .3  
211.4 13.4 
213.4 ].5.4 
215.5 27.5 
217.6 19.6 
219.6 21.6 
221.6 23.6 
223.7 25.7 
225.8 '  27.8 
226.0* 28.0 

7.2 3.05 
14.9 5.74 
29.$ 10.32 
43.1 13.76 
59.5 17.26 
78.~ 20.62 

103.7 24.78 
!32.1 28.81 
16~.3 32.57 
200.2 36,03 
224.0 36.74 
252.0 37.55 
282.8 38.18 
310.8 38.23 
341.6 38.26 
369.6 37.70 
369.6 34.00 
369.6 31.05 
369.6 28.09 
369.6 25.S0 
341.6 21.52 
324.8 18.51 
308,0 15.02 
291.2 13.69 
274.4 11.80 
257.6 10,05 
235.2 8.47 
212.8 6.81 
190.~ 5.52 
168.0 4.53 
145,6 3,49 
117.6 2.59 

86.8 2 . 7 4  
58.8 2.06 
28.0 0.48 

0 0 

7133,1 66A,52 
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TABLE 8.03 

Discounted Value of Future Savings for SPE Electrolysis 
Teehnolo~7 Over Current Electrolysis Technology I 

1980 $ Discounted to 1977 ! 

SPE Electrolysis 
Discount CapacltTt MSCF/CD Savings, $M/yr (2) 

Year Factor( 1 ) Added Cumulative Current Discounted 
,, , 

1985 0.467 - - 
8 6  0 , 4 2 4  - - 

8 7  0 . 3 8 6  - - 

88 0,350 8 8 4.74 "1.66 
89 0.319 8 16 9.47 3.02 
90 0.290 9 25 14.80 4.29 
91 0,263 I0 35 20.72 5.45 
92 0,239 9 44 26.05 6.23 
93 0.218 i0 54 31.97 6.97 
94 0.198 9 63 37.30 7.38 
95 0.180 i0 73 43,22 7.78 
96 0,164 13 86 50.91 8,35 
97 0.149 13 99 58.61 8.73 
98 0.135 14 113 66.90 9,03 
99 0.123 13 • 126 74.59 9.17 

2000 0.112 13 139 82.29 9.22 
2001 0.102 - 139 82.29 8.39 

2 0.092 - 139 82.29 7.57 
3 0.084 - 139 82.29 6.91 
4 0.076 - 139 82.29 6.25 
5 0.069 - 139 82,29 5.68 
6 0.063 - 139 82.29 5.18 
7 0.057 - 139 82,29 4.69 
8 0.052 -8 131 77.55 4.03 
9 0,047 -8 123 72.82 3.42 

i0 0.0~3 -9 114 67.49 2.90 
ii 0.039 -i0 104 61.57 2.40 
12 0.036 -9 95 56.24 2.02 
13 0.032 -I0 85 50.32 1.61 
14 0.029 -9 76 44.99 1,30 
15 0.027 -i0 66 39.07 1.05 
16 0.024 -13 53 31.38 , 0.75 
17 0.022 -13 40 23.68 0.52 
18 0.020 -14 26 15,39 0.31 
19 0.018 -13 13 7.70 0,14 

2020 0.017 -13 0 0 0 

Total 

(1) 
(2) 

1 6 4 6  152 

At 10Z/yr to 1977. 
Assumes SPE electrolysis saves $5.00/MBtu over curren~ 
electrolysis technology or 1.0 MSCF/CD ffi $0.592 x lO°/yr 
saving. 
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B_ASIS FOR ECONOMIC CALCULATIONS 

For this study all investment costs are pre.sented in mid-1980 (July, 
1980) dollars in consideration of the following factors: 

No commercial-sizea coal based plant now presently planned 
could be built and ready for operation much before 1980. 

( 

# 

Expressing 1980 economics on a 1976 basis could result in ap- 

parent future costs lower than 1976 costs which could, in our 

view, be a misleading comparison. 

General Rata of Inflation 

Based on the slow recovery the United States is making from the recent 

recession and the slowdown in inflationary rates of the past two years, 
we have assumed that inflation will s t i l l  continue at a moderate to 

hlgh rate through 1980 (7.0% per year). 

Capital Cost Escalat~ 

During the past two to three years, the United States has expeKienced 

a phenomenon .In engineering and constructlon costs that has never 
been encountered previous|y. Equipment and material costs escalated 

rapidly. Fabricators and vendors of these bulk materials were, for 
a long period of time, refusing to offer firm price quotations. 'Final 

costs were geared to date of delivery rather than date of purchase. 

It was not uncommon for prices to increase from 1 to 2% per month 

between date of purchase order and date of equipment delivery. 
In addition, material shortages also plagued the construction industry. 

In many instances, availability and assuredness of supply became more , 
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important than prlce. This situation radically changed the engineer- 

Ing construction business for refinery, chemical, and petrochemical 

plants. Englnecrin9 contractors no longer bid on a lump sum basis. 

Even on a cost plus basis, clients were told to include large contin- 

gencies in their budget figures because of continually escalating 

material costs. 

In the past few months, this situation has eased somewhat but certainly 

conditions have not returned to what they were several years ago. 

In view of this si tuat ion,  we have assumed that process plant invest- 
ments wi l l  escalate at 2 percentage points greater than the general 
in f la t ion rate,  i . e . ,  9% per year. Histor ica l ly  the gap has been 

1.7 percentage points. 
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Location Factors 

In any economic analyses the geographic location of the plant may 

cause variations In capital costs. Based on Chem Systems' estimates 
of construction cost factors, taking into account weather conditions, 
labor rates, labor productivity, transportation costs,  etc., invest- 

ment location factors have been estimated for the following areas: 

U.S. Gulf Coast 1.00 

U.S. Mid-Continent l . l O  

Chicago 1.15 

Philadelphia 1.20 

Western Co~I Mine 1.15 - 1.20 
West Coast 1.10 - 1.15 

Q I 

Battery Limits Capita I Cost (BLCC) 

7nvestment costs have been based on several sources of information 

available to them Systems. These include capital estimates developed 
for other internal studies, plus cost data obtained from contractors 

for hydrogen, ammonia, and methanol plants. This has provided us with 

a wide source of capital cost data, and we have used our judgment in 
soliciting what we feel represents th~ most reasonable estimates to 

work up battery limits capital costs f~r the various plants being con- 

sidered. 

The battery limits capital cost represents an "instantaneous" cost 

for a plant starting up in 1980 with an "overnight" construction period. 
Therefore, estimation of project costs during construction, interest 

on borrowed monies during construction, and inflationary effects 
during construction are eliminated from our analysis. 
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FIGURE 1 

PLANT INVESTMENT COST 
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For this study i t  has been assumed that any a i r  separation plant re-  

quired would be part of the battery l imits capital cost. The 1980 
investment for oxygen plants as a function of capacity is shown in 

Figure 1, The following u t i l i t y  requirements have been estimated per 

ton of oxygen required. 

Power, KWH 
Cooling Water MGal 

Process Water MGal 

g9.5~ 02 gg. 5% 02 
@ 500 psig @ 50 psig 

435 325 
36.5 36.5 

1.2 1.2 

In the partial oxidation and coal-based plants larger power users have 

been put on turbine drive with the net required high pressure ste~ 

generated in oil (for partial oxidation plants) or coal-fired (for 
coal-based plants) boilers. Similarly, large power users in the natural 

gas-based plants have been put on turbine drive, but since these plants 

are net exporters of high pressure steam, there is no need for steam 
boilers. Extraction turbines are used to provide any medium pressure 
steam required. The heat rate used to convert HP steam to electrical 
power is 10,300 BTU/KWH, and the boiler efficiency is 85% on HHV for 

the large boilers required. 

Instead of converting large power users from motor to turbine-drive, the 

HP steam raised could be used to produce electriclty in an inside-battery 
limits (ISBL) power plant, but the small size of the power generating 

facil it ies make this approach uneconomical. Thus, the HP steam drives 
these large users directly without intervening and more costly electri- 

cal generation. I t  should be noted that a small amount of electrical 

power is s t i l l  required for users which cannot be placed on turbine-drive. 

The electrolysis process for the production of hydrogen requires no steam. 

Offsi tesCosts 

Suff icient data were available to direct ly  estimate the offsi tes costs 
for the plants based on steam-methane reforming. Since these plants 
are net exporters of steam, no inclusion of a s t e ~  system capital cost 
is made. Also, cooling water is charged as a direct operating cost under 

u t i ! i t i e s  and is not capital ized for the steam-methane plants. 
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For the partial oxidation and coal-based plants, we have estimated 
offsites costs as the sum of the follow.lng: 

(I) 3..0~ of batter 2 1.imits.cos.t - This a11ows for storage, waste 
disposal facilities, general and administrative facilit ies, etc. 

(2) Steam... s~/stem'ca~ital cost - This cost includes stack gas scrubbing 
\~quipment plus" ash and dust collection equipment for the coal- 

sed plants. ;The production cost analysis sheets show the amount 
steam generated with the note "i"nternal." 

% * 

(3) C.oo!i.n B water sys'~.em capital cost - This provides a complete system 
including cooling ~ower, circulatory pumps, additive injection, 
etc. The quantities of cooling water circulated have been estim- 

I 

ated and noted on th~ production cost analysis sheets with the 

note "internal." 

Worki n~l capital 
t 

The amount of working capital usually depends upon arrangements for 
payments on feedstock purchases and product sales, and on storage volumes 
maintained for both. In our 1980 production cost analysis, we have 
used'one month storage of major feedstocks at cost, (excluding gaseous 
feedstocks) and one month's accounts receivables to estimate working 
capital. Working capital is considered as borrowed capital and only 
interest charges, at lO~, are included in the overall production cost. 

Uti l i t~ Costs 

Utility costs have been estimated in 1980 for three different areas 
in the United States and are summarized in Table I. 

r~ 

1: 

, £  

) 

4 

% 

-. 

. , , ~ . . , , .  , , ~ . . .  , ' - -  

.o 
? 

! 

P 

% 

!. 

' l 



o 

°. 

% 

. /  
¢ 

& 

p ,,'. , 

t' 

| 

!, 
% 

1 

2' 
,v  

t 

1 
{ 

1 

l, 
t 

E 
%; 

( 

Y. 
o 

., 

.o 

! 

I 
z' 

. ° . . ,  

m~ I , ¢~, , .~ t~  ~ ~ ,  o * . ~  h m' 

I m l i  

let ~ e e ea ~ ~t 

,," ,' , ~ ,,.,, ~ , ,, .,,, . .e ,~, , ,.~ 

I 

f, 

- 1 3 6  - 

CH PI SVsT r  

TABLE I 

U'[ILITY_ ,CO.STS AT. SEL.ECT,ED,,,LO~TION$ 

Illlnois Area. 

Illinois Coal (11,390 BTU/Ib) 
Power {Coal Based) 
Cooling Water 
Steam (600 pstg, 750°F, 

ex coal)~ 
Steam (1500 psig, 900VF, 

ex  coal) 
BFW 
Process Water 

Unlt 

H BI~ 
KWH 
K~al 

Klbs 

Klbs 
l<gal 
Kgal 

IgSO¢[Unit 

92 
2.7 
5.3 

250 

260 
8B 
55 

Montana!Wyomln 9 Area 

Mont./l~y. Coal (8500 BTU/Ib) 
Power (Coal based) 
Cooling Water 
Steam (600 pstg 750°F, 

ex coal) ^ 
Steam (1500 psig, 900"F, 

ex coal) 
BFW 
Process Water 

M BTU 
KWH 
Kgal 

Klbs 

K1bs 
Kgal 
Kgal 

47 
2.0 
4.6 

115 

120 
80 
50 

Gulf Coast Area 
m ,  

Mont./Wy Coal (del"ivered) H BTU 
Fuel Oil M BTU 
Gas, New M BTU 
Gas, Average M BTU 
Power (From mix of fuels) KWH 
CooT Ing Water Kgal 
Steam (600 psig, 750°F, 

ex oil) o Klbs 
Steam (1500 psig, 900 F, 

ex oil) Klbs 
BFW Kgal 
Process Water Kgal 

g8 
317 
315 
150 

2.7 
5.3 

500 

525 
85 
55 
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Labor and Related Costs 

Operating labor costs have been projected to escalate at 8.0~ per 

year through 1980. 

The following annual salaries have been estimated for 1980: 

Shift Operators / $21,500 
! 

Shift Foremen 24,Z00 

Supervisors 28,800 

The total number of laborers has been estimated by multiplying the 
men per shift by 4.6 and rounding to the next higher whole number. 

This assumes a 40 hour average work week and 48 work weeks per year. 

Our production cost analysis has been divided into labor related and 
capital related categories to allow for easy comparison among alternate 
technologies. Labor related costs, in addition to direct labor charges, 
include a part of maintenance and general plant overhead. These costs 

have been assumed at I00% of direct labor costs. 

CAPITAL RELATI~D EXPENSES 

~ i s  includes all items related to the plant investment. 

percentages have been assumed: 

Maintenance 

General Plant  Overhead 

Insurance and Property Taxes 

Depreciation 

Interest 

The following 

4.0% of battery limits capital 

cost 
2.6% of battery limits capital 

cost 

1.5~ of  Total  Fixed Investment 

(8LCC + Off-sites) 

10.0% battery limits capital 

cost plus 5% off-site cost 

10% of Working Capital 
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CHUM INC 

Contingenc~ 

Based upon suggestions from Exxon, the Following contin3encyfactors 
have been applied to the capital cost estimates: 

Steam-Methane Reforming 
Partial Oxidation of Residual Fuel 0i l  
Coal Gasification (Koppers-Totzek) 

Coal Gasification (New Process) 
Electrol~/sis ($o]id Polymer Electrolyte) 

1.10 
1.10 
1.15 
1.20 
1.30 

¢ 

! 

t 

Return on Investment 

In order to estimate sales or transfer prlce, we include a gross return 

before taxes of 20% on the Total Fixed investment. This assumes fu l l  

equity financing of all  projects. 
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,[~ydrogen 

The Koppers-Totzek process was chosen as being typical of existing: 
coal gasification processes which could be util ized to manufacture 
hydrogen. The low methane yield from the gasifier makes the gasifier 
eff]uent suitable for hydrogen production by adding process equipment 
for shift conversion, CO 2 removal, and final carbon oxides removal 
(mcthanation). 

Figure 2 is a ~lock flow diagram depicting the major steps in the 
production of hydrogen, ammonia, or methanol from coal. 

Table 2 is a production cost analysis for manufacturing IOB MSCFD 
hydrogen via a totally integrated K-T gasificatTon process. The bat- 
tery limits capital cost for this project (including 15% contingency) 

can be delineated as follows: 

K-T Synthesis 8as Production 

(Incl. 02 Plant) 

Shift Conversion and Methanation 

CO 2 Removal 
Total 

.SM (Mid IgSO) Percent 

106.4 72.5 

16.7 l l .4  
23.6 16.1 

146.7 I00.0 

The hydrogen cost plus return on these bases is about 311¢/KSCF with 

coal priced at $21/ton. 

The K-T gasifiers, as well as the compression cost of the synthesis 
gas produced to 450 psig, represent a considerable portion of the overall 

investment requir~ents. Therefore, a "new" or "second generation" 
gasification process should offer significant cost advantages, i f  
i t  possesses the following characteristics: 

¢ . . . . . .  

$. 
, ° I ,  

q 

L 
7 

} 
¢ 

w 

L 

, l  

) 

,2 

.T 
°, 

i 
!. 

.' - a t  

• ° , ~ ,  °< 

%, 
( 
4,  



9 I I  

,! 

3 

°. 

' |  

0. 
o 

I ~ .~ 

:i 
} 
I' 
I 

( 

¢ 

c 

,a- 

| 

¢ 

% 

f, 

m~ n t B •  t •  ma  • •  m W•  • l  s •  m 

/ /  

- I ~ 0  - 

~l  ~ ,_L 
I 

I~I 
"~ -'-" I 

°° 

z ~. ~ o " 

s -  

' ~ l 

l =  

~..5' 

11 ~ "  

3 
e . ,  

i--'1 

_I_ 
0 

~...- 

T 

°L 
F 

0 

i - 

¢ 
! 

a 

"k 

, . °  

f 

? 



,.~." 

? 

t .  

~ .  

:,, 
o 

° .  

T 

. . . , ,  

l m 

Plant Hydrogen Vta Koppers-Totzek 
Coal Gastf~catlon 

Location U.S. Htd Cont. Htd-1980 
Capacity 100 HSCF/Day 
Production Rate 33,000 H SCF/YeaP 
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TABLE 2 

CHEM S Y S T E M S  
P R O D U C T I O N  C O S T  A N A L Y S I S  

HYDROGEN VZA KOPPERS-TOTZ. EK COAL . .C~ZFZCAT..IO.N ~#ITH 
~NTEG.I~TED " OXYGEN PLANT 

*Zncluues 15:~ Contingency 
$___L 

*Battery Ltmtts Capttal' Cost 146.7 
*Offsttes Capttal Cost 99.7 

Total Fixed Investment 246.4 
~orktn9 Cap~ tal 
Total Ftxed& ~ork~n9 Capttal 257.4 

RAW M A T E R I A L 8  QUANTITY 

-~111no~s Coal 786,000 
(HHV=11,390 Btu/Lb.) 

UNIT P R I C E , $  

Ton 21.00 

ANNUAL COST $ UNIT COST. 

15,500,000 ¢/KSCF 

TOTAL R A W 

U T I L I T I E S  

M A T E R I A L S  COST 16,500,000 50.00 

K~H Power 11,428,000 O. 027 
Cooling Water 35,857,000 K'Gal. Internal 
Process Water 2,514,000 KIGal. 0.55 
Fuel HBtu 
Steam 2,357,000 K Lbs. Internal 
Stack Gas C1 ean-Up " 0.35 
TOTAL U T I L I T I E S  COST 

L A B O R  G R E L A T E D  
. . . . . . . . . . . . .  Hen/Sh~ f t  Total Hen 

Labor e $21,500 7 30 
Supervision 6) - -  Foreman $28,800/24,200 1 1/5 
Direct & Genera ~, Plant Overhead @ I00~ L + $ 

309,000 

1,383,000 

825~000 
2~,517,000 7.63 

645,000 
150,000 
796,000 

T O T A L  LABOR a R,EL,,ATED COST 

C A P I T A L  R E L A T E D  
- - m 

l~tntenanc~ 
General PZant Overhead 
Insurance, Property Taxes 
Depreciation 
Interest 
TOTAl.  C A P I T A L - - R E L A T E D  E X P E N S E S  

B Y - P R O D U C T  C R E D I T  

Sul fur 26,400 Ton 

$1,591,000 4.82 

4.01 BLCC 5,868,000 
2.6 Z BLCC 3,814,000 
1.5¢ Total Fixed Inves~nent3,696,000 

IO.OZ BLCC + 51 Offs~tes 19,655,000 
10.0~ on gorking Capital 1,100,000 

34,133,000 

50 1,320,000 

103.43 

T O T A L  B Y - P R O O U C T  C R E D I T  
i i i i 

TOTAL COST OF PRODUCT ION 

RETURN ON TOTAL F I X E D  INVESTMENT 

T O T A L  COST PLUS RETURN 

20 % 

T1,320,000) 

49,280,000 
$102 ~701,000 

C4.O ) 

149.33 
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Sh IE:  INC 

• Pressure operation: in the range of 300 to 500 psi.  

High productivity: capable of handling 2500 tons per day of 
coal feed and producing I00 to 150 t~CFD per gasifier. 

High temperature operation, ca. 2000°F to minimize methane content. 

i High carbon utilization. 

Koppers Is engaged in a Joint effort with Shell Development to design 
the K-T gasifier to operate at approximately 450 psig and achieve the 

above objectives. 

Table 3 is a production cost analysis for manufacturing 100 MSCFD 
of hydrogen via a totally integrated "new" coal gasification process. 
'The battery limits capita] costs (Including 20% contingency) can be 

delineated as follows: 

New Synthesis Gas Production (Incl. 02 Plant) 
Shift Conversion and Methanation 

CO 2 Removal 
TOTAL 

(Hid-1980) 

82.l 
16.7 
23.6 

122.4 

Percent 
i , i 

67.1 
13.6 
19.3 

100.0 

The hydrogen transfer price on these bases is about 260¢/KSCF or a 
potential savings of about 16% over hydrogen via existing K-T tech- 

noIogy. 
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Plant Hydrogen Vta Ne~ Coal 
Gastftcat|on Process 

Locatton U.S. Htd Cont. Htd-1980 
Capactt# 100 HSCWOay 
Production Rate 33,000 XSCF/¥ear 
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TABLE_.__.~3 

CNICM SYSTEMS 
P RODUOI"ION COST ANALYSIS  

HY:]ROGEN VZA "NE~" COAL GASIF!CATION PROCESS ~IITH 
--- INTEGRA~ED.OXY,GFN PLANT 

*Zncludes 20¢ Conttngenc~ 
~ M 

*Battery Ltm~ts Capital Cost 
*0ffsttes Capttal Cost 77.7 

Tot~l Ftxed Invesi~en¢ 
~torktng Capt.1 10.0 
Tot~l Ftxed& I~orklng Captl:a1 

RAW M A T E R I A L S  QUANTITY UNIT PRIOE,$  ANNUA~ COST,$ UNIT COST 
, , , , ,  i , ,  , m 

I111nots Coal 729,000 Ton 21.00 15,309,000 ¢/~CF 
(HHV - 11,390 Btu/Lb) 

TOTAL RAW MATER IA_LS COST 15,309,000 

U T I L I T I E S  

Power 11,428,000 IOIH 0.027 309,000 
Coollng ~ t e r  32,000,000 KGal. In~ePnal 
Process Water 2,243,000 KGal. 0.55 1,234,000 
Fuel MBtu 
Steam 1,429,000 KLbs. Internal 
Stack Gas Clean-Up " 0.35 500,000 
TOTAL UT~LITISS COST -2,043,000 

LABOR • R E L A T E D  
• n Hen/Sht fl: Total Hen 

Labor 0 $21,500 " I 30 645,000 
Supervision C~ FoRman $28,800/24,200 1 1/5 150,000 
D~rect & General Plant Overhead e 100¢ L + S 796.~000 

T O T A L  L ABOR_e RELA.T.[D COST 

¢APITAt.  RELATEO 

Hatntenance 
General Plant. Overhead 
~nsurance, Property Taxes 
Depreciation 
~nter'est 
TOTAL C A P I T A L - - R E L A T E D  EXPENSES 

BY-PROOUCT CREDIT  
i i i  

S'~l'fur 24,300 Ton 

1,591,000 

4.0¢ BLCC. 4,896,000 
2.6 ¢ BLCC 3,182,000 
1 .SZ Total Fixed Znvest~ent 3,002,000 

10.0¢ aLCC + 5¢ 0ffs~tes 16,125,000 
10.0¢ on ~orktngCapttal 1~000~000 

28,205,000 

50 1,215,000 

46.39 

6.19 

4.82 

85.47 

~'OTAL BY-PRODUCT r.REO,~ (I,21b,UQO) {3.58) 

TOTA L c o a t  OF PROOUCTIO .  

RETURN ON TOTAL FIXED INVE.~.T.MEN.T ~'~ 20 % 40,020,000 121.27 

TOTAL COST PLUS RETURN $85.953.000 260.0,6 
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CNEM SWarMS III(]. 

Hydrogen production based upon coal gasification can be compared against 

production via: 

o Partial Oxidation of Residual Fuel Oil 

m Steam Reforming of ~ethane 

• Electrolysis of Water 

Figure 3 is a block flow diagram showing the various process options 

available in partial oxidation. Certain basic processing steps must 

be accomplished and can be classified as: 

• Gasification 
• Cooling 

e Carbon Removal 

• Sulfur Removal 

I f  hydrogen is the desired product, then additional processing steps 

are required: 

o Shift Conversion 

o Carbon Dioxide Removal 
m Final Carbon Oxides Removal 

I 
Q 

Table 4 is a prpduction cost analysis for a lO0 M SCFD plant. With 

residual fuel oil valued at a IgBO price of $15 per barrel, the hydro- 

gen transfer price is estimated at about 263¢/KSCF. 

Figure 4 is a block flow diagram depicting the major steps in producing 

H 2 via conventional steam-methane reforming, and Table 5 is a production 

cost analysis for a lO0 M SCFD plant. With natural gas valued at 

a Ig80 price of $3.15YM Btu, the hydrogen transfer price is estimated 

at about 200¢/KSCF. 
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Plant Hydrogen Vta Par~ctal Oxidation 

Locatton U.S. Gulf Coast Ntd 1980 
Capact~ 100 H SCFD 
Production Rate 33,000 NSCF/Yr 

- Z46 - TABLE 4 
C H E M  S Y S T E M S  

P R O D U C T I O N  C O S T  A N A L Y S I S  
,i i 

HYDROGEN VZA pART!AL OXZDATION WZTH 
.ZNTEGRATED OXYGEN PRODUCTZON 

*Includes 10~ Contingency 
$ e  

*Battery Ltmtts Capital"Cost 
*Offsttes Capttal Cost 65.4 

Total Fixed Inves~ent TS~3-  
~ork~ng Cap~tal 10.0 
Total Ftxed& gorklng Capital 

RAW M A T E R I A L S  

Restdual Fuel 0~1 

Q U A N T I T Y  UNIT PR I C E  ,$  ANNUAL COST ,$ UNIT  co~rr 

2,013,00n Bbl 15.00 $ 30,195,000 ¢/KSCF 

TOTAL R A W 
m 

UTILIT!ES 

Power 
Cool ~ng WatEr 
Process ~ater 
Fuel 
Steam 

Stack Gas Clean-up 
T O T A L  U T I L I T I E S  

L A B O R  (I  R E L A T E D  
i 

Labor @ $21,500 

M A T E R I A L S  C O S T  

11,285,000 I~H 0.2] 
28,694,000 KGal. Internal 

964,000 KGal. .55 
MBtu 

1,065,000 KLbs. Internal 
" " 0.35 

C O S T  

30,195,000 91.50 

307,000 

530,000 

373~00Q 
I.Z10,000 3.67 

Supervision @ $24,200/28,800 
O]roct & General Plant Overhead @ 100~ L + 5 

Nen/Shtft Total..Hen 
6 Z6 559,000 
2 9/1 247,000 

806,000 

T O T A L  LABOR a RE LA'T,,ED c o ~  

CMPITAL  R E L A T E D  
Ul ill • p 

Maintenance 
General Plant Overhead 
Insurance, Property Taxes 
Depreciation 
Interest 
TOTAl .  C A P I T A L - - R E L A T E D  E X P E N S E S  

B Y - P R O D U C T  C R E D I T  
i 

1,612,000 

4.09 BLCC 3,756,000 
2.6 g BLCC 2,441,000 
1.5gTotal F~xed Invesl=nent 2,390,000 

10.0~ BLCC + 5Z Offsites 12,660,000 
lO.Og on York~n9 CaN,a1 1,000,000 

'22,247,000 

Sulfur 10,000 Tons 50 500,000 

T O T A L  B Y - P R O D U C T  D R E D I T  
. . . .  i i  ,i 

TOTAL C O S T  OF PRODUCTION, . ,  

RETURN ON TOTAL F I X E D  I N V E S T M E N T  

T O T A L  COST Pt .US R E T U R N  

20 % 

(500,000]  

54,764,000 
31,860,000 

s86,624,ooo 

4.88 

67.42 

( 1 .52 )  

165.95 
96.55 

262.50 
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TABLE 5 

CHEM S Y S T E M S  
P R O D U C T I O N  C O S T  A N A L Y S I S  

HYDROGEN VZA CONVENTIONAL STEAH-HETHANE REFORItZNG 

Plant HydPogen V~a Conventional 
Sl~am-Hethane Reforming 

Locatton Gulf Coast, Hid-1980 
Capact~y 100 HSCF/Day 
Production Rate 33,000 H SCF/Yr 

* Zncludes 105 Contingency 

Battery Ltmtts Capftal Cost 41.3 
0ffsttes Cap~tal Cost 
Total Fixed ]nvest~ent 62.6 
~ork~n9 Capttal 6.0 
Total Ftxed& ~orktn9 Capttal 68.6 

RAW M A T E R I A L S  OUANTITY  

Natura l  Gas 15 ,142 ,000  

UNIT P R I C E , $  ANNUAL COST ,$ UNIT COST 

HBtu 3.15 47,699,000 ¢/KSCF 

TOTAL. R AW M A T E R  IAL.3 C O ~ T  

U T I L I T I E S  

Power 34,428,000 
Cooltn9 I~ater 4,429,000 
Process Water 315,000 
Fuel 
S~eam (1,122,000) 

T O T A L  U T I L I T I E S  COST 

47,699,000 144.54 
t 

0.027 930,000 
K3~1. 0 .053  234,000 
KGal. 0.55 173,000 
HBtu. 
KLbs. 5.00 (5,610,000) 

Total  Hen 

i • 

L A B O R  8i R E L A T E D  
H e n / S h i f t  

Labor e 10 men ~ $21,500 
Superv~sfon @ Foremen 1/4 Hen $28,800/$24,200 
Direct & General Plan~. Overhead @ 100~, L + S 

(4,273,000} (12.95) 

215,000 
126,000 
361~q00 

T O T A L  LABOR & R E L A T E D  COST 

C A P I T A L  R E L A T E D  
i i 

Ha-:ntenance 4 . 0 5  BLCC 
General Plant 0verhead 2.8 % BLCC 
Xnsurance, Property Taxes 1.51~ Total Fixed Znves~ent 
Deprec ia t ion  10 ,0~  BLCC + 5~ O f f s t t e s  
Interest 10.0~ on Wor~in9 Capfl~l 
TOTAL C A P I T A L - - R E F .  ATEO E X P E N S E S  

i i  i ii • i |  

B Y - P R O D U C T  C R E D I T  
i i  H i 

682,000 2.07 

1,652,000 
1,074,000 

939,000 
5,195,000 

600,000 
9 , 4 6 0 , 0 0 0  

T O T A L  B Y - P R O D U C T  C R E D I T  
i 

TqTAL COS T OF p R o o u c T I O .  
R(TURN ON TOTAL ~ l x e o  I N V Z S T . E . T  ~, 

TOTAL COST PLUS . S T , , ~ .  

20 % 
53 ,568 ,000  

12,520.000 
66,088,000 

28.67 

162.33 

37.94 
200.27 
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CHEM SVSTE  IrIC 

Production cost estimates for hydrogen manufacture via electrolysis 

have been developed for)Vnew " developing technology as represented 
by General Electric"s .l.Solid Polymer Electrolyte Process (see Figure 5). 

Table 6 summarizes the production cost for 100 M SCFD of H 2 using 
GE's SPE system. Battery limits capital cost is based upon a recent 
GE estimate for a 58 MW unit to start up in 1980. Since the unit we 
are considering is roughly six times as large as the estimate module, 
the supply voltage for our unit will probably range up to lO00 volts, 
i f  available, rather than the 500 volt electrical source used in the 

estimate. 

! 

The battery limits capital for this plant (including 30% contingency) 
can be delineated as follows: 

Electrolysis Module 
Power Conversion and Switch Gear 
Ancillary Equipment (See Figure 5) 

Installation 
TOTAL 

SM (Mid-1980) Percent 

7.1 10.5 

37.4 55.4 
15.8 23.4 

7.2 10.7 

67.5 100.0 

I d  ;,,, 

( 

I 
I 

Offsites faci l i t ies have been estimated at only 20~ since this is not 
a conventional petrochemical plant and neither feed nor product storage 

are required. 

The cost of e lect r ica l  power is the key item in determining the overall  

cost of hydrogen via e lectrolysis .  At a value of 2.7C/KWH (an average 
1980 value based on a mix of nuclear, fossi l  fuel  and hydroelectric 
p lants) ,  the estimated hydrogen transfer price is about 374¢/KSCF. 
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Plane 

- z 5 1 -  TABL E 6 
C H E M  S Y S T E M S  

P R O D U C T I O N  C O S T  A N A L Y ~ I S  

\ 

HYDROGEN AT 450 PSIG VZA NEH ELECTROLYTIC PROCESS 

Hydrogen Via New 
Electrolyt ic Process 

b 

Location U.S. Gulf Coast Htd-1980 
Capacity100 N SCFO 
Production Rate 33,000 PISCF/YP 

(SOLID POLYHER ELECTROLYTE ELECTROLYTIC CELL) 
* Includes 30~ Contingency 

$ H  
*Battery Limtts Capital Cost 
*Offsites Capttal Cost 13.5 

Total Fixed Investment 
~orking Capttal 11.0 
Total Fixed & ~orkln9 Cap~tal 

! ;  
I "  
I 
t 

RAW M A T E R I A L S  
mlllm 

Process Water 
QUAI~T|TY UNIT P R I C E , $  ANNUAl.  OOST,$ UNIT COST 

19o,oo0 K~I .55 los,ooo ¢/Ksc~ 

U T  

TOTAl. R A W  M J T E R I A L . S  COST 

I L I T I E S  
105,000 0.32 

Power 4,008,228,000 KWH .027 
Cooltn 9 ~/ater 12,000,000 KGal 4].053 
Process Water K Gal. 
Fuel HBTU 
Steam K Lbs. 
TOTA" UTIL IT IES COST 

i i 

L A B O R  & R E I . A T E D  

Labor @ $27,500 He n/.Shtf.._,.~t 10 
Supervision ~ 28,800 3 
Dtrect& General Plant Overhead ~ 100Z L + S 

Total Hen 

108,222,000 
636,000 

108,858,000 329.87 

215,00G 
86,000 

301,000 

T O T A l `  LABOR ~ R E L A T E D  ,,COST 

CAPITAL RELATED 

Hat ntenance 
General Plant. Overhead 
Insurance, Property Taxes 
Depreciation 
Interest 
TOTAl .  C A P I T A l .  - - R E L A T E D  E X P E N S E S  

B Y - P R O D U C T  C R E D I T  

Oxygen 595,000 Ton 

602,000 1.82 

4.0Z BLCC 2,700,000 
2.6 g BLCC 1 , 7 5 5 , 0 0 0  7.5g Total Fixed [nvestmen~ ,215,000 

70.OZ BLCC + 5g 0ffsites 7,425,000 
10.0g on Working Capital 7,1007000 

14,195,000 

24 (16,704,000) 

43.02 

T O T A l .  B Y - P R O D U C T  C R E D I T  

TOTAl`  COST OF P R O D U C T I O N  

RETURN ON TOTAL F I X E D  I N V ( - q T M E N T  ~'~ 

T O T A l .  COST P l U S  R E T U R N  
Pr) % 

.(16,704,000) (50 .62)  

107,056,000 324.41 
16,200~000 49.09 

123,256,000 373.50 

a. 
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CHUM IMC 

Table 7 shows that the use of low sul fur ,  lo~er priced Western coals 

does not reduce the Cost of hydrogen via the gasif icat ion route but 
~ctual ly increases i t  by 3 to 4%. Although there are savings in raw 

material costs based upon the price d i f fe ren t ia l  between Western and 

Eastern coals and also capital  •savings in sulfur recovery equipment, 
these savings are more than offset  by increased costs for coal handling 

¢ 

and drying of the lo~er heating value, higher moisture Western coal.  

Note that the four plants are assumed to be mine-mouth and equipped 

with stack gas scrubbing equipment. 

)ABLE 7 

Hydrogen Via COal lGasjficatlon -Coal Sensitivit@ Analysis 

K-T Coal Gasification 

"Hew" Coal Gasification 

Illinois Coa) Hontana/Wyomlng Coal 
@ SZilton @ ~Iton 

TotaT Fixed "'Transfer Total Fixed Transfer 
Investment Price Investment Price 

SH ¢/--~ SM ¢/--~ 

246.4 311.21 269.0 320.47 
200.1 260.46 223.5 270.16 
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S ST( PIS INC 

Ammonia 

The same processing steps described previously under hydrogen product- 
t ion via coal gasi f icat ion are required in .amonia  production. In 
addit ion, an amonia synthesis loop i~-.tncluded, preceded by a n i t ro -  

gen wash or methanation step to renove residual carbon oxides (see 
Figure 2) .  We have assumed that conventional ammonia synthesis tech- 

nology (ca. 2500 psig) is u t i l i zed .  

Table 8 shows a cost of production analysis for  a 2000 short ton per 

day a~nonia plant for synthesis gas generated in K-T gasif iers.  Table 
g shows the same production cost analysis for  a 2000 short ton per day 
plant using a "new" coal gasif icat ion process. At this capacity 

leve l ,  the "new" technology offers a potential  savings of about 9%. 

on the ammonia cost plus return. 

Ammonia production based on coal gasif icat ion can be compared against 

production via: 

• Part ia l  Oxidation of Residual Fuel Oil 
= Steam Reforming of Methane 

If ammonia is the desired product from a partial oxidation unit then 

additional processing steps must be added to the partial oxidation 

based hydrogen plant (See Figure 3). 

• Nitrogen Addition 
• Compression to Desired Gas Pressure 

• An~onia Synthesis and Puri f icat ion 

Table 10 shows the production cost analysis for •a  2000 to~ per day 
ammonia plant using part ia l  oxidation of a high sulfur residual o i l .  

The estimated transfer price is about 2495/ton. 
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TABLE 8 - 154- 
C It E " ~ " ~ B T  E M • 

P R O D U C T I O N  QOST A N A L Y S I S  

AMMONIA FROM A K-T COAL 
~6ASIEICAT'IoN ~ROC~'SS 

*Includes 15% Contingency 

Plant Ammonia Via Koppers-Totzek 
Coal Gasification 

Location U.S. Mid Cont. - 1980 
C~pacit? 2,000 Short Tons/Day 
Production Rate 660,000 ST/YP 
RAW M A T E R I A L S  QUANTITY 

: i1: 

,Bat tery Limits Capltal Cost 235.1 
*0 f fs i tes  Capital Cost 

Total Fixed. Investment 395.0 
Working Capital 
Total Fixed & Working Capttal 410.0 
uNr;" PR ICE ,$  ANNUA L CO~T,$ UNIT COST 

I l l t no i s  Coal 
(HHV=11,;90 Btu/Lb) 
Catalyst and Chenflcals 

1,170,000 Tons 21.00 $ 24,570,000 SIT 

700,000 

TOTAL RAW MATImR IA t .S  COST 

U T I L I T I E S  
i i .  

Power 24,500,000 
Cool tng Water 64,840,000 
Process Water 4,540,000 
Fuel 
Steam 4,340,000 

Stack Gas Clean-up " 
TOTAL U T I L I T I E S  COST 
m 

L A B O R  "a R E L A T E D  

KWH 0.027 662,000 
K~I .  Internal 
K ~ I .  0.55 2,497,000 
MBTU 
k'Lbs. Internal 

" 0.35 1,519,000 

Men/Shift Total Men 
Labor @ $21,500 8 37 
Supervision @ $28,800/24,200 2 1/9 
Direct & General Plant Overhead @ I00% L + S 

796,000 
247,000 

1,043,000 

T O T A L  LABOR a RELATED OOST, $2 , (R36 ;000  

C A P I T A L  R E L A T E D  
ii | l  . i i i  i l l  i 

Maintenance 4.0,~ BLCC 9,404,000 
General Plant Overhead 2.6% BLCC 6,113,000 
Insurance, Property Taxes ].Sg Total Fixed Investment 5,925,000 
Depreciation 10.0% BLCC + 5'L Offsites 31,505,000 
Interest 10.Og on Working Capita] 1~500,000 
TOTAL CA P I T A L - -  R E L A T E D  E X P E N S E S  54,447,000" 

, i i ,  

B Y - P R O D U C T  C R E D I T  

Sulfur 38,800 Tons 50 1,940,000 

T O T A L  B Y - P R O D U C T  CREDI,T ($ 1,940~01~0} 

TOTA ,1. GOST OF PRODUCTION 84,541,O00 
RETURN ON TOTAL F IXED INVESTMENT ~'~ 2 0 ~  79 300,000 

T O T A L  COST PLUS RETURN $163,541,000 

I ~ q ~ "  I b l i ~  ~ * O ~ ~ 4  

38.29 

L' 

i ,  

t 

h 
r 

7.0g 

3 .16  

82.49 

? 

(2.94) 

119.69 

S247.78 
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PRODUCTION CO*tT ANALYSI8 

AI~ONIA FROH A "NEW" COAL 
GASIFICATION PROCESS 

Plant .a~nmonta Via "New" Coal 
Gasification Process 

Locatton U.S. Hid Cont. 1980 
Capacity 2,000 Short Tons~Day 
Production Rate 660,000 ST/Yr 
R A W  M A T E R I A L S  Q U A N T I T Y  

*Includes 20% Contingency 

*Battery Limits Capital Cost 209.2 
*0 f fs t tes  Capita] Cost 

Total Fixed Investment 362.1 
Xorking Capital _14.0 
Total Ftxed& ~orktng Capital '~6.1 
UNIT PRICE,S ANNUAL CO~T $ .fNIT COST 

111tnoJs Coal 
(HHV=ll,390 Btu/Lb) 
Catalyst and Chemicals 

1,094,000 Tons 21.00 $ 22,974,000 $/T 

700,000 

0 ! 
I .  

' h ! 

T O T A L  R A W  M A T E R I A L S  C O S T  

U T I L I T I E S  

Power 24,500,000 K~/H O. 027 
Cool ing t~ater 60,200,000 KGal. Internal 
Process Water 4,220,000 KGal. 0.55 
Fuel HBTU 
Steam 3,280,000 KLbs. Internal 
Stack Gas Clean-up " " 0.35 
TOTAL UTIL IT IES COST 

LABOR & R E L A T E D  
HI 

Hen/Shift Total Hen 
Labor @ $21,500 8 37 
Supervision @ $24,200/28,800 2 9/1 
Direct & Genera] Plant Overhead @ 100g L + S 

TOTAL LABOR a "ELA~FD COST 

C A P I T A L  R E L A T E D  
I I  

Maintenance 4.0% BLCC 
Genera] Plant 0verhPrd 2.6% BLCC 
Insurance, Property (axes 1.5= Total Fixed Investment 
Depreciation 10.0¢ BLCC + 5~ 0ffsi tes 
Interest 10.0% on Working Capital 
TOTAL CAPITAL--RELATED EXPENSES 

BY-PgODUCT CREDIT 
i:1 

Sulfur 38,300 Tons 50 

TOTAL BY-PRODUCT CREDIT 
m • i n i n 

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

R E T U R N  O N  T O T A L  F I X E D  I N V E S T M E N T  ( ~  20 % 

T O T A L  C O S T  P L U S  R E T U R N  

S=23,674,000 35.87 

662,000 

2,32!,000 

1 .l .ooo 
4,131 ;OOO 

796,000 
247,000 

1,043,000 

6.26 

$' 2,086,000 3.16 

8,368,000 
5,439,000 
5,432,000 

28,565,000 
1~400~000 

49,204,000 

oo ~. • , • . . o .  ~ , ", ,.~ ',. - • . I 

1,915,000 

(s 

//,18U,O00 
72.420.000 

149,600,000 

m ~ ' .  I *  b b  * L t  

74.55 

C2.90) 

lO9.73 

226.67 

q *~  4N  I = q~  ~ a i =b~  ~ * m~  
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Plant P~monla V~a Par~tal Oxidation 

Locatton U.S. Gulf Coast, Hfd-1980 
Capactty 2000 Shore Tons/Day 
Production Rate 660,000 Tons/Yr 

TABLE 10 - 156 - 
C N E M  S Y S T E M U  

P R O D U C T I O N  C O ~ T  A N A L Y S I S  

AMMONIA VIA PARTIAL OXIDATION WITH 
INTEGRATED OXYGEN PRODUCTION 

*Includes I0~ Cont~ngenc~ 
$H 

*Ba~te~ L~mtts CepJ~al' Cost 170.6 
*0ffsttes Capital Cost 

Total Ftxed Znves~nen~ 280.6 
Workln9 Caplta] 
To1~1 F~xed &Worktng Capttal 298.6 

RAW M A T E R I A L S  Q U A N T I T Y  
• ~ i | i | • m i .  

Res~dual Fuel 0t l  4,100,000 
Catalyst: and Chemicals 

UNIT P R I C E ~ $  ANNUAL ~ T , ~  UNIT ¢os'r 
m m s m m m m m . l m . ,  m l  

Bbl 15.00 61,500,000 S/Ton 
800,000 

TOTAL.,.. RAW . "ATERIALS COST 62,300,000 
U T I L I T I E S  

i 

Power 13,200,000 ~ 0.027 356,000 
Cool ~ng Water 72,451,000 K Gal - Internal 
Process ~/ater 6,780,000 K Gel- 0.55 3,731,000 
Fuel ~TU 
Steam 2,740,000 K Lbs- Znternal 

, ' 9 5 9 , o o 0  
So s cos T 5,046,000 

LABOR a ~ELATEO 
.Men/.Sht I t .  Total Hen 

Labor @ $21,500 7 30 645,000 
Supervision # ¢24-20o/28,800 01rect & Genera] Plah~ ~veF~ead L~ I~OZ L + S 14/2 396,000 1,041,000 

TOTAL LAnOR a RELATED cost 

CAPITAL RELATED 

Ha|ntenance 
Genera] Plant Overhead 
Znsurance, Property Taxes 
Depreciation 
Znterest 
TOTAL C A P I T A L - - R E L A T E D  E X P E N S E S  

m i i  i m  Ilali 

B Y - P R O D U C T  C R E D I T  
i i  

Sulfur 20,000 Tons 

SZ.osz,oo0 

4.0Z BLCC 6,824,000 
2.6 ; BLCC 4,436,000 
1.5~ Tot~I Ftxed InvesJ:nent 4,209,000 

10.0~ 8LCC + 5Z 0f fs i tes 22,560,000 
IO.OZ on Worktng Capttal 1,800,000 

39,829,000 

5o (1.ooo,ooo) 

94.39 

7.65 

3.16 

60.34 

T O T A L  8 Y - P R O D U C T  C R E D I T  
Jl 

,TOT A L COST OF P R O D U C T I O N  
i i  . 

RETURN ON TOTAL. F I X E D  I N V E S T M E N T  

T O T A L  COST PLUS R E T U R N  

20 % 

($I.OOO.OOO] 
108,257,000 
ss,12q,ooo 

164,377,000 

164.02 
85.03 

249.05 
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C6 M 5N EM5 IrC 

The production cost analJ~is for the production of (mnonia (2000 Sl?O) 

via steam methane reforming is presented in Table II. The estimated 

transfer price is about 210 S/ton. 

Table 12 shows that the use of low sul fur ,  lower priced Western coals 

does not reduce the cost of ammonia via the gasi f icat ion route, but 
increases i t  by 1 to 2%. Again, the four plants are assumed to be 

mine mouth and equipped with stack gas scr(Ibbing equipment. Similar 
to the hydrogen-coal sens i t iv i ty  analysis,  th is  increase in ammonia 
cost is the resul t  of increased costs for coal handling and drying 
of the lower heating value, higher moisture Western coal. 

TABLE 12 

Ammonia Via,Coal, ,Gasificati_on- Coal Sensitivity. Analysls. 

I l l  inoi s Coal Hontana/blyoming Coal 
-@ $2l / ton -- '@ ~8/ton 

TotaT'~T~'~'~'-*Transfer T o ~ d  Transfer 
Investment Price Inves..~en.t Price 

K-T Coal Gasification 

"New" Coal Gasification 

395.0 2¢7.78 422 2 250.97 
362.1 226.67 390.4 231.36 
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Plant Ammonta by SCeam-Hethane 
Reforming 

Locatton U.S. Gulf Coast-  1980 
Capact~y 2000 ST/SO 
Production Rate 660,000 ST/Yr 

• 1 I t  

J m*l 

i I e ~ # 
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TABLE 11 

C N E M  ,~IYSTEMS 
P R O D U C T I O N  C O 3 T  A N A L Y S  1:3 

AHHONXA BY STEAH-HETHANE REFORH~NG 

RAW l i A T E N I A L 5  Q U A N T I T Y  
i i i i i u 

flatural Gas 23,130,000 
Calla]yet end Chemicals 

*Includes 10~ Contingency 

Batter~ Ltmtts Capital"Cost 
0ffsttes Capltal Cost 64.] 
Tot:a1 F~xed Investment 
gork~ng Capt~al 11.0 
Total Ftxed &~orktng Capttal 

TOTAL R A I /  M A T E R  I A L S  COST 
i ii 

U T I L I T I E S  

UNIT P R I C E , $  ANNUAL C 0 5 T , $  UNIT CO~l' 
m m m m  n i m • - -  • 

~-IBTU 3.15 72,860,000 $/T 
800,000 

L~ 

Power 60,600,000 ~ .027 
Cooltn9 gater 63,171,000 KGal. .053 
Process gater 140,000 KGal. 0.55 
Fuel I~BTU 
Steam (867,000) KLbs. 5.00 

TOTAl. UTIL IT IES COSlr' 
e O R  • R E L A T E D  

Hen/Sh~ f t  Total Hen 
Labor @ $21,500 25 
Supervision 8 S28,800 7 
Dtrect& General Plant Overhead L~ 100"~ L + S 

~oTa l .  LABOR a RELATED 

CaPITAl. REI.ATEO 
i i 

RatnCenance 
General Plant "0verhead 
Insurance, PPoperCy Taxes 
geprecta¢ion 
Znterest 
TOTAL C A P I T A L  - - R E L A T E D  

m • 

B Y -  P R O D U C T  C R E D I T  
= ,,, 

73,660,000 111.60 

1,622,000 
3,349,000 

77,000 

(4,337,0G0) 

$ 711,000 1.08 

538,000 
202,000 
740,000 

C 0 5 T  1,480,000 2.23 

4.0~ BLCC 4,660,000 
2.6 ~, BLCC 3,029,000 
1.5Z Total Fixed Znvesl=nent 2,709,000 

10.02 BLCC + 5~ 0ffs~tes 14,855,000 
10.02 on Working CaNtal 1,100,000 

s x PENSES 26,353,000 
i i ii im i 

T O T A l .  B Y - P R O D U C T  C R E D I T  
• = i i 

T,0TA t. C O S,,T OF PRODUCTION 

RETURN ON TOTAL F I X E D  I N V E S T M E N T  ( ~  

T O T A L  COST PLUS R E T U R N  

3g.g3 

2o 

102,204,000 
36,120,000. 

$138,324,000 

154.84 
54.73 

209.57 
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CH P1 SYSF PIS IrtC_ 

Methanol production via coal gasification is similar to that for am- 

monia except that the synthesis gas, fol lowing clean-up and sulfur 
removal, is adjusted to the proper hydrogen to carbon monoxide ra t io  

by sending only pa~t of the stream to a sh i f t  conversion step (See 

Figure 2) .  Some carbon dioxide is removed and the tota l  synthesis 
gas stream is compressed to the methanol synthesis pressure. ICI 

(lO0 ATM) methanol technology is assumed for this step. 

Table 13 shows a production cost analysis for a 2000 short ton per 

day methanol plant using Koppers-Totzek technology, Table 14 shows 

a proouction cost ~alysis for a 2000 short ton per day plant using 

a "new" coal gasification process. The "new" coal gasification tech- 

nology offers potential savings of about 12% on the methanol cost plus 

return. 

As in the case of ammonia production, par t ia l  oxidation of heavy 
residual o i l  and steam methane reforming are considered as al terna-  

t ive processes for methanol production in the U.S. Table 15 shows 
the production cost analysis for  a 2000 ton per day methanol plant 

using part ia l  oxidation of a high sulfur residual o i l .  The estimated 

transfer  price is about 74¢/gal.  

The production cost analysis for  the production of methanol ( 2000 STPD) 

via steam methane reforming is presented in Table 15. The estimated 

transfer  price is about 64¢/~al.  
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TABLE 13 - Z60-  

t H E M  ~ Y ~ Y E M : ~  
P R O D U C T I O N  C O B T  A N A L Y ~ I I S  

i 

METHANOL VIA KG~PERS-TOTZEK COAl 
GASIFICATION 

Plant Methanol Vla Kopper~-Totzek 
Coal ~s~fication 

Location U.S. Nld Conttnent-1980 
CapactW 2,000 Sho~ Tons/D~y 
Production Rate 660,000 Tons/Yr 

*Includes 159 Contingency 
SR 

,Battery Limits Capital"Cost 206.---'-~ 
*0ffsttes Cap~tal Cost 

Total Ftxed 1nves~ent 350.4 
Working Capital 
Tote1 Fixed & Working Capital 364.4 

R A W  M A T E R I A L S  Q U A N T I T Y  
, i  

I l ltnots Coal 1,134,00D 
(HHV = 11,390 8tu/Lb.) 
Catalyst and Chemicals 

eelcE,s co ,$ ?N,T cost 
Tons 21.00 23,814,000 SIT ¢ Gal 

450,000 

% 

! 

c 

% 

TOTAL R A W  M A T E R I A L S  C O S T  

U T I L I T I E B  24,264,000 36.76 12.25 

~ A  

Power 23,000,000 ~ 0.027 621,000 
Cooling Water 59,200,000 KGal. Internal 
Process Water 4,140,000 KSal. 0.55 2,277,000 
Fuel MBtu 
Steam 3,820,000 KLbs. Internal 
Stack Gas Clean-Up " " 0.35 1,337~000 
~OTAL UTILITIES COST --4,235,000 
B O R  a R E L A T E D  

Men/Shift Total Men 
Labor ~ S21,500 7 37 
Supervision @ $24,200/28,800 2 9/I 
Ofrect & General Plant Overhead e lOOg L + S 

796,000 
247,000 

1,043,000 

T O T A L  L A B O R  a R E L A T E D  COST 

C A P I T A L  R E L  A T  ED 

Maintenance 
General Plant Overhead 
Insurance, Property Taxes 
Depreciation 
Interest 
T O T A L  C A P I T A L  - - R E L A T E D  E ' X P E ' N S E S  

B Y - P R O D U C T  C R [ D I T  

Sulfur 38,000 Tons 

6.42 2.14 

2,086,000 3.16 1.05 

4.09 BLCC 8,244,000 
2.6 g BLCC 5,359,000 
1.5g Total Fixed Invcslmen¢ 5,256,000 

I0.0S 8LCC + 5Z OffsJtes 27,825,000 
10.O~on ~ovking Capital I~400~000 

~8,084,000 

50 1,900,000 

72.86 24.29 

T O T A L  B Y - P R O D U C T  C R E D I T  

T O T A L  C O S T  O F  P R O D U C T  ION 

,RETURN ON TOTAL F I X E D  I N V E S T M E N T  ~'~ 

T O T A L  C O S T  P L U S  R E T U R N  
20 % 

~,900,000) (2.88) (.96) 

76,769,000 116.31 38.77 
70,080)000 106.18 35.39 

$146,849,000 222.49 74.16 
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TABLE 14 - 1 6 1 -  
OHEM S Y g T E M 3  

P R O D U C T I O N  G O S T  A N A L Y S I S  
i 

H ~ O L  VIA "NEW" COAL GASIFICATION 

*Includes 20~ Contingency 

Plant Hethanol Vta "New" Coal 
, Gasification 
Location U.S. Hid Cont. - 1980 
Capacity 2,000 Short Tons/Day 
Production Rate 660,000 Tons/Yr 
HAW M A T E R I A L S  QUANTITY 

.i i 

[llinols C~I 1,060,000 
(HHV=ll,390 8tu/Lb.) 
Catalyst and Chemicals 

TOTAL RAW M A T E R I A L S  COST 

U T I L I T I E S  

Power 23,000,000 
Cooling Water 55,800,000 
Process Water 3,900,000 
Fuel 
Steam 2,750,000 
Sl~ck Gas Clean-up ', 

T O T A L  U T I L I T I E S  COST 

L A B O R  B R E L A T E D  

*Battery Limits Capital Cost 
*Offsi tes Capital Cost 

Total Fixed InvestJnent 
Working Capital 
Total Fixed & Working Capital 
UNIT P N I C E , $  ANNUAL COST,$ 

Tons 21.00 $ 22,260,000 

450,000 

/ 
f 

$ 22,710,000 

KWH 0.27 $ 621,000 
KGal. Internal 
KGal. 0.55 2,145,000 
HBTU 
KLbs. Internal 

" 0.35 .96(~o000 
3,732,000 

Hen/Shift 
Labor @ $21,500 7 
Supervision @ $24,200/28,800 2 
Direct & General Plant 0verhe-~d'@ 100% L + S 

~.~ 
T O T A L  LABOR 8~ .RELATED COST 

C A P I T A L  R E L A T E D  

Haintenance 
General Plant Overhead 
Insurance, Property Taxes 
Depreciation 
Interest 
TOTAl.  CA P I T A I . - - R E L A T E D  

Total Hen 
37 

911 

4.0= BLCC 
2.6% BLOC 
1.5¢ Total Fixed Znvestment 

10.0% BLOC + 5% Offsites 
10.0% on Working Capital 

E X PENS E 3 
l 

B Y -  P R O D U C T  C R E D I T  

$ 796,000 
247,000 

1,043,000 

$ 2,086,000 

$ 7,008,000 
4,555,000 
4,652,000 

24,265,000 
1 ~300 ~000 

40,480,000 

SH 
J 

175.2 
134.9 
~T57t" 

13.0 

UNIT ¢0ST 
ii i i  

SIT ¢ Gal. 

34.41 11.47 

5.65 1.89 

3.16 1.05 

61.33 20.44 

Sul fur 35,600 Tons 50 5 1,780,000 

T O T A L  B Y - P R O D U C T  C R E D I T  ($ 1 ,780 ,000 )  ( 2 . 7 0 )  ( 0 .90 )  

TOTAL COST OF PRODUCTION $ 67,228,000 1 " ~  # 
RETUR~ ON TOTAL F I X E D  INVESTMENT (~ 20%/*, 62,020,000 93 .97  31 .32  

TOTAL. COST PLUS RETURN $129,248,000 195.82 65.27 
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Plant He~anol Vta Partial Oxidation 

Location U.S. Gul~ Coast Htd-1980 
Capacity 2000 Shore Tons/Day 
Production Rate 660,000 Tons/Yr 

!ABLE 15 - Z62 - 

CHEM ~ Y ~ T E M 8  
P R O D U C T I O N  C O ~ T ,  A N A L Y S I S  

HETHAHOL VIA PARTTAL.0~XDATXON MXTH 
ZNTEGRATED 0XYGEN PRODUCTZON 

, *Includes I0~ Contingency 

*Battery Ltmtts Capital Cost 
*0 f fs t tes  Capital Cost 

Total Fixed Xnvesl:eent 231.1 
~orking Capttal 
Total Fl~ed & Working Capll~1 2~.I 

RAW M A T I r R  I A L $  Q U A N T I T Y  
i I I  

Residual Fuel Oil 4,100,000 
Catalyst and Chemicals 

U.IT p n I c - , $  ANNUAL costs  uNw cos  
m m 

Bbl 61,500,000 $/T ¢/Gal 
800,000 

TOTAL R A W  M A T E R I A L 3  COST 
m i i i i 

U T I L I T I E S  

Power 6,666,000 K~ .027 179,000 
Cooling t~ater 54,400,000 k Gal. Internal 
Process Water 5,080,000 K Gal. 6.55 2,795,000 
Fuel HBTU 
Steam 2,740,000 K Lbs. Internal 
Stack Gas Clean-Up " " 0.35 959~000 
TOTAL U T I L I T I E S  COST 3,933,000 

LA BOR S . E L A T E  B 
Hen/Sh~ft Total Men 

Labor ~ $21,500 6 30 
Superv~sfon @ $24,200/28,800 2 14/2 
Direct & General Plant Overhead @ 100¢ L T S 

62,300,000 94.39 31.46 

645,000 
396,000 

1,041,000 

.TOTAL LABOR__Q RELATED, COST 

C A P I T A L  R E L A T E D  
lil m l  i 

Raintenance 
General Plant Overhead 
Insurance, Property Taxes 
Depreciation 
I n t e r e s t  
TOTAL C A P I T A L - - R E L A T E D  E X P E N S E S  

i m .  i i i 

B Y - P R O D U C T  C R E D I T  
m l  

Sulfur 20,000 Tons 

5.96 1.99 

2,082,000 3.15 1.06 

4.0% BLCC 5,512,000 
2.6 ~ BLCC 3,583,000 
1.5% Total F~xed Inves~ent3,467,000 

10.0~ BLCC + 5~ Offs~tes 18,445,000 
10.0% on Horking Cap~l~zl 1,700,000 

32,707,000 

5.00 1,000,000 

49.56 16.51 

T O T A l .  B Y - P R O D U C T  C R E D I T  
II I 

TOTAL C O S T  OF" PRODUCTION 
• m , i 

.RE. TURN ON TOTAL. F I X E D  INVESTMENT, ( . '~  

T O T A l .  COST PLUS R E T U R N  

..... 20%.. 

(I,OOO,OOO) (l.s2) (o.51) 

I00,022,000 151.54 50.51 
467220~000 ~ 23.34 

]46o242,000 221.57 73.85 
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TABLE 16 

C N E M  S Y S T E M S  
P R O D U C T I O N  C O S T  A N A L Y S I S  

m i i l ib  J H  m 

METHANOL, .BY.STEAM-METHANE REFORMING 

*Includes 10% Contingency 

Plant Methanol by Steam-Mathane 
Reforming 

Locatton U.S. Gulf Coast - 1980 
Capacity 2000 ST/SD 
Production Rate 660,000 5T/Yr 

SM 
*Battery Limits Capital' Cost; 
*Offsltes Capital Cost 47.4 

Total Ftxed Inves~nent 
Working Capital 10.0 
Total Fixed & Working Capital 

RAW M A T E R I A L S  

Natural Gas 
CO 2 

~talyst and Chemicals 

Q U A N T I T Y  

23,400,000 
4,150,000 

UNIT  P R I C E , $  ANNUAL COSll;$ UNIT OO31" 
i i l l  l l l , i  • i | , 

MBTU 3.15 73,710,000 '~S/T ¢/Gal 
KSCF Nil Nil 

1,400,000 

TOTAL R A W 

U T I L I T I E B  

Power 
Cooling Woter 
Process Water 
Fuel 
Steam 

TOTAl .  U T I L I T I E S  
. . . . . . . . . . .  ii 

L A B O R  81 R E L A T E D  
i 

Labor @ S21,500 

M A T E R I A L B  C O S T  

51,027,000 
40,411,000 

140,000 

COST 
| l  

Men/Shift 

Supervision @ $28,800 
Direct & General Plant Overhead @ 100% L 

75,110,000 113.80 37.93 

lCHH .027 1,378,000 
KGal . .053  2,]42,000 
KGal. 0.55 7/,000 
MBTU 
KLbs. 

3,597,000 5.45 1.82 

Total Men 
25 538,000 

7 202,000 
+ S 740,000 

T O T A L  LABOR a R E L A T E D  

C A P I T A L  R E L A T E D  

Maintenance 
General Plant Overhead 
Insurance, Property Taxes 
Depreciation 
Interest 
T O T A L  C A P I T A L - - R E L A T E D  

B Y - P R O D U C T  C R E D I T  

None 

CORT 1,480,000 2.23 0.74 

4.0% BLCC 3,444,000 
2.6 % BLCC 2,239,000 
1.5% Total Fixed Inveslanent 2,003,00C 

10.0¢ BLCC + 5% Offsttes 10,980,000 
IO.OS on Working CaN~l  1,000,000 

E X P E N S E B  19,566,000 29.80 9.92 

T O T A L  B Y - P R O D U C T  C R E D I T  

TOTAL C O R T  OF P R O D U C T I O N  
. i  i i 

RETU,R. ON TOTAL FIXED INV,.SST.ER T ~,, 
TOTAL COST ~LUS .ETURN 

20 % 

99,853,000 151.28 50.41 

26,700,000 40.45 13.48 

]26.~5%000 ]91.73 63.89 
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Synthesis gas produced from steam methane refoming Js typ ica l ly  a 

mixture ot = carbon monoxide, c(~rbon dioxide, and hydrogen, with the 
conversion to methanol following the equations: 

CO + ZlCZ---------~CH30H 

CO 2 + 3142 ~CH3OH + 1420 

Since methane is richer in hydrogen than is ideal ,  CO 2 is nomal ly  
added to the feed to balance the excess hydrogen. Thus, methanol 
producers have t rad i t iona l l y  located the i r  plants not only close 
to cheap natural gas sources but also adjacent to =monia plants 

where CO Z would be available cost-free.  

Thus, Table 16 shows no charge for  the CO 2 raw material .  How- 
ever, i t  is possible that a methanol plant could be bu i l t  in an 
area where cost-free CO 2 is not avai lable.  Table 17 presents a 
production cost analysis for such a case. The estimated transfer 

price is about 65¢/gal. 
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Plant Hethanol by SteanPHethane 
Reforming 

Location U.S. Gulf Coast - 1980 
Capactty 2000 ST/SO 
Production Rate 660,000 ST/Yr 

- 165 - TABLE 17_ 
CNKM SYSTEMS 

P R O D U C T I O N  C O S T  A N A L Y S I S  
l i H i  i i 

HETHANOL_ BY STEN4-,HETI~NE ~EFORH!NG, 
(No Captive CO 2) 

*Includes I0~ contingency 

* b t t e r y  Ltmits Capital' Cost 87.9 
*Offs i tes Capital Cost 4 7 4 _  

Total Fixed Znvesl~nent 135.3 
Working ~pl tal 
Total Fixed & Horktng Capttal 145.3 

RAW M A T E R : A L B  
i m  

Natural Gas 
co 2 

Catalyst and Chemicals 

QUANTITY UNIT PR ICE,$ ANNUA~ ¢O|T,$ UNiT COST 

23'400'000 MBTU 3.15 73,710,000 $/T ¢/Gal 
4,150,000 KSCF 0.18 747,000 

1,400,000 

TOTAL n AW M A T E R  I A L S  C O S T  

U T I I . I T I E B  

Power 69,296,000 kWH .027 
Cooling klater 40,417,000 K G a l . . 0 5 3  
Process Nater 140,000 KGal. 0.55 
Fuel I~TU 
Steam K Lbs. 

T O T A L  U T I L I T I E S  C O S T  
i • 

L A B O R  a R E L A T E D  
Hen/Shi ft. Tota, 

Labor @ $21,500 
Supervision @ $28 =00 
Direct & Gene~ ~ a n t  Overhead @ 100¢ L ÷ S 

Total Hen 
25 

7 

75,857,000 

1,871,000 
2,142,000 

77,000 

114.93 38.31 

4,090,000 6.20 2.07 

538,000 
202,000 
740,000 

T O T A L  LABOR a R E L A T E D  COST 

C A P I T A L  R E L A T E D  

I%tntenance 
General Plant Overhead 
%nsurance, Property Taxes 
Depreciation 
Znterest 

1,480,000 2.23 0.74 

4.02 BLCC 3,516,000 
2.6 ¢ BLCC 2,285,000 
1.5 |  Total Fixed Investment 2,030,000 

10.0¢ 8LCC + 5¢ Offsites 11,160,000 
IO.OZ on Working Capital 1~000~000 

T O T A L  C A P I T A L - - R E L A T E D  E X P E N S E S  
II I III I r o l l  I I  

B Y - P R O D U C T  C R E D I T  
, , , i  i 

None 

$19,991,000 30.29 10.08 

T O T A L  B Y - P R O D U C T  C R E D I T  
, , J  iii ii 

TOTAL C O S T  OF P R O D U C T I O N  
= 

RETURN ON TOTAL F I X E D  I N V E S T M E N T  L'~ 20  
, . , m  

T O T A L  C O S T  P L U S  R E T U R N  

101,418,000 153.65 51.20 
27,060,000 41.00 13.56 

S128,478,000 194.65 54.86 
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Table 18 shows that the use of low sulfur, lower priced, Western coals 
does not reduce the cost of ,~thanol via the gasification route, but 
increases i t  by I to 3%. Again, the four plants are assumed to be 
mine mouth and equipped with stack gas scrubbing equipment. Similar 
to the hydrogen and aamonia-coal sensitivit~ analyses, this increase 
in methanol cost is the result  of increased costs for coal handling 
and drying of the lower healing value, higher moisture Western coal. 
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TABLE 18 
, i i  

b~ 

b 
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% 

Methanol Via Coal Gas.if.icatio n ii~ .C.oal Sensitivity Analysis. 

Illinois Coal MontagdlWyoming Coal 
~: l /~on - ~ "~l ton 

T o t a l ~ r a n s f e r  Total I r~ 'k-~ransfer  
Investment Price Investment Price 

L 

K-T Coal Gasification 
"New" Coal Gasification 

350.4 74.16 377.2 75.33 
310.1 65.27 338.3 67.47 
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