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Summary and Conclusions

Colloidal fuecls, consisting of a combination of residual fucl oils

as the basic carricer with coal added in particulate form have been evalu-
ated throughout the 20th century. They rececived considerable attention

during World War I and Il as potential fucl substitutes in the event petro-

leum sources were interrupted.
} . The investigation of the potential of colloidal fuels reported herein
(' was stimulated by the issue ol a report by Battelle Columbus Laboratories
(BCL) on the potential application of colloidal fuels by the DOD. The BCL
[ report (reference 14 indicated that a complete conversion to colloidal fuels
could provide DOD fuel savings of 200 to 400 million dollars per year.

The primary conclusion of this reassessment is that the net savings
potential of colloidal fuel appears too small and for too limited a market
to indicate any significant economic advantage for either DOD or the nation.

However, this conclusion should not preclude pursuing further
research of colloidal fuel, Colloidal fuel would be a means of using vast
U.S. coal resources to extrnd limited petroleum energy resources. Col-
loidal fuels could at least provide an alternate energy source for reducing
residual fuel requirements should another fuel crisis occur, The tech-
nological base for colloidal fuels should be expanded so that the lag time
required to develop the colloidal fuels will not interfere with the eventual

or emergency implementation of these alternate fuels, \I._n\fhe interest of

establishing the technical foundation to provide the broadest of alternatives )
e

o —

to future encrgy requirements,‘igolloidal fuels should be reéearchéd and
continually reconsidered for production as the economic environment

changes in the future,




The analysis presented for coal-in-oil slurrics could also, in

gencral, pertain to residual oil slurries with pulverized petrolecum coke
or solvent refined coal. Petroleum coke has a greater proportion of sulfur
but a lesser proportion of ash than coeal has. Coke also has a certain amount

of nickel and vanadium which is highly corrosive and which is not present in

coal. The low ash characteristic of petroleum coke is particularly impor-
_ tant to producing a slurry fucl which will be compatible with residual fuel ;
burning boilers. Pctroleum coke currently costs as much as eastern coal
and will increasc in cost as the undesirable sulfur and destructive minerals
are removed. Further, the supply of surplus petroleum coke is limited;
therefore, petroleum coke appears less attractive cconomically or as a
substantial resource than coal as the solid fuel component in slurry {uels,

Solvent refined coal is low in ash and sulfur and somewhat higher in heating

value than coal. This clean fuel is being produced in limited quantities on
an experimental basis, As with petroleum coke, solvent refined coal will
be a relatively expensive solid fuel component for slurry fuels when com-
pared to feed stock coal.

This report has not specifically addressed the potential of slurries
of coal with carriers of water or methanol aleohol, The former is of
interest as a transport concept. The fuel would presumably be dried prior
to firing to prevent excessive loss of heat content. The latter concept of a
methanol carrier has been previously evaluated by Tetra Tech for the U. S,
Navy Energy R&D Office. On balance, this concept wa- found to offer no
significant advantages, but to suffer considerable disadvantages in terms

" of energy delivery per unit weight or volume when compazared to slurries

based upon hydrocarbon carsiers. No economic advantage for the methanol

carrier can be shown unless and until the cost of methanol is less than the

cost of the hydrocarbon from which it is now conventionally derived.

i




Apparent Advantages of Colloidal Fuels

Colloidal fuels should provide moderately priced liguid
fuels through the blending of relatively cheap coal with the more
expensive petroleum liquid fucls. Western coal costs $12 per ton
{(nominally) and residual fucel oil costs $12 per barrel (neminally)
which is $74 per ton, The proportion of coal that may be blended
with residual oil to result in a pumpable liguid fuel is limited to
40% by weight, Howcver, this weight proportion of coal can con-
tribute only 30% of the encrgy per unit weight of blend because
coal has a lower encrgy density than oil has, At the given cost
of coal and oil, the idecal cost of a colioidal blend would be $55
per ton or $9 per barrel. This ideal cost would be a 25% reduction
irom the cost of residual oil and represents a maximum potential
fuel cost savings., As indicated on Table 7, when the cost of
pulverizing the coal, the cost of blending, plant operating costs
and fixed plant capital costs are factored into the cost of produc-
ing the colloidal fuel, the realistic savings margin may be half
that of the idcal cost savings margin. (Table I is developed in
detail in Appendix A), If the cost of coal is $24 per ton, which
is the current nominal cost to eastern U. S. states, the ideal
savings margin is 20% but the realistic savings margin indicated
in Table I is less than 4%.

The cost of pulverizing and grinding the coal is in the
order of 3% of the cost of the colloidal product. Plant operating
costs arc less than 10% of the product cost. This estimate was
derived from the operating costs of the simplest petroleum
blending operations and should be realistic. Fixed capital costs
are also estimated and are very smali for the large capacity
commercial plant modcl of Table I, Each of these individual
cost penaltics is amall but each is a recasonable estimate of the
intervening costs associated with a process to combine the two
fuels into one liquid fuel. Without a wide difference in coal and

fuel oil costs, the rationale of blending a cheap fuel with a more
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expensive fuel can result in marginal savings only. As a rule of
thuinb, the cost of coal per ton would have to be considerably

less than the cost of fuel oil per barrel if a colloidal fuel is to
provid. significant fuel savings for a given encrgy demand, Unfortu-
nately, reccnt trends indicate that the price of coal will be paced

by the prevailing price of petroleum fuels. Since the current

cost differential of the two fuels will not result in an attractively
economir‘ﬂ colloidal fuel substitute for the residual fuels, a
significant cost differential between the two fuels may never

develop as the cost of petroleumn fuels increases,

Although this analysis concludes that colloidal fuels may never
be economically attractive competitors to the residual fuels, colloidal
fucls should not be more expensive than the residual fuels. The
primary value of colloidal fuels may be in providing 2 means of
extending domestic petroleum fuel stocks in the cvent of another
embargo by OPEC (Organization of Petroleum Exporting Countries).
Solving the technical problems associated with converting residual
fuel burning boilers tc using colleidal fuels should not be postponcd
to the time that an emergency may demand the usability of the
altarnative fuels. No significant testing of colloidal fuels in
boilers has occurred sinee 1943, Therefore, full scale testing
of colloidal fuels in modern boilers would be constructive in
expediting the usc of a readily employable contingency fuel for

a future emergency.



Technology Assezsment
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Coal in cil slurries reccived considerable attention in World War

I and World War 1I. Coal slurrics werce used as fuels on an experimental

- o e v < .

iy

basis by the Brifish in 1932 on the Cunard Steamship liner "Sceythia"

with furt".wr testing shortly afterwards on another lirer, the "Berenpacia, ®

Reclated testing of "Flicsskohle" (flowing coal or coal slurries) were con-

ducted in Germany at approximately the same time {(References 1 and R).

Results of the-o tests were poorly reported because the tests were for

the purposc of cetermining a falltack fuels position in the event that fuel

o0i] supplies became limited in wartime, Coal slurries were used success-

fully in a dicsel engine in 1936, Hewewver, the low gost of fuel oil at the

time rondered ceal slurrics unattractive as fuels for diesels (Reference 1),
Colloidal mixtures normally utilize residual fuel oils such as No,

6 or Bunker C as the basic solvent for the coal additive. Residual fuels

s may have a lypicul ash content of 0.01 to 0.5 percent by weight, a sulfur

content of 0.7 to 3.5 percent by weight and a vanadium and nickel content of 1 :

10 to 500 parts per million (Reference 3). Bunker C has a higher heating
valuec {HHV) of 18, 000 Btu/lb. However, the actual physical characteristics 3
of Bunker C can vary considerably and the guality of residual fuel oils de-
pends on many refining factors. Essentially, the quality of residual oils
is decreasing as the refineries produce preater quantities of the lighter
products,

Residual faels, including Bunker C must be preheated to 90° to G
120°F to rcduce their viscosity {or handling. The fuel is then further d

heated to 165° to 200°F to reduce the viscosity further for proper

atomization in burncrs (Reference 3).
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Coal slurrics using coal crushed to sizes of 200 mesh particles

to 4 micron powders have been tested, The larger coal particles have

becn mixed with heavy fuel oils and the smaller coal powders have been

The slurries using larger coal

mixcd with dicse) oil (Reference 1.

particles may require agitation to maintain particle suspension depending

~on the densiiy of the oil, Mixtures having ap to 50 pereent coal by weight

Higher coal {fractions are desirable but ar- teyond normal

are {easible,

The maximum practical coal content for colloidal

pumping methods,

fuels is usually 40% by weight,

Table II is a tabulation of some selected physical characteristics

of colloidal fucls from test data on a No., 6 residual oil blended with two

different coal batches. The sulfur content of the tested coals is velatively

The cost of coal with 1% sulfur is 510 per ton higher than coal with

low.

2.25% sulfur at approximately $28 per ton (Appendix D). The low sulfur

coals of Table II would obvicusly contribute to more expensive colloidal

fuel products.

Sulfur in coal is in three forms; pyritic sulfur, which is sulfur

combined with iron in the form of mineral pyrite or marcasite; organic

sulfur, which chemically combined with the coal; and sulfate sulfur,

Sulfate sulfur con-~

which is in the form calcium sulfate or iron sulfate.

tent in coal is usually much less than 0. 1% and consequently does not

bresent significant problems. Pyritic sulfur can be partially removed

using standard ccal washing techniques but the degr< of removal depends

on the size of the coal and the size of the pyrite particles. Because

organic sulfur is chemically bonded to the coal, it is usually considercd
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an inherent and non~removable impurity in coal, Organic sulfur may com-
prise 20 to 809 of the tatal sulfur content in the coal (Reference 3), Cen-
trifugal separators have been desipgned to eject the heavy ash and pyrite
particles from pulverized coal, Assuming a 100% separation cffieiency,
all of the ash and all of the pyritic sulfur could be mechanically removed
from the teed soal, MHowvever, the organic sullur wounld not bhe removed hy
this centrifug 1 separation, The percent of organic sulfur in goal is not
usually specificd in coal analyses; however, a reasonable assumption is
that organic sulfur represenis 50% of the total sulfur in coal, based on the
median relative content of organic sulfur, An "econormical" coal containing
2.25% sulfur would then retain at teast 1.125% organic sulfur after a me-
chanical {cenmirifugal) separation process. The sulfur content of the coal
batchus in Table II consrequently reflect an optimistically low sulfur product
that might result from an efficient mechanical separvator. The low sulfur
content in the coal of Table II results in relatively low sulfur colloidal fuel
batchés. Rcalistic-ally, the sulfur content in a colloidal fuel should be at
least the proportion in the residual fuel component,

The ash content of the coal batches in Table II are also low but can
be considered to be the proportion of ash which would remain after a con-
ventional washing process, However, the resultant ash levels in the col-
loidal blends are high for fuel ail burning boilers which will foul from high
ash levels, Mechanical separation may be able to remove a considerable
proportion of the ash in coal after the washing process. However, the ash
content in residual fuel oil is in the order of 0. 1% or less. Over 99% of the
ash in washed coal would have to be removed to reach the low ash levels of

the rcsidual fucel oil, Realistically, approximately 50% of the ash in washed




coal may be removed by mechanical separation. Colloidal fuel produced
from this produ'ct will have at least 12 to 15 times the ash content of
residual fucl oil. |

Colloidal fuels are somewhat more viscous than residual fuels
particularly as coal particle sizes are reduced less than 70 microns, Note
in Table 1I that the impact of the finer coal of Bateh #2 resulls ina more
viscous colloidal fuel than that of Bateh #1.  Fuel pumping power requirce-
ments will increase as a conscquence of the increasced viscosity and normal
preheating temperatures may have to be increased 15° to 50°F to reduce the
viscosity of the (olloidal fuel to a manageable level, However, these are
minor technical problems compared to the boiler fouling effects from the
ash content in the colloidal fuel, Regular soot blowing of the boiler tulics
has been usced to reduce fly-ash fouling effects successfully, Most testing
of colleidal fuels in actual boiler operation occurred over 30 years ago
(Refercence 7). Renewed testing of colloidal fuels on modern boilers would
be necessary to determine the deleterious effects of slag build-up and other
ash fouling problems with modern boilers, Possibly, some types of boilers
could be relatively easy to convert to colloidal fuels with a minimum of ash

fouling effects,

The conversion of residual fuel burmng boilers to colloidal fucls
may not be a straightforward process. Much new testing of colloidal
fuels in actual boiler installations would be necessary to establish the
limits to boiler convertability to the colloidal fuecls, Even with the most
optimistic estimates of sulfur and ash removal, the sulfur and particulate
emisgsions from burning colleidal fucl may be clonsiderably higher than

thosc from burning residual fuels,




The environni .fal impact of the colleidal fuel alternative appears to be

more detrimeaniat than the effects of coaventional fuels., Relaxed emise

sins restrictinen or stack scrubbing cquipment, as coal burning plants
voadd use, wonid he prerequisite to substituting colloidal fuels for residual
£ 0 dn approor e stemwm plants,

Table 1l :dso indicates the specified Hmits of sclected eritical

pro; ertios lue the Jighter fucls to illustrate the depree of disparity be-

twe nocolloidid fuel properties and the lighter fuel products. The sulfur

i1 . s on the various lighter fuels are mostly related to corrosive effects
tc . wchinery, rathier than to pollution limits., However, the sulfur limits
arv rot stringent compared to the ash limits, Gas turbine fuel and gaso-
line «re porticulnrly intolerant of ash and of vanadium and nickel content.
Actunlly, the ovverriding characteristics which would limit colloidal fuels
from being weed in licu of the lighter fuels is the viscosity limits of the

lighter {uels,

‘rent Bfforte in Colloidal Fuel Usaye

The reeent cnergy crisis has brought about new interest in coal
siv ries. The Babcock and Wilcox Company is currently conducting labora-
to~+ scale le:fs {o study the possibility of using coal slurry fuels for steam
bei ers (Referonee 6), Coal slurries offer the primary .advantage of extending
tl.e availability of petroleum based fuel oils via the coal additive. However,
coal slurries posc certain serious disadvantages., The coal in the fucl tends
-to increasce the combustion flame envelope; consequently, coal slurries

generally require more volume than oil~fired boiluers require. Coal tends

to have a hiph proportion of ash at 6 to 11 percent by weight which is diffi-




cult ta remove and which tends to cause boiler fouling problems, The sulfur
content in hituininous coal can vary from 0.7 to 4 percent by weight, The
heating value of conl car vary from 12, 000 Btu/'b to 15, 300 Btu/1lb for
bituminou: wnd anthracite co~ls to rmuch less than 12, 000 Btu/lb for the
¢ ibbituminoue and lignite coals,

A Cthereaal shock splitting™ process which has been proposed by the
S LOK Powder Company of Washington, D C,, (Reference 1) may reduce coa)l
». rticles to the submicron size claimoed, Jlowever, this is still a mechanical
P ocess and would not chemically unbind the organic sulfur from the coal
e' n if it contd further separate ash and pyritic sulfur from micron size
ccal, Consequently, nothing in the proposced ILOK coal submicron reduction
pr. cess (also known as the "Rohrback' process for the German inventor)
wr oh woulo eliiminate the organic sulfur content of the coal is apparent,

ILOK proposes to blend submicron coal with the lighter fuels

to provide colloidal substitutes for the lighter fuels. However, the sub-
fnicron goal wéuid d:-.{inité-ly increase the viscosity of the lighter fuels

in a manncer zimilar to the way the micron size coal increases the vis-
cosity of the residual oil as indicated in Table II. The degree of viscosity
increasc will be more dramatic from blending submicron coal to the
lighter {ucls. Machinery such as diesels, turbines and gasoline powered
cnugines are not designed for the higher viscosities. These kind of engines
could tend to pum-up from sludge remaining (roin the incomplete com-
lustion of the "light" colloidal fuely, Although a diesel engine was success-
fully operated on a colloidal fuel in 1936, there is no technological basis
for the 11.OK assumption that colloidal fuels may be directly substituted for

the light fucls in a general manner, Industrial pas turbines are presently

being developed to burn the dirticr residual fuels; however, this development
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stabilize the suspension of the coal particles in the fuel oil, b |

is no basis for assuming that aireraft gas turbines could be adapted to
burn colloidal fuerls, Te include a fuel pre-heating system to reduce the
viscosily of the colleidal fuel in a jet aircraft may be a technolegical
challenge in itseclf.

General Motors (GM) has successiully tested coal-oil niixtures in
a power station af one of their manufacturing facilitics in Saginaw, Michipan,
Plant scale pilot tests were initiated in August, 1974, Coal reduced to 74
micron was blended 30 to 40. percent by weight with residual fuel oils and
burnced in their oil-fired boilers, Initial test results were encouraging.
The adversce effeets of burning a coal-oil mixture in an oil-fired industrial
boiler appearcd to be minimal for the limited duration of the pilet tests.
Although a special type of pump was used to pump the coal-o0il mixture, the
standard fuel oil burner gun was not replaced, GM indicated that their
major technical problems were in ae storage and handling 7 the coal

suspension,

The coal had to be resuspended by vigorous agitation and stirring,
High particulate omissions resulted from the high ash conl nt of coal (com-
pared to that of fuel oil), However, GM determined through emission tests
that particulate emission from medium and high ash coal could be removed
relatively efficiently with conventional particulate collectors.

In future testing, GM plans to vary boiler combustion conditions to

maximize thermal cfficiency yet minimize particulate emission; test severa)

types of coals and determine their impact on boiler hardwarce; to use higher b

weight proportions of coal, and to test the use of a fuel additive which will




The approach hf.using: a thixatropic additive 1o maintain the stability
of the colloidal suspension is attractive, Little or no agitation to maintain
the suspension would be required; consequently, conventional storage sys-
tems would not require modification for special agitation systems, This
feature would cxpoedite the near-term convertibility to colloidal fuels and
the relatively direct use of coal to offset some portion of domestie residual
fuel requiremoents. If the thixatropic additive can be employed successfully,
<eal would not have to be reduced below 74 microns.to produce a stable
colloidal mixture., Therefore, the encrpy and expense related to crushing
coal to submicroen partiele size as is normally required for colloidal fucls
may not be necessary with the thixatropie additive,

The main objective of the current GM cffort is tu demonstrate that
a coal-oil mixture with 32% coal (by weight) can provide 25% of the heat
valuc of the coal~oil mixture. An ultimate goal is to demonstrate that a
50% mixture is feasible which would cut fuel oil usage by 41% per Btu
required, The GM program of tests of colloidal fuels in modorn boilers

is probably the most significant colleidal fuel test program since the 1940s,

Potential DOD Use of Colloidal Fuels

The only realistic potential application area for colleidal fuels
{s the residual fuel market. DBurcau of Minces data (Reference 8) indi-
cates that 19, 35 million barrels of residual fucel oil was sold to all
military users in 1973, The total energy required in residual oil would
then be 120 x 1012 Btu for 1973, If 1974 encrgy requirements were busoed

on a 10% growth of 1973 cnergy requirements (hypothetical assumption

e e e e e e+ o e+ e o e



since military cnergy consumption achxallly decreased for 1974), 1974

encrpy roquitcinents would e 132 & 1012 million IBtu. This is one tenth

of the tot:? DOD vnerpy reguirements projected for 1974 as reported by

3C1.. Only enc tenth of the total enerpgy DOD usce can be identified as the

residual fuat Gil contribution, If a residual fuel cost reduction of $0. 218/

million Bt could be achicved with a colloidal fucl as indicated on Table

L a hypothieiieal 1974 fuel savings of $29 million could be projected. This
legrece of savings would not pay for onc half the construction of a proto-
ype coal powder p! nt, The main peint is, however, that this is
noupper linit number and that the degree of savings may be murch less
than $29 million per year (in 1974 dollars). The savings margin could
Ca2rmuch Yower, Operating expenses could inflate faster than the cost
differencs Lotween coal and residual oil resulting in a net loss margin

for any nuinbuer of years,

The following Figures 1, 2 and 3 and Tables III, IV and V are
taken froom o atudy conducted for the Assistant Sceretary of Defense
(Installations & Lopistics) in November 1973 (Reference 13), Depart-
ment of Defense (DOD) use of various fuels is projected for 1974 in this
study, Figure } illustrates that the DOD would require an estimated
2.4% of the total U, S, encrgy requircement for 1974, Of that total encrgy

requircinent, 72,5% would be of petroleum origin, Figure 2 illustrates

the 1974 o deeted DOD petroleum demand compared to the total U, 8,
demand o the proportional petroleum demand by each service. Also
noted on Figure 2 is that 509 of the petrolecum use is provided by foreign

supplicrs oud that the Air Force is the largest DOD

uscr of petroleum fuels, Figure 3 indicates that, of the various military
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ESTINMATED ENERGY CONSUMPTION BY TYPE OF USE IN FY174,
' , EXCLUDING NUCLEAR
: (Trillions of Btu)
Air Percent
Use Army | Navy | Force | Total of Dol
Aircralt Opcrations 20 174 623 817 44.7 -
Ship Operations » 209 - 200 |  11.4
Ground Operaticons 43 fe 23 23 83 4.9 .
i H
" | nstallation Support 258 221 | 234 713 39.0 b
Total 321 627 880 1,828 -
‘ Percent of DoD
. . Consumption 17.6 34.3 | 4C.1 - 100.0
L. &M\inor amount, included in ground operatjons.
. i _TABLE IV : o @
¥ : | Lo
ESTIMATED CONSUMPTICN OF PETROLEUNM FUELS -

BY TYPE OF USE IN FY74
(Thousands of Barrels)

Air Pereent
Use Army Navy Foree Total of Dol
Aircrafi Operations
Avtas 545 2.004 4,207 6. 756
Jet 3,008 | 20,200 11312 60 134,002
3,639 31,233 116, 876 151, 344 63,17
Ship Operations * 33,456 - 35,4586 14.9
Ground Operations 7, 153 4,050 4,281 1§, 094 6.8
. tnstallation Support
{petroleum only) 11, 365 14, 565 g, 122 34, 652 13. 8 R
Total 22,1%7 85, 304 129, E83 2317, 950
Perveni of DoD
Comnsumption 8.6 35.8 53.6 100.0

& Minor amoung, iscluded in ground vperetions

17
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functions, aircraft operations require the greatest portion of the total

DOD energy requirement, Aircraft operations require nearly 2/3 of the
total petroleum cnergy requirement in DOD, Aircraft require the lighter,
more precisely refined and therefore, the more expensive petroleum fuels.

Tables IIT and IV are goeneral bregtdowns of how ecach service would allo-

cate cnergy to their various operations. Table V is a breakdown of how

.

various catepgories of petroleum fuels and other cenergy sources {excluding

nuclear) would be used in 1974, Table VI is derived from the quantities

of each fuel type to have been used by DOD in 1974 and unit cost {figures

for each [uel. The unit cost figures are not actually uniformly determined

’ since price and cost averages for 1974 are yoet to be established. However,

. the unit costs given do reflect the relatively lower costs of the lower grade

fuels, The given unit costs are used to generate the nominal budget DCD

would require for cach general grade of fuel. For purposes of simplifi-

RS ".i"g‘"_ P "“.‘,‘;.1‘_: g

cation, NDFO is lumped-in with other distillate fuels and NSFO is lumped-

in with other residual fuels. The cost of coal and electricity are included

on this table as incidental information.

As indicated in the "Technology Asscssment” section of this report,

colloidal fuels could be a potential substitute for the residual fuels only.

Table VI indicates that DOD expenditures for residual fuels including

those used by ships (NSFO) would be lers than 9% of the DOD petrolevm

fuel budget. If the savings marpgin with colloidal fuels amounted to a 207

discount on the cost of residual fuels, a total DOD petroleum fuel budget

savings of only 1.8% may be achicvable with collnidal fucls. Howewer,

as indicated in the "Cost Assessment' of this report, the colloidal fuel

Consequently, no

savings margin could be considerably less than 10%.



Table VI. RELATIVE COST OF VARIOUS GENERAL
FUELS USED INDOD

Nominal { Total
Yot DO Nonminal Case, Estimated
Use fur 1074 Rate Spre 1974
Lnergy Type Note Estunatid S per Unnt harecl DOO Cust % Cost
Petroleum {42 gals)
{Million Lbls) $ Mitlion
AV Gas 1 6.756 Q.437 /g2t 18.35 123.97 345
Jet Fuel 2 146.9 0.371/gat 15.59 229047 63.57
Mo Gas 3 2.883 0.301/gal 16.00 126.13 350
Distiliates 4 $1.774 1424 73641 2044
Residuals 5 24,703 13.18 325.65% S04
Totat Petrotenm
Fuels Cost 3602.33 100.060
Coal, (Milign G 2.626 17.5/10n 4508
Tons})
Naturat Cas/ [ 121,041 05133/CF 614
Pegpane, IMCE} x103
Eleetricity {Kwh} 7 26, 191 x 106 0.040/%wh 1047.64

NOTES:

Except as indicated, entered nominal rater are based on Octoher 1974 DFSC butk rate prices.
1 Nominal rate applies to all AvGas grades.
2 £7% of jet fuel used in 1972 was JP4 {Refcrence 13). Nominal rate calculated bascd on 2 weighted 2verage.

3 Nomvinal rate is based on regular and no-leatt but appties 1o 3l MoGas grades. Premium at 319.4 ¢ Jgal did rot
represent a significant postion of 1973 BloGas use.

4 Totad use includes NDFQ and nominal rate applies 10 #l light diesel fuels.
5 As much NSFO is used as other residual fucls; nominal 1a1¢ is an average.

[ Nominal rate it baretl on the July, 1974 national average cost of coal {assuming bituminous) and the national
sverage cost of natutal gas from the latest FEA data {Reletence 25

7 Rominal save is approxisnated based on averace U5, commercial sates to January, 1978 (Refercnce 4),

20




measurable budpet savings is likely from the substitution of colloidal
fucls for all DOD vesidual f})(?l usce. Also, unless colloidal fucels can be
developed to substitute for the lighter fuels, the figures in Table V indi-
catlv that colloidal fuels substituting for residual fuels can account for no
more than 107 of total DOD use of petroleum fuels, Of that 10%, coal
would contribute less than 40% of the energy (because the coal in the
colloidal fuel is 40% by weight and the heating value of coal is less ti1an

that of the residual fuel oil component). Therefore, coal would offsct less

than 4% of the 'q\mntity of DOD petroleum fuel energy requirements.
The coal in the colloidal fucls would not offsect DOD petroleum energy
needs to any significant extent and it would be much less significant

when compared to total DOD energy requirements.
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APPENDIX A

THE RCL COLILLOIDAL FUEL COSTING RATIONALE

Table A s o breakdown of the step by step procedure usoed by
BCL to cstimate the cost of colloidal fuels in their report of Reference
1. The given input values (vindi::a.tod by =) were sclected only to collaborate
BCL given input valucs with output results, The result values indicated
in steps 14, 15, 106, 1R and 19 of Table A correlate perfectly to the num-
ber of significant digits with the appropriate computed results of the
DCL parameatric analysis (rcefer to page 24 of Ref, 1), Consequently, the
methodology presceated in Table A for caleulatling colloidal fuel costs
accurately represents the BCL rationale,

7 Notcl_-. that the blcepding cquations arce based on the Coul/Blend
Ratio wh. :is derived from and is much smaller tixan- thc Co-al/.Oil arti»c;..
A Conal/0Oil Ratio of 0. 70 would result in a Coal/Blend Ratio of 0,412
which is at the practical viscosity limit of pumpable slurry mixtures
(Refs. 5, 6 and 7), BCL indicates that a Coal/0Oi]l Ratio of 0.70 is "an
improbably high value" (page 29 of Ref, 1), However, slurry fuel tech-
nology indicates that the coal proportion in a blend should be in the order
of 40% to maximize the coal constitucnt within a pumpable fluid viscosity,
A Coal/Oil Ratio as defined by BCL of up to 0, 70 should not be considered
an extremely hiph valve,

Note that step 4 is the expected coal grinding energy requirement.
BCL indicates that grinding energy could range from 25 to 250 kwh pur

ton. This is a very broad range and BCL provides pe guidance as to the

Al
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Table A, THE BCL COLLOIDAL FUEL COST

ESTIMATION METHODOLOGY

SYEP PARAMI TER EQUIVALENCIES RESULTS UNITS
] Coal/0i Weight Ratip w . 0.50 T
2 Cuat/Biend Weight Ratio R - -‘-! 0.333
1w
3 Cost ot Coal Cy . 25.00 $/ton
4 Coal Grinding Lnergy G . 25.0 Kwh/ton
5 Electiiv Paergy Cost . Ce . 0.0¢ $/Kwh
-] Coat Grintding Cost Cy = GxCe 1.5 $/ton
7 Fixed Grinding Cost Cz 3.00 $/ton
8 Total Coal Procesting Cost €y~ Cy+0yiC4 205 $/ton
8 Cost of {Resliual Fuel) Qi Fy M 16.00 $/bbl
10 Blonting Sust {Pet Barrol of Oil) Fy . 0.603 Sfubt
11 Total Qil Prueessing Cust Py = Fy+ Fy 15.603 $/bbl
12 Votu! Qif Processing Cost = RCT* (1R} Fy 74,11 §iton
13 Hesting Value of Colluidal Blond Hy » RHp ¢ (R-1Hg 33.04 M Btu/ton
14 ’ Colléldul Ccanur Energy Unl-( Us = §/Hs 2,183 7 IIM Btu
1% Residuat Fusl Cost Por EU, Up = FylHp 2410 §/M Bt
16 Colloldal Cost Savings Pet E, U, Un = Ug -y 0.238 $/M Bty
17 Per Cant Colloids! Savings P= UnlUF .7 %
18 “Tata! Alt Force Jot Fuel Savings” UnxBag 1418 $M/Yr
19 “Totul DOD Fuel Savingy” Unx Bpop 3127 M/ Y
Notes: * ., Belectnd input from BCL parmmetors,
Quantity 1 2000 b . Quantity
Btep 11, 12 & 13;  bb! x m X ton ten
bbl

Step 13 & 18; Ho » 25,5 M Btu/ton, Hg = 6.2M Btu/bbl, M Bty = BtuXWG

Step 18 & 10; nAF = Q00 x IDBM Btu, BDOD = 1325 x 10°M B1u; the BCL estimated Ait Foreo and DOD

total enatgy requirements for 1974 respectively, :




most probable value that should be selected for grinding energy, BCL
docs indicate by their own analysis that the special mill to be used in

the ILOK process will require in the order of 110 kwh/ton for only one

of the four grinder stages {page 16, 0of Ref, 1), This estimated energy
requirement is based on the energy absorboed by acceleration of the coal
particles to the pervipheral speeds of the heater elements in the grinding
machine, This cnergy esthnate has been determined by BCILL through
sirnplifying assumptions, However, DCL also indicates that "Experience
in this country and calceulations using Rittingers Law indicate (that) a coal
grinding energy of at least 250 kwh {would be required to grind one ton of
coal) to 4 micron size'" (page 21 of Ref, 1), The 4 micron size is the
minhmum size required for blending with oil (residual oil implicd). Con-
sequently, from their own given information, RCL indicates that the mini-
mum encrpy reqguired for grinding coal to the required particle size should
be at least 110 kwh/ton, The coal processing schematie of the special
ILOK process (Figure 1, page 13 of Ref, 1) indicates no special pre-
treatiment of bunker coals The special grinder is similar in configuration
to a high speed, attrition type, pulverizer and other impact machines and
should not perform significantly differently than these conventional grinders,
Conscquently, with no analytical basis or empirical test experience to
support the ILOK claim that their special grinder would require onc-tenth
of conventional grinding energy requirements, Rittingers Law should be
considered the most credible basis for estimating coal grinding cnerpy.,

A somoewhat detailed analysis of eoal pulverizing and grinding encrgy is
presented in Appoendix B, The fosLxlts of this analysis indicatc that a coal
grinding cnergy of 150 kwh/ton shoﬁld_be representative of the encergy

required to reduce coul to a 4 micron powder,

A.3




Notc that step 5 is an electric energy cost of $0.006 per kwh.

BCL sclects an clectrie cost range of $0.02, $0.04 and $0. 006 per kwh

to parametrically vary the impact of clectric rates on coal grinding costs,

However, of all the varied paramcters, the electric energy cost is probably

the most stable costs Elcctric ¢nergy rates for large volume users
(industrial rates) were nearly constant and averapod slightly less than
$0.02 por kwh botween 1560 and 1970, The averape industrial eloctric
rate incrcasced from $0.024 to $0,028 per kwh between January 1, 1973
and Tanuary 1, 1974, Extending this trend lincarly to Jannary 1, 1975
indicates that an industrial rate of $0, 03 por kwh would be a reasonable
estimate for the 1974 averape rate,

Note that step 7 is an assumned fixed prinding cost of $3,00 per
ton of coal processed, This fixed cost should include the initial cost of
borrowing the capital to purchasc a basic coul powder plant, The ILOK
Company, which is propusing the colloidal fuel as an alternative fucl,
eslimates that a coal powder plant of 19,000 tons per day would cost $05
million (1972 dollars). If amortizcd over 30 years at 9%,“ this initial
capital requirement would cost $6. 3 million per year in fixed cost ex-

perses, At the annual production rate of 3,5 million tons based on 350

production days a year, the fixed production cost of the coal powder would

be $1,80 per ton (1972 dollars), This fixed cost represents the cost of
raising the capital for the coal powder plant only, A fixed cost estimate
of $3.00 per ton appears to include a nominal margin ‘for operating ex-

penscs, taxes, somce profit margin and ether non-fixed expenses,

L._-a;i..r;—‘h?—‘-ua‘«a;»_.ﬁk.«ﬂ_;m L3
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Alternative Assessment of
the Cast of Colloidal Fucels

The Battelle Columbus Laaboratories (BCL) "Assdssment of the

Potential for Celloidal Fuels" (Reference 1) is essentially a parametric

analysis of the range of fuel costs which could result from various coal

and fucl oil compositions in colloidal fuel mixtures, However, in drafting

coinclusions, BCL indicates a maximum potential savings in cnergy costs g
- ki

to the Department of Defense (DOD) through the use of colloidal fucels |

bascd on the ar sumption that the coul compoenent is relatively cheap per ,

unit of encerpy comparced to the petroleum component, BCL also assumeos

that the colloidal mixturcs could be substituted for all the various fuels

in use by DOD. The purposce of this "Altcrnative Assessment” is to bring

the DO paramecetrics into focus with the latest prices of coal and fucel oils

using the same basic math model employed Ly BCL,




The BCIL mcethodology for caleulating the cost of colloidal fuel is
not presented in their assessiment report although the input and output
values for their computerized methodolopy is presented. However, the
BCIL micthodolopy can be deternained from their reported analytical in-
formation. The correlation of the results from given input values for
the determined DCL methodology is presented in Appendix A, Table I
is a breakdown of the basic BCL methodology updated for current costs
and revised to include other cost factors neglected by BCIL, Refer to
the basic terms and relationships indicated in Appendix A which are the
bases of the caleulations in Table L

The asswmmptions and the rationale utilized in deriving Table I

are described step by step below:

Step 1 - A 40% coal colloidal blend is used since this blend
maximizes the quantity of coal that may be blended into the residual oil
and not cxceed the viscosity limits of a pumpable fluid (refer to Appendix

A).

Step 2 - (Reference 2) The cost of coal is significantly higher in
east coast locations than in other parts of the U. S. continent, Conse-
quently, the Basce Casce reflects the average price of eoal for the month
of July, 1974 for the U, S. other than the cast coast states. The East
Coast Case reflects the average price for the same period for New
England, Middle Atlantic and South Atlantic regions (FEA designations),
The East Coast coal costs arce nominally twice those for other regions

in the country. The higher East Coast coal costs probably reflect the cost
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of transporting the coal, The national average cost of coal increased !
at a relatively constant rate over the first half of 1974, No national rate

trends arce available to indicate the average price of coal after July 1974,

However, a recernit publication by PEPCO (Potomac Zlectric Power Com-

pany of Washington, ID, C,) indicates that the price of coal tended to

stahilize for (Lo necand half of 1074 (refer to Appendin DY, July should,

therefore, represcent the stabilived price of coal for 1974,

Step 3 - (Reference 3) The coal grinding energy is estimated

here to be 150 Kwh/ton as developed in Appendix E,

Step 4 - {Reference ) The coal grinding cost is based con the
grinding encrgy and on the clectric encergy cost. The industrial electric
rates were relatively constant at slightly less than 2 cents per Kwh
between 1960 and 1970, However, the industrial rate has increased to
approximately 2,75 cents per Kwh between 1970 and 1974, Based on the

growth trends between 1973 and 1974, the average industrial rate for

electric power should be 3 cents per Kwh., Note from the cost pcrcentug(;s
for the Base Case in Tablce I that the coal grinding cost is a small factor

in the overall cost of the colloidal fuel product. Conscquently, the cost l
of the blended fuel product is reiatively insensitive to the grinding eneorgy
requirements and the magnitude of the grinding energy should not be re-

garded as critical to the final product cost,

Step 5 - (Appendix C) The fixed cost {for grinding the coal is based
on the capital cost of the "Coal Powder Plant" indicated by ILOK, updated
to 1974 capital costs, amortized over 30 years at a 9% corporate bond
rate and determined per unit of blended fuel product (rather than per ton

of coal input in the BCL approach).
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Step 6 - The coal processing cost is simply the sum of the coal,

grinding and capilal costs per unit of product, Note that the capital cost

of the "'Con) Powder Plant' per unit of product is very small.

Step 7 - {Keference 2) Residual juel costs have been relatively

. . . . £

stable over the various nationa] regions.  The national average cost of g
residual fucl for the month of July 1374 1s uscd to represent the stabilized cost

for that year. Residual oil increasced drametically in the first month of A

1974 but stabilized at approximately $12 per barrel for the following five

months, Agaly, no national rate trends are available for the second half _;-'

of 1974. The moie recent fuel price trends published by PEPCO, however,

do indicatc that rosidual oil prices were stable for the last half of 1974

also (refer to Appendix D). Conscquently, July should be a representative
month for the stubilired price of residual for 1974, Step 7 sums the price
of the residual oil at $12.20/bb]l with the estimated blending cost of $0.663/
bbl provided by BCL and this sum is then corrected for the common cost per ‘i

unit weight in $/ton.

Step 8 - {Appendix C) The fixed blending cost is an estimate of the
capital cost per unit of product of a blending plant which was not considered

in the BCL Assessment, The cost of the blending plant is based on the cost

of the most fundamental refinery process units. A blending plant should be
equivalent in complexity to the simplest of refinery processes and since
refinery cost statistics arce available, the blending plant cost could be de-
rived on a refinery technology basis., Note that the relative cost per unit

of product af the blending plant capital cost is small,

Step 9 - The oil processing cost is x.nerely the sum of the fuel cost

(including blending cost) plus the fixed capital cost of a blending plant,




Step 10 - Refer to Appendix A for the basic blending formula

which establishes a weighted unit cost of product based on the nercent

of =, ~omr-.nent fo result in the {final blend,

Step 11 ~ {Appendix C) A colleidal plant operating cost is included

in cost breakdown although BCL docs not include this factor, The cost of
labor, maintenapce, and miscellaneous facilitics are a gignificant part of

the cost of any finished product and should not be ignored., The operating

costl is also basced on refinery cost and eperation expericnce, The process ;J
requiring the lowest operating cost in the refining process, topping, is the K
basis for estimating the ovesall operating cost of the "Colloidal Fuel Plant, " '
A 1956 operating cost for a topping process, updated through the '"Nelson
Inflation Index' to 1974 is the basis for the given operating cost of $5 per
ton of prouduct, The operating cost is less than 107 of .t}w product cost and
should theretlore be considered relatively eredible. The operating cost

does not include taxes or profit and this point is addressed later in the

1) conclusions of this assessment.

Step 12 - The total colleidal fuel cost is the sum of the basic cost
of the plant, the resources and the cost of operating the plant, Note that
the colloidal fuel cost per unit weight is significanily less than the cost of
the residual fuel for the same unit of weight (Step 7). However, the fucl
blend will have a low heating value because of the much lower heating value
of the coal componcnt in the blend. Consequently, the final cost compari-

son must be made per unit of encrgy.

Step 13 - The colleidal fuel cost per unit of energy is derived from

its cost per ton divided by its weiphted average heating value per ton (33,94

o o e - 5 2
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million Btu/ton for a colloidal blend of 40% coal and 60% residual fucl
oil). Refer to Appendix A for the blending cffect on determining the

weighted average heating value of the colloidal fuel.

Step 14 - The 1974 selected residual fucel oil cost at $12. 20 per
barrel is multiplicd by a heating value of 6.2 million Btu/bbl to result

in a cost per million Btu of $1.9677,

Step 15 - Subtracting the coll'oidal fuel cost from the residual
fuel oil cost resalts in the potential savings per identical units of energy
“in using the colloidal fuel (unless the result is negative which would reveal
a loss). As indicated in the percent column, the savings per energy unit
using 1974 costs as a uniform basis could amount to 11% of the fuel costs
of a system that could convert from residual fuel to a 40% coal colloidz.xl‘
fuel. The higher cost of coal for east coast users reduces tlic potential

savings margin for using colloidal fuel to 3.45%

Cost Assessment Conclusions

The savings margin achievable with a colloidal fuel is primarily
sensitive to the cost diffcrential of the raw materials, coal and residual
oil, from which the colloidal fucl is made. This point is clearly deducible
when comparing the savings margin of the Base Case to that of the East
Coast Casc with their respective coal costs since fuel oil costs are constant,
From Table I, coal at $11.27 per ton is being blended with oil at $12.20 per

barrel to result in a savings margin of 11%.. As the cost of coal in the
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East Coast case essentially doubles to $24.17 per ton, the savings margin
is reduced by as muchas 2/3 te 3.45% . Where the price of coal per ton is
identical to the price of residual fuel oil p@rr barrel, the savings margin
will be 10% . Reducing the cost of coal per ton to $6.10, which is 1/2 the
cest of residual fuel oil per barrel, would increcase the savings margin to
14 % .. This order of savings begins to have significance. Conscquently,
the cost of residual oil would have to inflate at twice the rate of coal to |
gcncratlc the necessary cost differential, Without a wide difference in coal
and fuel oil costs, the rationalc of blending a cheap fuel with a more expen-
sive one cannot result in significant savings. Therelore, as a rule of thumb,
the cost of coal per ton must be less than 1/2 the cost of residual oil per
barrel if a colloidal fuel is to provide significant fuel savings per vnit of
cnergy.

The 11% margin of the Base Case must cover taxes, profits,
rescarch, advertising and general administration expenses. If profits
alonc arc to be only 7%, tne savings margin will be less than 5% which
may not have measurable significance. Distinguishing the impact of a
fuel savings margin of less than 5% from plant cfficiency fluctuations
resulting from maintenance effects may be difficult. The given 11%

savirngs margin is cstimated using relatively optimistic cost factors in

favor of the colloidal fuel manufacturing process.




APPIENDIXN ©

COLLOIDAL FUEL BLENINNG PLANT COS1 o

The 1100 Corvpany, which is repno ing to preduce the colloidal

fucl, eztivcter that the 10, Gt ton: Joey Cond Powder Plant would cost
? + P

$65 mitlion in Y970 dotlirs (Ref. 1, prune 12). This capital cost would

not apparcntly include the capital cost of the facilitics required to blend

; . . . . . . . 3

the coal powder with the residoal fue! oil which would r =uli in a colloidal i
fuel product.  The capital cest of 4 "Blending Plant” should be connidered B
. - o . : =
since large gquantitics of oil will be pracessod requiring large equipment, o
Rk

buildings, land and constraction costs, I the colloidal fuel produced will i

be comporced of JUT coal, then the 10,000 ton/day coal powder plant will

require 15, 000 tons /day of residunl oil to produce the required celloidal

product. In barrels, the oil required would be

15,000 tons 2,000 ibs 1 = 92,308 bb!/day

day ton 325 lbs/bol

Since the spccific pravity of the colloidal fuel product is nearly that of the
residual fuel oil, the density of the colloidal fuel shouid be very simiiar to

that of the residual vil, Therefore, the given Colloidal Fuel Blending

Plant of Figure C would produce approximately 153, 880 Lel/day of
colloidal fuel, The capital cost of the blending plant mdy be based un

the capital cost of potroleun refinery process units which are of a mini-
mumn of comiplexity, The petroleum industry has devised Nelson refinery
cost indexiag as an approach to gencralizing the various costs involved in

producing refinery products and to update or even prajected inflated costs
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Figure C. COLLOIDAL FUEL PLANT ;
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(Ref, 10), A recent article using the Nelson approach indicated that the
average 1973 construction cost of large process units (200, 000 bbl/day)
of the lowest levels of complexity would e $150 per barrel per day of
production {Ref, 11), At a total production rate of 154, 000 bbl/day, the
simnle blending process unit would cost $23 million to construct in

1973,

An index used to fador consfruction costs by the deflated value
of the dollar is the "Nelson Inflation Index" (Ref, 11). Recently published
Nelson Inflation Indexes indicate that the 1974 inflation rate was 10, 5%,
Conscquently, the 1.97-} cost of the colloidal fuel plant would be $25
million, If a tending interest rate of 9% (Aaa Corporate Bonds, Ref. 12)
could be obtained in 1974 for the construction of the plant, the cost of
financing the plant over a thirty year period would result in an annual
capital cosl of $25 million, If the plant produces 350 days a year, the
total annual production would be 54 millien barrels, The capital cost per
production unit would then be $0, 046 per barrel or $0.28 per ton of product,
| ’I-l'hé-C-c'»:z;l- 150§\'lcici- I-"Lan-t thaf c;)s.t.; $65 rmi.L;li.on- in 19.?2 doﬂars would |
cost $78.7 million in 1974 dollars using the Nelson Inflation Indexes for
1973 and 1974, Through similar financing, the annual capital cost of the
powder plant would be $7.65 million, The capital cost per production unit
would then be $0, 142 per barrel or $0, 87 per ton of product,
The operating expensces for the colloidal fucl plant could also be

based on petroleum industry operating cost. The basc operating cost
for the simplest refincry operation, topping, was estimated at $0,35/Lbl
for 1965, The Nelson Inflation Index applicd to this base year results in
an average 1974 operating cost of $0.812 per barrcl of product ($5,00 per

ton). This unit operating cost includes labor, maintenance, supervision,
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-
royaltics, and raisccllancous facilitics, The unit operating cost docs ! i
not include the cost of advertising, rescarch, general administration, '

taxcs or profits, ;
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PEPPCO FUTL, COSTS

(Taken fron g Feliruary 1971 publiciation
of fuel prices for residential customers)
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LMZ500 GAS TURRBINE FURLL SPECIFICATIONS

- (I'rom Gencral Bleetric Snocification
‘ MID«LLNM=2500-2 of August 1972)




Thia dscumeont Mists the specifications for liguid fuel that can be fired in the TLM2530 Gas
Turbin g in addition it Jists additional characteristic and conditions not covered Ly these
fuel sp cificalions,

1. FU.JL SPECIFICATIONS

Fuels meoling the following specilication: are acceptable for vee in the TLA2000 ras turbine

~provided they mecl the additional ertteria listed in paragraph 2,
! 3

Specification No. Tile -
1,1 MIL-T-5624G Grades JP4, JP5

1.2 ASTM DOT56-08 Diesel Fuel Oil, Grades 1-Dand 2-D

1.3 ASTM DIG55-6D Turbine Fuels

1.4 MIL-T-24307 Fuel - Navy Distillate

1.6 MIL-P-16804TF Fuel Ofl - Di¢sel Marine

1,6 VV.T.BO0A ¥uel Oil - Digsel, Grades DI'-A, DI*-1 & DF.2

2, ADDITIONAT, REQUINTMINTS

The following requirements supplement and superscda, where there is a confliet, the speci-
fleations lsled tnpuragiaph 1,0, However, if the spectiieation requiremoent is more restric-
tive it applics:

2,1 The fuel shall consist of hydro-carbon compounds only and shall be the distillate type
contalning no cracked matoerial,

2.2 The use of any additives requires the approval of the Genernl Eleelric Company,

2,3 The viscosily of the fuel ns supplied to the inlet eomection on the gas turbine shall be
6.0 contistokes or less, The fuel may be heated to meot this requirement,

2.4 Ash, maximum poreent 0,01
Sulfur, maximum pereent 1,3
Vanadivm, maxbaun, ppm 0.5
Sortium 4 Potagsin, nmximmn ppin 1,0
Bydrozen Content, mintnum % 12,3
Demuleific atton, minutes, maximum 20,0

2,5 The fuel as delivered to the inlet conneelion on the ras turbine shall not contain more
than 10 groms of solid contumbintes per 1000 pallons of fuel, The contamination shall not
excend the following wicror slze Hmits:

P'wtirk Sive, Mierons Porceml of Tolud
0-5 Ro;nninrlor
5-10 168 Maximum
10-20 16% Maximum

2,6 The funl us detivered (o the fnlef convection on the gas turbine shall not contain more
Unn 1O ppm of entratned witer at 7001,

it b " " -




APPENDIX E

GRINDING ENERGY REQUIRIEMIENTS

The work roeauirced for grinding coal is not easily derived from
Y

the general technclogy of pulverizing and grinding technology, Grinding

encrgy estimation methods scem based more on 'rule of thumb'' equations

than any well-develnped discipline.  One utilities cquipment sclection
handbook recommiends that the power required for pulverizing coal

could be approximated at 1 kwh poer ton (Ref. 9) althiough the size of the

pulverized product is not actually specified (200 mesh; that is, 74 microns

is normally required for coal burting boilers used by utilities), One
engincering handbook (Ref, 3, pages B-52) indicates that the crushing
energy for anthracite coal is 246 to 330 kwh per ton to achieve a 6-7
~micron particle size, . Anthracite is much harder than bituminous coal
and the crushing and grinding encrpy of the two materioals is related to
their Hargrove Grindubility Indexces. Anthracite has a Hargrove Grind-
ability Index of 20, whereas bituminous coals establish the Hargrove
Grindability Index of 100, The magnitudes of these indexes indicate
that anthracite coal is much harder to grind than bituminous c¢oal, Con-
sequently, the energy required to grind anthracite coal should not be the
basis for vstablizhing the average energy required to crush bituminous
coals,

Grinding technolopy recopnizes three genceral laws for relating
particle size reduction to enerpy requirements (Ref. 33, "Kick's Law"

states that the work required for crushing a given matevial by a given




reduction ratio (diameter reduction is constant irrespective of the original

size), "Rittinger's Law™ states that the work consumed for particle size
reduction is dircetly proportional to the new surface produced. A third
Yaw, regarded as "Bond's law'" falls between the other two laws. The

technolopy is unclear as to the limitations and Lounds of each of thesc

three Yaws, One reference usced by BDCL indicater that Kick's law applics
at the larper purticle sizes, Bond's Law applics to parlicle sizes of about

one millimeter and that the relatively steep slope of Rittinger's Law applics

to the micron particle sizes, However, the genceral technology does not
categorize the laws to apply to specific particle sizes, Bond's Law can

be expressed as:

x, -Ix
E = B p. [0
b ﬁ,? “p

Average work indesy, kwh/ton

1

x
¢ = Diameter of 80% of feed particles, microns
Xp = Diameter of 807 of product particles, microns

Since valucs for Ex are available, Bond's Law is readily usable. As
a check that Bond's Law is applicable to the micron particle sives,

Tabie B compares some empirical data to calculated data. This Table

attempis a nominal correlation of measured to calculated enerpy require-

ments despite a lack of validly comparable data. Some cmpirical data
exists on grinding cnerpgy requiremoents for anthracite coal but no such

data is readily available for eoal or fluid petrolenm coke, However,

Grindability Indexes arc available for coal and fluid petroleum coke, The

E-2

Harprove Grindability Index of fluid petrolean coke is similar to that of
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anthracite conl, Consecquently, the actual work requirement for fluid
petrolcum coke should correlate with that for anthracite coal for the
same overall material size reduction. The calculated results for the
given selected minterials, indicates that the Bond Law for grinding
encroy appears rolatively applicaliv to grinding products to 74 microns
{200 mesh), The BDond Law aplears to underestimnte the encrgy require-
ments as product particles arce reduced below 74 microns,  In particular,
the energy required to grind an'thracitc coal to 0 to 7 microns is twice the
calculated energy required to eqguivalently roduce fluid petroleum coke
which should have o grindability similar to that of anthracite coal hasced
on similar hardnesses.,

Another approach is te use the "Encerpgy Coceflicient, " basced on
Rittinger's Law, to estimuote the pulverizing encerpgy regquired for coal.
The value of this cocfficient should be between 0,02 to 0,10 tons /hp-hr
for pulverizing hard to medium hard moterials to No. 200 sieve size
{74 microns}, Coal is normally classed as a medium hard material

and could therefore be applicable. Conscequently,

k =0,02 to 0.10 tonz/hp-hr

1/k = 50 to 10 hp-hr/ton

L

L

37.28 to 7.457 kwh/ton for hard to medium hard materials,
respectively,

1k

Rittinger's Law is:

- 1 - 1
E-Cix X
P f
where
X -cfl
xf>")‘p’ E-CXp .

AT




\ .3 L . .
Now if 1/k = 7.457 lkwh/ton for a medium hard material such as

bituriinous coal, the "C' cocfficient for coal can be determined by sctting

; ]
L/k . B = Cfm
/ I Ci{=

P

! -
C (X’) = 7,457
P

However, the Eneray Coefficient applies only to reducing coal to
74 microns., Therefore, coefficient "C' becomnes

C = 7.457 (74) = 5518, °

Now if "C"‘ can be applied to a smaller particle range, Rittinger's
Law can be uscd to estimate the cnergy required to reduce the 74 micron

particles to 4 micron.

E =551.8 (1.4 - 1/74)
= 551.8 (0.236)
E = 130.2 kwh/ton.

The original energy required to pulverize coal to 74 microns
should be added to that required to further grind it to 4 microns, Con-
sequently, the very minimum encrgy required to reduce coal to 4 microns
should be 137,657 kwh/ton.

Since limited information indicates that the Bond Law tends to
calculate onc-half the energy requirced for grinding to the small (approach-
.ing 4 micron) particle sizes, the calculated coal grinding cnergy of 56,85
kwh/ton indicated on Table B should be approximately doubled. The re-
sulting gross vs:timﬁtv of the energy reqguired to reduce coal to 4 microns
would then be 114 kwh/ton,  Although this value does not correlate well
with the estimate using the "Encrgy Cocfficient' (130.0 kwh/ton), the
indication is that the encergy required to reduce coal to of micron particles

should be much greater than the 25 kwh/ton claimed feasible by ILOK
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through their "special” coal power manufacturing process. The coal
grinding energy could well exceed 100 kwh/ton to achicve the approprl te:
fineness requirement. However, the 250 kwh/ton value indicated by BC‘L
scems to have been based on the energy requirernent for grinding anthrapxte
coal to 6 or 7 microns (refer to Table B and Ref., 3). This energy r(‘:qubivi"e‘-A_
ment estimate appears teo high for bituminous coal which has a grindinbgy
work index less than one third that of an anthracite coal (Table B). Baééd 7’
on the limited information generally available on pulverizing and grinding
technology, the éncrgy required to pulverize and grind bituminous coal to
a 4 micron size could be estimated to be between 125 to 175 kwh/ton with

a reasonable degree of confidence. A nominal value of 150 kwh/ton grinding
encrgy could be considered representative of the energy required to recduce

coal to 4 micron powder.
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