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ABSTRACT

This paper summarizes data generated on two EPA-sbonsored programs

‘concerned with the development of low-NO_ combustors for high nitrogen
_containing fuels. EPA Contract 68-02-3125 is concernmed with NO, produc-

tion and control from liquid fuels containing significant quantltles of
bound nitrogen. It was found that fuel nitrogen content 1s.the primary
composition variable affecting fuel NO formation and that emissions from

‘both petroleum and altermative liquid fuels correlate with total fuel
. nitrogen content. Conditions were identified which allow high-nitrogen

fuels to be burned satisfacteorily with minimal NO emissions. Certain
coal-derived fuel gases may contain ammonia. Data is presented from a

series of bench-scale reactors designed to minimize the conversion of

this ammonia to NO Lowest NO_ emissions were produced in a rich/lean

combustor utilizing either a dl%fu51on flame or a catalyst in the fuel-

rich primary stage. . : : : ’
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SECTION 1

INTRODUCTION

Combustion of liquid fuels derived from petroleum sources accounts for
a significant fraction of fossil fuel congumption in stationary combustors.
As petroleum reserves grow smaller, the United States is projected to place
heavy reliance on coal, the most zbundant fossil fuel availzsble, in the
search for new energy supplies. Cozl can be burned directly or coaverted
into either a liquid or a gaseous fuel. The potentizl for low sulfur emis—
sions mzkes combustion of gasified coal an envirommentzlly attractive zlter-
native to direct-fired coal combustion. However, low-Btu cozl gases can con—
tain ammonia concentrations as high as 0.38 percent (1). In 2z conventional
combustor, much of this ammoﬁia m2y be converted to nitrogen oxides resulting
in significant pollutant emission: wup to 1370 ng/J (3.2 lbm/lD6 Btu) for

full conversion'of'NH3 to NOZ'

A balanced fuel economy necessitates that in the future mamy industrizl
users will burn petroleum zand coal- or shale~derived liquid fuels. Since
these liquid fuels have relatively high nitrogen content and low hydrogen~to-
carbon ratios, there will be the potential for adverse envirommental impzct
due to the increzsed emission. of combustion-generated pollutznts unless pre~
ventative measures are taken (1-2). The pollutant of mzjor comcerm in this
paper is nitrogen oxides'(NOx). The paper addresses the impact of switching
from conventional fuels to alternative gaseous or liquid fuels and of the

mechanisms of combustion modification techmiques used to comtrol NO, emissioms.

Alternative liquid fuels can be broadly classified as those syanthesized
from the products of coal gasification, znd those derived directly as liquids.
The fuels in the first category temd to be clean, low-boiling~point fuels
such as alcohols,. and are essentizlly free from nitrogen and sulfuf; thus,
their fmpact upon poilutant emigsions is minimal. The liquids in the second
category may be compaved to crude petroleum oils containing a wide range of
hydrocarbon compounds with boiling points from 300°K to greater than 900°K.
The bound nitrogen content of crude synfuels is gemerally higher than petro-
leum crudes, and for many applications it might be necessary to upgradé the

fuel by removing the nitrogen. Recognizing that alternative liquid fuels
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contaln more bound ultrogen than. the petroleum fuels that they wnuld be
replec1ng, one key factor in their producticn is to what extent combustion
modification will allow control of NO emissions and reduce the necessity

for substantial denitrification, thereby reducing the cost of synfuels.

Nitrogen oxides produced during eombustlon emznate f:om two sources.
Thermal NO is formed by the fixation of molecular nitrogen and its formz-

tion rate is. strongly dependent upon temperature'(S)' ‘Fuel NO is formed by

. the oxidation of. chemlcally-bound nitrogen in the fuel by reactlons with a

wezk temperature dependence, but 2 strong dependence upon oxygen avail~

ability (4=5-6-7). Thus, those emission control techniques which minimize

- pegk flame temperature by the addition of inert diluents (e.g., cooled recycled

combustion products or water addition) minimize thermzl NO formatien,-but

have z minor impact upon fuel NO productiom. Staged heet_releese (stzged com-

bustion) provides the most effective»NOx control technique for nitrogsn-

‘containing fuels because fuel NO formation is mainly dependeﬁﬁ upon loecal

stoichiometry. It can be accomplished either by separatzna the combustion

'chamber into two zomes and dividing the totzal combustlon air 1nto two streams,

or by appropriate burner design which promotes localized fuel-rich comnditioms.
Minimizing fuel NO ’formation requires the existence of .2 fuel-rich
primary combust.on.zone to maximize the conversion of fuel nitrogen to

molecular nitrogen since the fate of fuel—bound nitrogen is stroncly con—

trolled by the reactant stoichiometry. - Many studles (8-12) heve shown that

under fuel-rlch condltlons the efficiency of converszon to Nz increases

significantly. Thus, there are two fuel nitrogen reactlon paths leedlng to

the production of N, or NO, namely

2
Path A. Fuel—lean

XN + Oxidant - NO + ;... oL
‘Path B. Fuel-rich

E SN, F

The objective of staged combustion emission control techaiques is the pro—
vision of cenditidns-which magimize Nzlprdduction via Path B.LATWD factors of
practlcel importance are the- residence time and the st01chlometry required to

maximize VZ productlon in. the fuel-rich prlmary zone.
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If the residence time is insufficient, then the original fuel nitrogen
species will exist in the gzseous state zs some XN compound which can be
converted to NO in ‘the second-stage heat release zone. The stoichiometry
required to achieve minimum XN concentrations at the exit of the primary
stage will be determined by (1) the rate of evolu;ion of nitrogen species from
the fuel; (2) the inevitable distribution of stoichiometries from fuel~-rich
to fuel-lean which occurs beczuse the primary zome is supplied by a diffusion
flame; and (3) the overall temperature of the primary zome. From equilib-
rtium considerations the total fixed nitrogen (TFN given by NO + HCN + NH )

is 2 minimum at approximately 65 percent theoretical air with levels less
than 10 ppm depending upom temperature amnd fuel G/H ratio. Egxhaust NO emis-
sions are comsiderably grezster tham levels predicted by equilibzrium, suggest-

ing the existence of kinetic limitations in the fuel-rich primary stage.

b4

NOX formation during combustion of alternzte fuels is not well-understood;
. however, recent test results have indicated that replacing a petrolemm oil
with a coal-~ or shale~derived liquid may result in a major increase in NO
emissions. Bench-scale experiments (13) have shown that the smoke znd com-
bustion characteristics of the SRC-II cozl liquids are equivalent to light oil,
but uncontrolled NO emissions are high due to the 0.8 to 1.2 percent N in the
fuel. Pilot-sczle SRC-II studies (14~16) have demonstrated that both fuel
blending and staged combustion are effective in reducing NO emisgions and
that improved atomization, increased preheat, and 1ncreased excess 02 increzse
NOx. Full-scale testing (17) has confirmed the need for optimized combustion
modifications. Similar results have also been achieved during bench-sczle

(18) and field tests (19) with shale~derived liquids.
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. SECTTON 2

 EXPERTMENTAL SYSTEMS

The expérimentél systems used to investigate N'Ox formation from gzseous
and liquid fuels have been described in detail elsewhere and only =z brief

sumpz2ry will be presented in this papezx.
LBG GAS STUDIES

The apparatus for the Een;h-scale experiments‘cén be divided into four
subsystems: LBG supply, modular combustors, sample train and comtrol systems,
A simplified schematic of the facility czn be seen in Figure 1,.

Synthetic LBG was produced from hot air premized with vaporized wWeter
and heptane passed throuch a catalytic reformer.’ The reformer was operated
at pressures ‘between 6.4 and 11.9 atmnspheres at a stoichiometzry of 45 per~
cent theoretlcal air, the richest st01ch10metry attainzble without excessive
sooting. The water 'acts as a diluent to maintain the maximum catalyst bed
temperature at around 1370°K. The reformer product gzs passeﬁ Ehrbugh a
varisble heat exchanger, cooling it to the desired preheat temperature.
Ammoniz and methane are added to t¥im the gas to the desired fuel nitrogen
énd.hydrocarhon.coutent. The LBG passed through a soot filter and imto 2

valve system, controlling the fractionm of the LBG which goes to the combus-—

tors and the fractiom which is bypassed. If none of the gas was bypéssed,
maximum combustor capacity was 60,000 J/s (200,000 Btu/hr).

The combuétors consisted of a series of modules with 5.cm-(2 in) Ib rezc—-
tion/fl&w chambers enclosed in 15 cﬁ (6 in) OD low~density insulation znd
hgused in flanged steel pipe. Primary ignition modules iﬁtlude the catalyst
and'ihe diffusion flame. Secondary burnout was achievg# in the jet-~stirred

secondary air injector,' Plug flow modules of varioﬁs-lengﬁhs allowed con-

-trol of priméry and secondary residence times. The priméry ignition modules

are shown in Figure 2. In the catalyst module, premxxed LBG and primary air
passed through 2 stainless steel flow stralghtener/flame arrestor a2ad into

the graded cell catalyst. The catalyst, supplled by Acurex, comsisted of

,threezircoma honeycomb monoliths. of decreas:mg cell s:Lze, cozted with mickel
oxide. Platinum had been added to the coating of the upstream monolith to

- promote ignition. In the concentric diffusion flame ﬁpdule,fLBG is introduced
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i‘hrough 2 removable fuel tube of variable diameter. Straightened primary .

gir passes annularly around the fuel tube in the direction of the fuel fiow.

Samples are taken in the secondary regiom, through a water-cooled stzin-
less steel probe situated on the centerline of the flow chamber. The cooling
water is preheated and the stainless steel sample lines are wrapped with hezt
tape to maintain the sample system above the dewpoint of the exhzust gases,
The sample stream is throttled to nearly atmospheric pressure.

LIQUID-FIRED TUNNEL FURNACE

The downfired tumnel furnace illustrated in Figure 3 was designed to
allow utilization of commercially-zvailable spray nozzles, and yet be capable
of testing with artificizl atmospheres. This combustor, which has been de-
seribed in detail elsewhere (6), was 2.1lm longand 20 cm in inside diszmster.
The walls consisted of inmsulating and high-temperature castable refractories’
aad the full-losd firing rate was 0.53 cc/ sec, which corresponds to z nominal
heat release of 20 kW. All airstrezms were metered with precision rotameters.
The main combustion air was preheated with an electric circulation. heater; the
atomization air was not preheated. In certain tests the "air" wes enriched .
or replaced with varying amounts of carbon dioxide, argon, and oxygen, all of
which were supplied from high~pressure cylinders.

ANALYTICAT, SYSTEMS

Exhaust concentrations were monitored continuously using a chemilumi-
nescent zuzlyzer for NO and NOX, a NDIR analyzer for CO and COZ’ a?ad a parz-
magnetic analyzer for 02. The flue gas was withdrawn from the stack through
2 water-cooled, stainless steel probe using a stainless steel/Teflonm sampling
pump. Sample conditionming prior to the instrumentation comsisted of am ice
bath water condenser and glass wool and Teflon fiber filters. All sample
lines were 6.3 mm Teflon and all fittings 316 stainless steel.

In-£flame temparature measurements were m.a.de with 2 standzrd suction
pyrometer containing a platinum/rhodium thermocouple. In~flame gas samples
were withdrawn with 2 long, stainless steél water-quench probe. HCN and NEB"
were absorbed»iﬁ a series of wet impingers and comcentrations determined
using specific ion electrodes. Sulfide ion interference was mimimized by
;he addition of ;ead carbonate (20). Hydrocarbons were measured using a water- .

cooled probe, heated sample line, and an FID analyzer. .
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LIQUID FUELS

Figure 4 illustrates the wide spectrum of composition for the distillate
0ils (half-filled symbols), heavy petroleum liquids (open symbols), and alter-
native liquid fuels (solid symbols) investigated to ‘date. The petroleum—
derived fuels had sulfur conteats ranging from 0.2 to 2.22 percent with a
maximum nitrogen content of 0.86. The nitrogen content of the alternative
- —fuels-range-from 0.24-to-2:5percent. Table 1 lists the complets chemical
. analysis and physical properties of each fuel as determined by an independent

lzboraztory. The shale liquids included crude shale from the Paraho process
(A3) and four refined products: diesel fuel marine (DFM, Al) residual fuel
oil (A5), a 520-to-850°F distillation cut (A7), and a 5.75/1 medium/heavy

SRC~-IT blend (A6), a heavy SRC-II distillate (A9), and an SRC-II blended with
the donmor solvent (A4).
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- SECTION 3

RESULTS - LBG GAS

Encouragingly low NO, levels have been a:_:hieved on the bench sczle
utilizing a catalytic reactor and a diffusion flame reactor. An effective
fuel nitrogen-reducing catalyst was identified in laboratory-scale experi-.
ments znd the effects of scale and stoichiometry were examined in the bench-
scale experiments. Al fuel-lean diffusion flame was identified as an attrac-
tive low-NOy combustor comcept in laboratory-sczle experiments and effects of
scale, stoichiometry, hydrocarbon content of the fuel, fuel tube size, pressure,

and primary residence time were examined in the bench-scale experiments.

fects of catalyst type on fuel nitrogen processing in LBG combustion
were examined on the laboratory scale in. an umnstaged catalytic reactor operzted
at a constant adiabatic flame temperature of 1473°K. TFigure 5 shows the varizble
stolchiometry results for two catalysts. The alumina supported ﬁlatimm cata-

lyst converted almost all fuel nitrogen to NO, in fuel~leazn combustion and had .

a winimum conversion of 40 percent in fuel-rich combustion. At stoichiometries

richer than 60 percent theoretical air, decreasing NO concentrations wers aver-
whelmed by increasing NHy, and HCN concentratioms, causing a sharp rise in IXW.
The zirconia supported platinum/mickel oxide catalyst comverted 80 percent of
the fuel nitrogen to NOy in lean combustion, but had very low conversioms in
rich combustion. For z 500 ppm NH; in LBG dopant level, less than 10 ppm LXN
were measured at stoichiometries as rich as 40 percent theoreticzl air. Tests
of the platimum/nickel oxide catalyst over a range of adiabatic flzme temperz-
tures (1273-1673°K) aud with CH; as the fuel yielded similar results.

A rich/lean series staged platinum/mickel oxide primary catzlytic reactor
was selected as a po'tent-ial low NOy concept for bench scale testing. The
seale-up resulis were in general agreement with the laboratory-sczle results.
Figure 6 compares the results of staged combustion of a 500 ppm NH3 doped LBG
at two scales: 1200 and 20,000 J/sec (4000 and 70,000 Btu/hr). Each had high

conversions of NH3 to NOg in fuel-lean combustion. Minimum conversions occurred
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in rich/lean staged combustion when the primary was operated close to
stoichiometric. At z primary stoichicmetry of 9a perceaﬁ theétetical air,
the lzboratory-scale catalytic reactor converted 8 percent of the input NHB
to NO, while the bench—scale combustor had an overage conversion of 14 per—
cent. Conversions in the bench—scale combustor- remzined low (less than 18
percent) over all rich przxmzy stoichiometries under normal operatlon, but
-breakthrough occurred if.the p¥imary was operated rlgher than 75 percent
.theoretical air: the temperatuées on the walls of the catzalyst monoliths
dropped and the conversion rose sharply. Breakthrough was not. observed in
the laboratory—scale experzment whére the adisbatic flame temperature was
maintained at a constant 1473°g by varying the smount of nltrogen diluent
in the reactants. The undzluted flame reactar LBG had a hlcher hezting

. value (EHV) of 6.7 x 10° J/m (180 Btu/ft ).while the HHV of the bench~ -

 scale LBG was only 3.0 x 10° J/uw’ (80 Btuw/ft>). This indicates that rais-
ing the heaﬁino vélue of the gas could extend. the operzting %énee of the
'Pt/Nlo catalyst, and that ‘catalyst effectlveness is limited by 2 threshold
flame temperature below which brezkthrough occurs.

It is difficult to compare the laboratory and the bench—scale diffusion
;flame combustors. Flgure 7 shows laboratory~ and bench—scale results for
diffusion flame combustion of LBG cdntaining*aboﬁt 500 ﬁpm-NHs zud varying -
amﬁunts of methane. In the unstaged laboratory«scaleAexper;ﬁent, performed
at atmospheriec pressurs in z cold-wall reactor under.attacheé laminar-fiow
conditions, the Eydrocarbpn conteﬁt of the LBG had thé‘most significant

 effect onm XN conmversion. Comversioms as low as 10 percent were observed
for combustion of hydrocafbonrfrae LBG under nearly stoichiometric condi~-
tions. Under richer conditions, conversiem increased due primerily to
increzsing sumonia concentrations. However, under leanér conditions couver-
sions remzined quite low. Similzr trends were observed in'coﬂbustion of
LBG coqtaining 5 percent methane, but XN conve:sioﬁ'wég much higﬁer. In
';ﬁe staged bencﬁrscale expériment, perfofmed aﬁ 8 atmbéﬁherés in:a nezzrly
adizbatic combustor'under'tutbulent-fIOW‘éonditions,'effects;of'hydrocarbon

content and stoichiometry were not so promounced.

" The bench-scale flame was not visible and there was ‘no relisble indi-
_ cator as to whéther-the flame was attached or lifted. ~que?er, throughput

' and tube size ranged from conditions where the flame should definitely be
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attached to conditions where the flame should definitely be lifted. No sharp

changes were observed in NO, emissions or in other measured parameters, indi--

cating that the attached/lifted tramsition was not an important factor. This
agreed with previous variable-throughput laboratory-scale tests of a hydro-
carbon-containing diffusion flame, where 2 smooth NO, tran51tlon was observed

as the flame became detached (3).

Figure 8 shows the effect.of fuel tube size on XN comversiom -in the

bench-scale diffusion flame operated at § atmospheres. In constant-pressures

operation at az fixzed stoichiometry, fuel flow and primsry residence time
were independent of fuel tube size, while Reynolds number was inversely pro-

portional to the fuel tube I.D., fuel tube size had little effect on XN con-
version in fuel-rich combustion. Bﬁwever, in lean combﬁstion;“increasing‘
tube size (decrezsing Reynolds number) decreased NH3 conversion to NOg.
Increazsed tube size also decreased the NO; noise 1evel (high frequency con-
centration fluctuation shown by the error bars in the figure), pezhans an

indication of flame stability.

Figure 9 shows the éffect of pressure on rich/leamn and lezn diffusion

- flames. . In the bench~sczle system, pressutre is maintained by passing the

exhaust gases through z critical-fiow orifice. For a fiked‘stdichiometry,‘
fuel flow and Reynolds number are proportional to pressure while primary’
residence time 'is independent of pressure. The staged tests were perfcrmed
at a prlmary stozchlometry of about 85 percent theoretical. ‘air.. For low-

hydrocarbon LBG, NE3 conversion to WO, remalned constant at 33 percent over

- pressures ranging from 4 to 8 atmospheres. -For LBG containing 2.1 percent

CHy, comversions remained constant around 40 percent with chgﬁging pressure.

The lean tests were performed at a stoichiometry of about 150 percent theo-

rtetical air. Noise levels were higher than in the staged casé. -Conversioms

increased slightly with increasing.ﬁ:essure-in low hydrocarbon - combustion.

Little change in conversion was seen with changing pressure for the 2.1 per-
cent CH, LBG. - ',_ . :
' Primary residence time appeafed to have the most pronauﬁced affect

on XN conversion in a staged diffusion flame. Residence time was varied at

constant pressure by changing the pressure- control orifice 51ze. - In comnstant-

pressure operation at a fized st01ch10metry, fuel flow and Reynolds nurber

~/Were 1nversely proportlonal to prlmary re51dence time. - Flgure.lo shows XN
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conversion with primary stoichiometzy for two différent ﬁrimary residence

times. TUsing a large pressure-control orlflce, a pressure of 8 atmnspheres
was achieved at fuel-tube Reynolds numbers around 40,000 and prlmary resi-
dence times around 120 msec. A minimum XN conversion of 34 percent was
observed at a primary stoichiometry around 90 percent theoretical air. Using

2 smaller pressure comtrol orifice, a pressuze of 8 atmcspheres was achieved

—at fuel-tube Reynolds numbers around 20,000 and prlmary reszdence times

around 250 msec. A minimum XN comversion of about 22 percent was observed

‘at a primary stoichiometry around 90 percent theoretical air. For a 553-ppmp

doped LBG burmed out to 150 percent theoretical air,’ this XN minimum corres~
ponded to 2z NO_ comcentration of 100 ppm..

Figure 11 shows NO, comcentration as a function ofVNHS in the LBG for
rich/lean staged combustion in a dlffus1on flame and in 2 platinum/nlckel
oxide catalytlc combustor. For both the catalytic and the dlffu51on- lzme
combustors, NO - emissions increased with 1ncrea51ng fuel nltroaen content,

but the increase in NO was much less than proportionzl to. the incrzase in

fuel nltroven content. The 3/8 OD tube diffusion flame, operated at a prl—

mary stoichiometry of 76 percemt theoretlcal air amd & pressure of 4.4 atmo-
spheres, converted 40 percent of its fuel nitrogen to NO 2t 553-ppm NHy in
the LBG and had ‘conversidns of only 11 percent at a 3800-ppm doplna level.
The catalyst, operated at a primery stozchlometry of 80 percent theoretical
air and a pressure of 2.4 atmospheres, had XN conversions of 16 percent at
the low NE; doping level and 6 percent at the high doping level. Similar
trends, but higher NG concentratlons, were observed for both combustors in

fuel~lezn combustion.
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SECTION 4

LIQUID FUEL — EXCESS AIR RESULTS

PETROLETM LIQUIDS

To define the influence of fuel compositioe on tot.al' and fuel NO# emis—-
sions, each o0il was tested under -similar conditions in the tummel furnace.
Fuel NOX formation was determined By substitution of the combustion e:i'.: with
a mixture of argon, oxygen, and carbon dioxide. The argon replaced the nitro-
gen, thereby eliminating thermal NOx formation and the CC)2 ‘provided the proper
heat capacity so that flame temperatures were matched. Totsl and fuel NO
emissions were measured with am air preheat level of 405 +5 °% znd an etom:.ze-
tion pressure of 15 psig. Figure 12 presents a composite plot for total and
fuel Nox (defined by argon substitution) as a functionm of weight. percent
-nitrogen in the fuel for az wide range of petroleum aud blended distillate
fuels., In F:Loure 12 the various symbols represent different ba.se fuels (see
Table 1 for symbol key). Those symbols shown with 2 line refer to distillate
or residual fuels doped with pyridine or thiopheme. It cam be seen that both
total and fuel \TO increase with increasing fuel nitrogen content, and that
total fuel n:.trooen level is the dominant factor controlling fuel NO forma—-
tion in this system. - The form of the nitrogen does not appear to s:.om.f:.—
cantly influence fuel NO formztion under excess zir cond:.t:[.ons, as doping
with a volatile nitrogen compound (PYr:Ldlne) resulted in NO emission similar
to that from a less volatile residual oil of the same nltroaen ‘content. Since
the data is for a system where very fine oil droplets (appromately 25 micron
mean d:.aneter) are well-d:.spersed in the oxidizer under hot fuel-lean condi-
t:.ons, it is not surprising that fuel NO emissions are somewhat ‘higher than
those achieved in practical systems
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PPM NO, (0%0," dry)

1060

2001

/ . Indicates addition of pyridine
and/or thiophene te base fuel..
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Fuel, Nitrogen (weight, percent)

Figure 12. Total and Fuel NOx'Emissidhs From Pure and Doped (pyridine
and thiophene) Petroleum Fuels Tunnel Furnace.
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ALTERNATIVE FUELS

Figure 13 presents 2 composzte plot of total and fuel NO for the range
of petroleum fuels together with altermative fuels and mlxtures. - The Parzho
shale was mixed with the same low sulfur oil used by Mamsour (19). Synthoil
could not be pumped without blending and the results presented In Figure &
refer to 80 and 90 percent Synthoil blemds with distillate oil. The SRC-IT
blend refers to a mixture of SRC-II and the donor solvent. Under the con-

ditions tested, fuel-NOx emigsions increase approximately linezrly with

:increasing fuel nitrogen and it canm be seen that the fate of fuel nitrogen

in zlternative fuels is similar to that in petroleum—derived fuels. Figure 14
presents the fuel NOX data plotted as a percentage of the fuel nitrogen con~
verted to fuel NO_ . For low fuel nitrogen contents, the comversiom decreases
rapidly (from greater than 90 percent) as fuel N increases. Eventually,
however, the comversion becomes zlmost independent of fuel nitrogen content,

hence, the linear dependence shown in Figure 13.

The absolute level of the fuel ¥ conversion can be 1nfluenced by alter-
ing the fuel/air comtazcting and/ar the fuel atomization (2), but the results.
obtained in this study suggest that fuel nitrogen is the omnly first-order

fuel comp051tlon parzmeter controlling NO formation in fuel-~lean flames. This

conclusion applies to petroleum—, coal-, and shale~derived liquid fue_s. ‘Haw-

ever, there appear to be second-order effects where the-voletiliﬁy of the fuel
nitrogen compoune does have an influence upon fuel NQX formatioﬁ,A Comparison
of the datz for the fuels with fuel nitrogen content of approximately 0.24 per—
cent indicates that the highest conversion is achieved with a shale~derived

distillate fuel with a large volatile nitrogen fraction.
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Figure 13. The Effect of Fuel Nitrogen Content on Total
and Fuel NO, (5 percent excess oxygen).
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SECTION 5

LIQUID FUELS STAGED COMBUSTION RESULTS

POTENTIAL FOR NOX CONTROL

Staged combustion, i.e., the operation of a combustion gystem in which
the fuel originally burns under oxygen~deficient conditionms, provides the
most cost-effective control techmiques estzblished to date for reducing fuel
NOX. Figure 15 shows the influence of primary zone stoichiometric ratio on
total NOX emissions for two coal-derived and two shale-derived liquids under
staged combustion conditions and 3 percent overzll excess 02. All the dataz
in Figure 15 ware obtained iﬁ the tunmel furnace with ultrasonic atomization
and with a first-stage residence time of approximately 800 ms. As the primary
zone becomes more fuel-rich, NOx‘ emissions decrease dramztically to 2 mindimum

and then increase again. This trend is in zgreement with previously-reported
datza on petroleum fuels (21).

FUEL CHEMISTRY

First Stage Stoichiometzy

In 2n effort to better understand the mechzmisms of NO formstion under -
staged combustion conditiomns, the original furnace was modified to allow in-
flame sampling of the XY (MO, HCN, NE3) species and coelimg of the first-stage
and/or second-stage combustion products, as illustrated in Figure 16, & "radiz-
tion shield"” (choke) was installed near the top of the furmace to minimize
the effects of downstream changes on the fuel vaporization zome. A secondary
air injection ring and cast refractory choke were installed at 41 in. to insure
isolation of the first stage. Variable cooling was achieved by imsertion of
multiple stainless steel water-cooling coils. -

Figures 17, 18, and 19 show typical results of the detailed in-flame mezsure~
ments made at the exit of the first stage for a distillate oil (Dl-Alaskasn
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Figure 15. Minfmum NO, Levels Achieved With Alternate Fuels

(tunnel furnace primary zone residence time .83 sec)..
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PPMY (dry. as measured) -
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Figure“ 17. Detailed In-F‘lame Spec:les Measurements Wi th
' Alaskan Diesel 011 (D'l)
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N

| i | i
1200 -
O HeN
< Ny
- A XNy
- ‘ o (Nox)E*
sy | -
Al
6001 -
O j
soo]_ \a
/X
L )
200 = =
A -—
A ()
[ )
()
O <
. NS
0 T | N L U S
0.5 0.6 0.7 0.8 0.9
*0Z02. SR_‘

- Figure 18. Detaited In-Fiame Measurements
' _.--With Kern County Crude 01T (R14).

192




PPV (dry o5 measured);

4600 t==e

5000 = .

4200 ==

3800 t~—

3400}—
3000 -
2600—

2200

- 1800 f—

1 ztm<
800 j—

400

G.5
*OZGZ.'F

o(}======;===;=£5

-3 HCN « | A
Oy T
- & ZXNy o S -
@ (Nox)E* SR

0.6

o FAgUE 19: -

0.7 0.8 0.9
SRy

Detaiied~1n+51§melMeasdréméhfs

- With ¥8500F ShaTe Fraction.{AS). -

193



diesel), a high nitrogen residual oil (R-l4~Kern County, Califormiz) znd an alter-.
native liquid fuel (A8—+850°F shale fraction). These measurements were made
on the centerline of the furnace at a distance of 104 cm (approximzately

630 msec) from the oil nmozzle. Detailed radial measurements indicated that
the concentration profile was esseantizlly uniform at this location. AIl of
the in-flame data are reported on & dry, as—measured basis. After each
in-flzme measurement, second-stage air was added at 107 cm and exhaust I\TC)x
measurements were also made (shown om a dry, 0% 0:2 basis). In general,
decreasing the first-stage stoichiometric ratio reduced the NO concentration
leaving the first stage. However, below a stoichiometric ratio of approxi-
mately 0.8 significant amounts of NEB and HCN were mezsured. Thus, there
exists 2 minimum in exhaust NOx concentrations because of a2 competition
between decreased first-stage NO and increased oxidizzble nitrogen species
such as HCN. Figuresl8 aad 19 indicate that the petroleum-derived oil (0.83
percent N) and the heavy shale liquid (2.49 percent N) produce large zmounts
of HCN. In additiom, both fuels exhibited a minimum in TFN at z first-stage
stoichiometry of approximately 0.8.

Dztz for the Alaskan diesel oil (Figure 17) also show the preseancs of .
much smaller but significant concentrztions of HCN znd N’E3, although this
fuel is essentially nitrogen—free. Total conversion of the fuel nmitrogen
would ‘produce 21 ppm T¥N at SRl=0.7. This confirms previous work (10-12)

which demomstrated that reactions involving hydrocarbon fragments and Nz or
NO can produce ECN.

BydrocarbBons

The rapid increase in HCN concentrztion below SR1=O.8 was accompanied by
an increase in hydrocarbon content of the partially oxidized combustion prod-
ucts. Figure 20 summariées the in-flame hydrocarbon measurements for the
Alzskan Diesel (D1), three petroleum~derived residual oils (Indonesian~Ré4,
Alaskan~R9, Kern Count.y-Rlé) » three alternative liquids (SRC-II heavy dis-
tillate-A9, crudé shale-A3, heavy shale fraction~A8) and methane contzining
0.75 weight percent nitrogen as Ms(,@/ )» Hydrocarbom concentratioms correlate
well on the basis of first-stage stoichiometry. At very low stoichiometric

ratios the distillate oil (()) and CEA/NH:,’ produced slightly higher hydrocarbon
concentrations than the heavier liquid fuels.
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XN Distribution

Figur%?Zl shows typical results on the percentage of the original fuel
nitrogen existing as either NO, NH3 or HCN at various stoichiometric ratios
for four fuels. Above SR1=O.8{ NO was the dominant TEN speciesi at lower
stoichiometries HCN dominated with 21l fuels tested except the CH4/NHB.
Axial profiles with the liquid fuels indicate that negr_SRl=0.8, signifi-
cant amounts of NH3 mzy be formed early in the rich zome but they decay
rapidly. These data are in strong contrast to similar results obtained with
pulverized cozl (20) which indicate that the preférred TEN species is a

strong function of coal composition.

In gemeral, both the alternate and petrolewm~derived liquid fuels
behaved very similarly with the exception of the Kerm County, Czliformia
crude (R14). It produced less HCN under rich conditions, and this tendency
camnot be readily associated with common fuel properties. Hydrocarbon and
nitrogen disti;latidn data indicated that in terms of equilibrimm volatile
evolution the Kern County fuel is intermedizte among the liquids tested.
The Indonesizn oil was the lightest of the liquid fuels and it produced the
highest TFN concentration at the minimum (SR1=O.8).

SECOND-STAGE NQX FORMATION

Exhzust NOx emissions in a staged combustor result from conversion of
TFN exiting the first stage and any thermal NQX production during burnout.
Thermal NOX production was not comsidered to be_significant in this study
because changes in heat extraction in the burnout region hgd zlmost no effect
on final emissions. Figure 22 shows exhaust NQx emissions as a function of
total fixed nitrogen in the first stage at stoichiometries between 0.5 and
0.8 for all fuels. The form of this correlation can be compared with that
presented in Figure 12 for excess air comditions since the second stage burnout
can be considered an excess air flame. Exhaust emissions increzse with
increasing oxidizzable nitrogen‘contént, but the couversion efficienéy
decreases as the TFN Coucentration increases. There are three possible
explanations for the data scatter thown in Figure 22: (1) TFN is pot indi-
cative of the ozidizasble nitrogen compounds that are leaving the first stage;

(2) TFN conversiom in the burnout zome is dependent upon the form of the TFN;
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and (3) TFN comversion is also dependent upon the 031dat10n of the partial

products of combustion at the exit of the fuel—rich zome.

: IMRACT OF THERMAL ENVIRONMENT

The IFN concentrations shown in Figure 21 are in eﬁcess of equilibrium
levels and Sarofim and co-workers (25) have eucgested that 1ncreesrng the
temperature of the primary zome would prove benefic1al. The results presented
in Ficure 23 were obtzined with the shale crude (A3) to demonstrate the imract
of first- and second-stage heat removal on the fate of fuel nitrogen. Fig-
ure 23z 1ndicates that adding the radiation shield with cooling coils in both
the first- and second-stage (hence, increasing the temperature of the vapori-
zation zone) reduced the minimum NO ‘emissions and shifted the optimum st01-
chiometry more fuel—rich. Figure 23b shows that removing the water cooling
coils from the first stage reduced the exhaust emissions. - Removing the second
stage coils did not alter the minimum level; however, it did shift the minimum
SR more fuel-rich. Thus, the optimum thermzl enVironment has a high tempera~

ture vaporizationm zone, a hot, rich hold—up zone, and a cooled second stage

(Figure 23c)

The axzal profiles- (22) provide am explanation for this Stht in the
minimum emission levels. Heat extrzction in the first stage: 1mpacts the
rate of dec=y of TFN. TUnder cold conditions, both NO and HGN essentizlly

freeze, whereas w1thout heat extraction the initial rate of- decay for 211

.thres species is much faster leading to low TFN concentrations at the exit

of the fuel-rich first stage. It should be noted that heat extrection also
affects the rate of CO oxidatiom. ’
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SECTION 6

CONCLUSTIONS.

A rich/lean series staged combustor with a platinum/nickel oxide primary
was the most promising low-NO, combustor investigeted with LBG. ZIthad lowconver~
sions of fuel nitrogen to ?.\TOX over a wide range of fuel-rich primary stoichiometries.

Thus, it could be operated rich emough to maintain the adiebatic“flame’tempere—

. ture relatively cool, prolomnging the life of the catalyst. However, catalyst

coated ceramics are often short-lived due to loss of activity of the coating

~and structurzl problems of the support caused by thermal shock. .During the

course of the bench-scale exberiments there was & grsat change in the appearance
of the Pt/Ni0 catalyst.. A green coating formed on the surface. Also, the zircomiz
honeycombs became quite fragile after repeated thermal cycling, especially the
fine-cell downstream monolith which was almost completely destroyed in the finel
experiments. Further investigation is _mecessary of catalyst aging and of pressure
and throughput effects under optimized combustor conditions before a catelytlc

combustor could be considered a serious candidate for a gas turbine combustor.

A rich/lean series staged combustor with a diffusion flame peimery also
had low comversions of fuel niﬁrogen to NOx. Primary stoichiometry and residence
time had the most eignificent effects on fuel nitrogen comversionm. Minimum NOx
emiésiens were achieved at primary stoichiiometries around 90 percent theoreticsl zir
for long primary‘residence times (250 msée or'longer). Pressﬁfe‘and Reynolds
number had little effect on NOx in a4 staged diffusion flame,‘while an increase
in the hydrocarbon content of the LBG.caused a slight increase in NO. emissions.
Combustion of‘e hydrbcarbonefree LBG was not tested on the bendh'scale, but

laboratory-SCale tests indicated that the absence of hydrocarbons in the fuel

could cause a significant reduction in NO, emis51ons.

A Jean unstaged ‘diffusion flame produced higher NOx emissions than the
rich/lean staged diffusion flame. - However, because of its simplicity; it
remeins an attractive low NOy combustor concept.” The inflﬁence of Reynolds

number on NO, levels in the lean flame suggests that NOX em1ss1ons could be

lowered by utilizing larger fuel tubes, perhaps approechlno the levels achieved
by the staged diffusion flame. ' '
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It is planned to investigate other combustor configuratiouns imcluding =

premixed backmixed simulated stirred reazctor and a combination diffusion flzme/
catalyst hybrid combustor. The zerc dimensiomal stirved reactor is easy to
model. It will provide éxperimental feedback for the fuel nitrogen processing
kinetics code to be used in future prototype-cambustor design. The hybrid
system will inmput low IXN coutaiming fuel-rich diffusion-flame exhaust into a

Pt/NiQ cleanup catalyst prior to secondary burmout.

The results of the bench-scale studies on the influence of liquid fuel

properties and thermal environmesnt on NO, formationm indicate that:

. With liquid fuels, fuel nitrogen content is the primary composi-
tion varishble affecting fuel NO formationm. NOX emissions increzse
with increasing fuel nitrogen. . Alternastive liquid fuels correlate
with the high—nitrogeﬁ petroleuwm oils.

* Staged combustion dramatically reduces both fuel and thermsl .
NOx formation. Minimum emissions occur at z primary zoue
stoichiometric ratic between 0.75 and 0.85 depeunding on the

combustion conditions.

e First-stage stoichiometry determines the dominant TFN species.
Below sal='o.8 HCN is the dominant species, and sbove SR =0.8,N0
is the dominaut species. NEB concentrations at the first-stage

exit generally accounted for less than 20 percent of the fuel nmitrogen.

. Exhzaust qu emissions are directly related to the TFN concentra-
tion at the first-gtage exit. NOx control for high-nitrogen fuels
is most effective when a rich primary zome is held at an optimum
gstoichiometzy to minimize the TEN comcemtratiom. This comcentration

is further minimized by increasing the temperature of the fuel-rich
zone.
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Figure 24 summarizes the imp-'act of fuel—bo’i.md- nitroéen content on mini-
mum emissions observed under staged combustion conditions anﬁ the associated
TFN. Under optimm staged conditions NO emissions (and TFN) correlate well
with total fuel nitrogen content. - Only the SRC-IT heavy distillate (M)
exhibited vnusually high emlss:.ons and this was the direct result of a high
TFN yield. These results sug est that NO emissions resultmo from the com-
bustlon of coal-~ or shale—der:r.ved liquid fuels can be controlled in a cost-
effective msnner by modz.flcat:.on to the combustion process. Low—NO combus=—
tors can be des:.gned which are tolerant to wide ranees :.n fuel-bound nitrogen
content. Thus, the product:r.on of alternate fuels should be optimized without

regard for the reduct:.on of fuel mtrogen conitent as a method of comtrolling

NO emlssz.ons from stationary sources.
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PROBLEM-ORIENTED REPQRT:

UTILIZATION OF SYNTHETIC FUELS:
AN ENVIRONMENTAL PERSPECTIVE

E.M. Bohn, J.E. Cotter, J.0. Cowles,
J. Dadiani, R.Sf Iyer, J.M. Qyster

TR
Energy Systems Planning Division
8301 Greensboro Drive
McLean, VA. 22102

ABSTRACT

This paper discusses the potential environmental problems arising
from the refining, transportation, storage and utilization of fuels
produced by a synthetic fuels industry. Scenarios defining possible
build-up rates for synfuel products from oil shale and coal conversion
are developed to scope the magnitude of potential exposures. The
market infrastructure for the use of these products is examined and
the potential public hedalth risks during the handling, transportation
and utilization of these synfuel products is evaluated. Significant

issues regarding environmental impacts and the need for regulatory
attention are discussed.
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SUMMARY

PLANNING FOR'SYﬂFUELS UTILIZATION MUST BEGIN NOW

This document is a preliminary overview intended to broadly sketch out

'the essential facts of interestvto EPA about the utilization-of synfuels

and theéir potential environmental impacts. It is also intended to present
an overall env1ronmenta1 perspective. A Final Envirormental Market

Analysis Report will be developed with the purpose of anaiyz1ng specific

Vareas of relevance to EPA in greater depth and noting possible EPA
' act1v1t1es for mitigating potentTa] env1rcnmenta1 impacts of syner1s.

EPA is currenth sponsoring projects f0cussed on the envirormental
aspeéts of coal and: shale cohversfon processes. This document deals more
with the fate of synthet1c fuel products after they Teave the plant gate.
Future work will be concerned in more-detail with the estimated national
fiow rates and paths of such products and byproducts, their hazards to-
human hea?th, and the r1sks of public expcsure to these synthet1c fuels.

In carry1ng out 1ts-m1ss1on of preserv1ng the quality. of our natural
environment, EPA has the responsibility to keep fully abreast of synthetic
fuel deve?opments because a reasoned approach to dea?Tﬂg with the
environmental 1mpacts of & synfuels industry requ1res accurate- knowledge
about current synfuels processes and commerc1a1 appl1cat1ons.

Current trends in the 1nternat1enaT energy 51tuat1cn are rapidly. .
increasing the probab117ty that a domestic synthetic fuels industry will
emerge in the 1980s. Because government incentives and private ventures in

 the synfuel arena are burgean1ng in response to-soaring woer 0il prices

and decreasing reliabitity of oil imports, forecasters are now projecting

 earlier start dates, faster growth rates, and Targer ultimate sizes for-

such an 1ndustry.

Several -synfuel techno1og1es are under cons1derat1on for commerc1ai
product1on.. A w7de range of synfue] praducts are expected to be produced

“and’ they will be utilized in a broad category of end uses (reference Table '

1). Synfue]s products will most 11ke1y be used IargeTy as transpcrtat1on
fuel, 1nc1ud1ng gasol1ne and’ d1ese1 fuel from refined shale 011 and coal

'conversxon pracesses and Jet fuel from refined shale 0il. . q;711ty and
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Table 1.

Synfuels Market Overview

WEAT TECHNOLOQGIES PRODUCE SYNFUELS?

QL SHALE:

RUMERQUS RETORTING
PROCESSES, INCLUDING
T0SC0, PARAXO, UNION,

WHAT WAJOR PRODUCTS/
BYPRODUCTS WILL THEY
MAKE?

Syntrude upgradad ard
nf:g;ﬁ 0 yield:

BYPRODUCTS BE UseD?

SHAT ARE THE RELATIVE POTENTIAL
EXFQSURZ LEVELS TO THE PRODUCIS?

WHERE WILL THE PRODUCTS/

Low for transpert of crude snals
to rzfinery; mocdarate during ra-
Tining and end use as boiler fusl;__

e Ccamercial and military
transpertation, including
highway vehicles, aircrafe,

only resrasentative bypreducts are msicaw.

tituts Katumal Gas

210

OCCIDENTAL Basoline ships incraasad exposure lavel wnen ysed
Jet Fuel o Utility and industrial in transpertation scurces and
Dies2l Fusl boilers space heating.
Residuals a @ (comercial and residential
Lubﬁgants beating
Wazas' e Industrial lubricants
BIRZCT COAL LIQUEFACTION: SRC-!I LFE o Utility and irndustrial Low for LPG, SHG, Maphtha, Butyrse;.
: : ’ Naphthy toilers Mcdzrate exposure for fuel oils at
Fuel GiT ¢ Commercial and rasidential  incustrial sitss with exposurs ine
sag® heating craasing when usad in spaca
Tar o11s? & Cremica) feadstocks heating.
EXXON- DOMOR SCLVENT Fropane o Uility and irdustrial
Eu:an- toilers
¢ Ceomercial and rasidential
Fue‘l Oil resting
. Sclvant ¢ Paint thinners
HeCOBL Haphtha eutﬂity ard industrial
Fual 011 toiler:
. Cmr—ial and rasidential
heating S -
IHDIRECT COAL LIQUEFACTION: FISCHER-TROPSCH Gasciire @ Cezmercial and military Lea for- LPS, SMG, and ’
LPG transtertation Gas. Mcderata exrasu sﬂn fuels
Diese? Fusl & Utility and industrial usad in transpdrtation-sources anc
teavy Fusl 041 boiters toilers,  Low-to redarats excosure
Medium Bty Gas & Ceomercial and residential  is also estizatas when procucts -
SNE 2 heating " used as chemic3l™fesdstucks..
Tar 0-!13 @ Chemigal Teedstocks . .
Pherols a ¢ Agricyitural usas
Chemical Fy s-ﬁsta:ks
Pestigidas ' -
Ferzilizams? -
M-ZASOLINE gasoline ¢ Cozmarzial and military
LF& transpertation
METHANCL Mathyl Fuel o Coomwrzial and military |
. . Methanol transportation
. o Chemizal fesdstucks
MISH BTU COA. EASIFICATION: WIEROUS PROCISSES sue® @ Commereial and residential Very Tow - similar to currant
INCLUDING LURET, heating distrituticn of natural gas.
- COZD-COBNS, TEXALO, )
. s&m-mmxs
- MEDIN/LGY BTV COM. GASIFICATION: MCMERQUS FROCESSES Mediim 82u Gas ¢ Captive fuel use for- - Yary lcw sincz it is prinmerily
: Low-B2u Gas frcustzial heating and captive usa.

chamical feedstocks




1ndustr1a1 bo11ers w111 ‘utilize the fuel 0115 praduced f?om ‘coal Tiquids.
High-, med1um-, and Tow-Btu gases from coal will find use in commerc1a] |
residential, and.lndustr7a1 heating applications. The products from most
synfuel processesfwi?l be used as chemical feedstocks in ‘a large variety of
industries. R o o . '

The nat10na1 env1ronmenta1 impacts of a Targe-scaie synfuels industry
- could .be 319n1fjc§nt. The environmental concerns of end use, including

. handling and- transport, Qil] have to be inﬁestigated'in detéil;; Since
there is limited information concerning the end-use- exposure effects of
synthetic fuel products and by-products, the nature of these future impacts
is largely speculative. In fact, since synthetic fuel technology is highly
‘evolutionary, even the compas1t10n and amounts of future industrial
synthet1c fue] prcducts and by-products are not well known. -

_ In th1s repart. the term synfﬁei product reférs=tq.pr1mary products of
»“the synfuel industry such as gasoline, high-, medium-,. and Tow-Btu gas,
}-whereas the term by-product has besn used. to identify secondary useful
~ preducts that are TIkely to be praduced from synfue?s such as. p?ast1cs,
. solvents, varn1shes, and fErt111zers. o
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A SYNFUEL INDUSTRY IS EMERGING

INCENTIVES FOR SYNFUEL DEVELOPMENT ARE HERE

The primary incentive for synfuels development is the imbalancs
between domestic supply and demand for petroleum Tiquids and natural gas.
The long-term decline in domestic oil production coupled with increased
demand has resulted in a Tevel of oil imports of 9 million barrels per day
(MBPD) of o1l or about 50 percent of U.S. consumption; The proven dames-

tic reserves of natural gas are alsc deciining and demand is now being met
with increasingly higher priced supplies.

A substantial market for liquid synthetic fuel products and chemical
feedstocks is expected by 1990. A recent analysis concludes that about 2.9
Quads of energy or about 1.5 MMBPD will have t6 be supplied from synthetic
1iquid fuels (reference Table 2). As indicated in this analysis, use of
synfuels is expected to be heavily directed toward transportation. Industry
concern over potential interruptions in gas supplies has provided the
incentive to develop coal gasificationm processes to supp]ement current gas
supplies and for use as chemical feedstaocks.

It is these considerations.. along with the uncertainty inherent inm the
import suppiies and the increasing problem of balance of payments, that now
provide the impetus for Federal support for synfuels development. Recent
Federal action creating the Synthetic Fuels Corporation (SFC) is aimed at
alleviating some of the factors that to-date have discouraged develapment..
The goal of the SFC, with authorized funds for loan guarantees, cooperative

agreements, and price supports, is to reduce and share the investment risk
of establishing a commercial synfuels industry.

Now, as the U.S. synfuels industry is a developing reality, the EPA
will need to initiate close coordination with the SFC. As EPA takes the
Tead in regulatory approvals, other regulatory agencies will be encouraged
té participate. A well organized, coordinated approach on the part of all
Federal agencies will be v1ewed as an added 1ncent1ve by the developing |
~ synfuels 1ndustty. :
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i , : Table 2. Anticipated Liquid Fuel Products Demand in’iQQOa/

Supplied to  Petroleum

| Consumers . Supplies . . - - Synfuels
_ Quads , o © Quads - C _ Guads
Gesoline . mz T 7 s
Jet Fuel 20 . 1s 0.3
Kerosena 0.3, - o .3 . -
Heating 01s - 64 . - 57 .07
 Residual Loz s
‘A’sp_haﬁ | RE - ';. . e _‘ | .
Misc. Product . 2.6 . - ze . s
w07 e -
. N | R | 5—; e

a. Coai Techno1ogy Market Anaiys1s ‘ESCQE,- Jaauary TSSG Assumes |
U S. refineries w111 gperate with the same mix as 1978. :

b l.Quadjyr = 0.5 MiBPD

 SYNFUELS UNDER CONSIDERATION

The term “synfuels" has beccme synenymcus with any cambust1b1e
__jnonpetra]eum fuel  source which may include coal-"and sha!e—deraved fuels }
 ‘ and féedstccks as well as those derived f?am agr1cultura3 products such as

gra1n, wood and ce11u1ose°. Hawever, 1ndustry has beccme 1ncreas1ng1y more
' 1nterested in synfue! techna?og1es with prcducts that are ea51ly subst1-
': tuted, in a market1ng and ut111zat1on sense, fbr petrolelm and’ natural gas.
 QThese.syn vel tachnolog1es are thcse re]at1ng 40 coal--and shale—der1ved
-, products. The following d1scu557cn is Timited ‘only to thesglprcducts.

213



OIL SHALE RETORTING TECHNOLOGY IN HIGH GEAR

SHALE OIL MAY BE FIRST SYNFUEL TO ENTER THE MARKET AS A PETROLEUM .
REPLACEMENT

As a direct substitute for Targe volumes of liquid fuels, ail shale
technology is perhaps closest to commercialization in the U.S. Several
consortia and companies with established shale oil projects have been
engaged in the development of shale oil1 technology for some time.

(reference Table 3). These projects are all Tocated in prime shale areas
of Colorado and Utah.

Many technologies are being developed and tested which are aimed at
extracting kerogen, a waxy arganic material, from shale. Most involve
heating shale to about 430°C and pyrolyzing the kerogen into a viscous
1iquid calied shale oil. They differ in the manner in which this heating

process is accomplished; surface retorting, in situ rétorting, or modified
in situ retorting. L

In surface retorting, ail shale is mined, crushed to the proper size
and then fed to 2 large kiin for heating. Several surface retorting
processes are under development and they differ primarily in the heating .
method employed. Internal-combustion retortiné heats shale by the circu-
lation of hot gases that are produced inside the retort by the combustion
of residual carbons in the shale. Gas-cyc]e'retorts used by Union 011 heat
the shale by circulating externally heated fiuids. No combustion occurs
inside the retort. In'solid-heat-ca%rier retorting, shale is mixed with
hot solids that are heated outside the retort and cyc1ed through the shale.

TOSCO II is an example of this method, using ceramic balls as the heat
carrier.

In situ retorting pyrolyzes oil shale while it is still in the ground.
The shale bed is ignited and sustained by injection wells, the shale is
pyrolyzed, and the oil1 produced is pumped out of the retort volume through
a production well. The spent shale remains in place. For successful in
situ retorting, the shale bed must be made permeable toc the flow of heat
and product ail; various techniques:of bed Teaching or fracturing are
employed. The difficulty of creating a permeable shale bed has led to the
development of modified in situ processes. Vertical modified in situ .
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(VMIS) retorting removes a portion of the shale from the bottom of the .
deposit and Tractures the remaining shale to create a chimney of shale

rubble. The shale is retorted in this chimney from top to bottom.

Occidental 0i1 Company has been testing WMIS retorting on shales at Logan

Wash and Piceance Creek Basin in Colorado. Horizontal modified in situ

retorting 1ifts the overburden in some cases, and fractures the shale seam

to retort the shale from side to side. Geokinetics, Inc. is develaping
this technique in Utah.

The technology for surface retorting is more advanced than in situ
retorting. Process variables are easier to monitor and control in abowe
ground retorts than in underground retorts. However, large-scale
commercial surface retorting requires large-scale oil shale mining,
hauling, and crushing; and Targe-scale disposal of spent shale. It is also
1imited to that portion of the shale resources that is mineable. In situ
retorting without mining is applicable to a greater variety of shale beds,
and eliminates the requirements'fbr handling, crushing, and spent shale
disposal. Attempts to demonstrate this technology have identified many
development probiems. Modified in situ processes present a compromise, .

requiring some mining and handling, but offering more process control and
easier development. -

The crdde shale oil produced by retorting will be upgraded by further
processing. This upgraded shale o0il, or syncrude, will be used as a
refinery feedstock or boiler fuel. It is well suited for refining into
‘middie distillate fuels. I¥ hydrocracking is chosen for the refining
process, the yield and range of products is particularly desirable: motor
gasoline - 17 percent; jet fuel - 20 percent; diesel fuel - 54 percent; -
and residuals - 9 percent. o '

Several 0i1 shale projects, with identified participants, plan to
begin operation durihg the 1980s. The technologies; which are proprietary
in many cases, appear to be sufficieﬁtly mature to move ahead to
commercialization. = Several retorts have been successfully aperated hy
Geakinetics, Inc., Occidental 071, Paraho, Union, and TOSCO. Colony, Unian
Oiig'and'0c¢identa11071 have announced plans to begin commercial
deve]opment in 1980. A171 technologies have been demonstrated at piiot .
scale or larger.
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BOTH DIRECT AND INDIRECT ROUTES TO COAL LIQUIDS ARE AVAILABLE

DEHONSTRATION AND FULL-SCALE UNITS ARE BEING ENGINEERED

Cba] hydrogen'vahd a coal-derived o0il are miked.af high temperature
and. pressure to accomplish d1rect 11quefact1on. ‘Under these oond1t1ons,

the coa1 decomposes,. and the . fragments react with hydrogen to form addi-
. tionai derived 011 which is separated from the unreacted solids and

further refined to produce usable Tiquid fuels. Indirect ]1quefact1on
processes react the coal with oxygen and steam in a gasifier to produce a

‘synthesis gas composed mainly of carbon monoxide, carbon dioxide, and

hydrogen. After the carbon dioxide and other impurities are removed from

" the gas, the carbon monoxide and hydrogen are chem1ca11y comb1ned in a

catalytic reactor to produce Tiquid products for use as chem1ca1 feedstocks
or Tiquid fuels.. : .

There are-three major‘direct»coaT_Tiquefaction'processes currently
undergoing development: "SRC II, Exxon Donor Solvent (EDS), ande-CoaT
(reference Table 4). These processes differ main1y'in*the-manner'in which .
the hydrogen is made to react with coal fragments to produce the unrefined
coal T1qu1ds. In the SRC II'process,'the'coaT feed and hydrogen‘are mixed
with a process recycle stream that contains unreacted coaT ash as well as
coal-derived oil. The iron pyr1te in the unreacted ash cataTyzes the
reaction between the coal fragments and hydrogen. In the EDS process, the
coal feed and hydrogen are mixed with a spec1a11y hydrogenated coal oil

‘ ca11ed the donor solvent. The hydrogen added to the coal fragments is

proV1ded by the solvent and the hydrogen gas mixed in the reactor. The
donor: solvent is made by cata]yt1ca11y hydrogenatxng coal- der1ved 0il using

~ conventional petroleum refinery hydrotreat1ng technology. In the H-Coal
, process, the unreacted coaI -and- hydrogen are mixed w1th coaT-der1ved 011
-and' an added soiid cata]yst in a spec1a1 reactor referred to as an '

ebu11ated bed. e

Once the gases and d1st1]1ab1e 11qu1d products have been separated

'd-ﬁfron the reactor eff1uent the. rema1n1ng "bottoms" mater1al is’ processed.
- This mater1a1 contains s1gn1fﬁcant quant1t1es of heavy hydrocarbons which
"must be eff1c1ent1y utilized to enhance prooess economacs. “The pr1nc1pa1

bottomS'process1ng step under con51derat1on for the EDS process is

Car
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: FLEXICOKING wh1ch con51sts of thermal crack1ng of the bottoms to produce
: additional quu1ds and coke., The coke is subsequently gas1fﬁed to produce
,pTant fuel gas or hydrogen for the liquefaction step. Bottoms processing

- for the SRC II and H-Coal processes probably will be partial oxidation
(i.e., gasification) to produce hydrogen’fdr the. 1iquefactioﬁ sfep.-

Thera are two major indirect caal 11quefact1on processes F1scher~-

,Tropsch which is commercial now in South Africa, and Mobil-M which is

expected to be-commercial in 1983-84. In the Fischer-Tropsch pracess, tre
purified synthesis gas from the gasifier is reacted over an iron catalyst
to .produce a broad range of products ex#ending frcm 1ightweight gases to

- heavy fuel 0il. The broad praduct distribution from this.pfoceSs is

génera}1y‘consf¢ered as .a disadvantage where large yieids‘bf gasoline are

desired. 'Improved‘CatéTystS'are currently being developed at the bench
'f;scaie to maximize the: y1e1d of gasci1ne—range hydrocarbons. In the MobiT-M

process, the SynthESTS gas is f1rst converted to methanol us1ng'ccmmer—

'cnaTTy available techno!ogy. The: methanc1 is then catalytically converted

to high-octane gaso?1ne over a moTecular-S7ze-spec1f1c zeoi1te catalyst.

Ind1rect coal 11quefact10n is successfully operat1ng on a commercial
scale at the SASOL I plant in South Africa using the F1scher-Tropsch
technology.  The SASOL. I plant prcduces gasoline, jet fuel, diesel ofl,
middle distillates,-and heavy oil. SASOL 11, praduc1ng 50 060 barrels per

| ‘day of coal-derived 11qu1ds, has been completed ‘and will beg1n operation

Tater in 1980. Active interest in this techna]agy has deve]oped and plans.
to Ticense and construct similar plants in the U.S. are progress1ng. There
is strong interast in the Mobil-M gasoline 1nd1rect prccess because of its
attractive h1gh-octane gasoline yield. A commercial-scale pTant producirg

J_12 500 barrels per day of gasol1ne is planned for operat1on in New Zealand
‘ by 1985. R o

D1rect cca] 11quefact1on techno1og1es ares-in var1ous stages of

<'deve10pment._ SRC T and 1T processes have‘been tested at the p110t plant .
-Tevei and are enter1ng Tnto the demonstrat1on p1ant 'tage..

Large p11ot p1ants are current1y under construct1on fbr test1ng of the

'H-Coal ‘and EDS processes. “ These plants are Tocated at Cat1ettsburg,
Kentucky, and’ Baytown, Texas, respect1ve1y.

=
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SRC I process produces primarily a solid product with a small amount

_of useful 1iquid product. However, SRC II process produces primarily
Tiquid products. -

In addition to these major coal liquefaction technologies, several

other processes have received attention, including the Dow process, Riser

Cracking, Synthoil, and the Zinc Halide process. All have been tested in
small-scale units.
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GASEOUS FUELS AND CHEMICAL FEEDSTOCKS FROM COAb

A WIDE VARIETY OF COAL MAY BE USED IN THE SYNFUELS INDUSTRY f

Most coa1 gasifiers react coal, steam, and oxygen to produce a gas
~containing carbon mcnox1de, carbon d10x1de, and hydrogen. When air is used
"as the oxygen source, the product gas contains up to 50 percent nitrogen

. and is referred to as Tow Btu gas since its. heat of combust1on is only &80
to 150 Btu/standard cubic feet (sef). Synthes1s gas or med1um- tu gas
ranges from 300 to 500 Btu/scf. - ' '

Low-Btu gas is used as a fuel gas near 1ts point of generation since
its low heating value makes 1t uneconom1ca1 ta distribute over long
distances. Medium-Btu gas can be used as a fuel gas. and transported .
econcmically over distances ofiugfto_ZOG miles.. It can'also be used as a

.chEmicaT~feedstock-fnr the'praductfonfoffme%hannl or gasoline. Finally, it
can be cdnverted#caialytica??y.ta substitute natural gas (SNG), having a

- heating value of about 1,000 Bfu/écf. Add1t1ana11y, medium-Btu gas1f1ca-
t1on is an integral part of all 1nd1reet 11quefact1on technoTog1es.

There are many coa] gas1f1cat1on technologies that d1frer in des1gn
‘and operat1on, depending upon the type of coal used and the'product
'.des1red.b High~ and medium-Btu gas1f1cat10n techno!og1es using- nonCak1ng
coals character1st1c of U.S. western coals are reiat1ve1y well developed.
Severe operat1ona1 prob]ems are encountered with camnerc1a71y available

L gas1f1ers in process1ng caang coal such as those found in the eastern U.S.
- . Several gasification techno?og1es far high- and medium-Btu gases are under

‘active development (reference Table 5) Many add1t1cna] processes are
- being tested but. at. 1ess advanced stages of development (reference Tahle :

4 A f1xed-bed gas1f1er, such as the Lurg1, feeds coa? to the top cf the
| ga51f1er. The descend1ng coa1 is success1ve1y dr1ed devo]at111zed and
-L,:gas1f1ed in contact- with gases. r1s1ng from the bottom.. Steam and oxygen
" are introduced at the bottom of the gas1f1er, and 'solid ash is removed
. through an ash. Tock. In some gasxf1ers, such as British Gas Company (BGC)
o Lurg1, the temperature at the bottom of ‘the bed is suff1c1ent to melt the

i
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. ) S Tab],e 6. ‘S'tatusf_ of Other Coal Gasification Processes

SCALE
' ‘ (tons/day . ' ‘
DEMONSTRATION PLANTS ~ _coal feed) STATUS
HYGAS - 17340 Conceptual Design®
COED-COGAS 2210 Detailed Design
Cu-eAs 3160 Detailed Design
PILOT PLANTS/PDUS
© . BELL HIGH MASS FLUX . 6 Operational®
BIGAS B - Operational
_'COMBUSTION ENGINEERING 5 . Operational .
DOK- B 2. Under Construction.
J - EXXON CATALYTIC =~ . 100 ' Proposed
L _ ' GEGAS - 28 _Operational
| . HYDRANE . . Proposed
. ' MOLTEN SALT ! ~ Operational .
| | MOUNTAIN FUEL- 12 . . . Proposed
SYNTHANE - 72 | Mothballed

TRI-GAS . . 1 3 Operatiorial

aConceptuaI design incorporates all important details of major unit
areas in the plant. Material balances are provided around all major
unit areas. (Unit area is a section of the plant consisting of
 several components integrated toc perform & single transformation on
the product stream. Examples are gasification, raw gas céoling, gas
cleanup, or methanation.) . : '

'bA11 equipment and detailed pipeline diagrams are‘pfebared as bért of
. detailed design. In addition, detailed material balances are prepared
- for each pigce of equipment. L o

: cThe-p'lant is either oberatfng“of has operatéd suécessfu?ly in the




ash, allowing its removal as molten slag. The slagging feature provides a ‘

distinct advantage in contend1ng W1uh the caking characteristics of eastemn
U.S. coals.

Lurgi high-pressure operatidn, in conjunction with relatively Tow
gasification temperatures, favors the formation of significant quantitis
of methane in the gasifier, enhancing the heating value of the product.
These conditions also favor production of by-products - such-as-tars -and -
impurities Tike phéno]s, organic nitrogen compounds, and sulfur compounds.

In fluid-bed gasifiers currently under development, high-velocity
gases pass up through the bed to fluidize the coal, providing excellent
mixing and temperature uniformity throughout the reactor. Operability
with caking coals (eastern U.S.), as well as Tow tar production and ‘
" tolerance to upsets in fuel rates, has been demonstrated at the pilot scale
for both the Westinghouse and U-Gas gasifiers.

The Texaco and Koppers7Tbtzek gasifiers are representative of
entrained-bed technology in which the solid particles are concurrently
entrained in the gaseous flow. Flame temperatures at the burner dischargss
are in the range of 1370 to 1925°C, resulting in melting of the coal ash
with minimum production of impurities. Entrained-flow gasifiers may be
faveored for the praduction of synthesis Qas for indirect'liquefaction.

Théy can operate with cagfng coals. However, comparsd to fluid-bed
gasifiers, they have very low carbon.holdup capability in the reactor and,
therefore, have Timited safeguard against possible formation of explosive
mixture in the reactor in case of coal feed interruption.

Thers has been extensive éommercia? experience in the U.S. with
low-Btu coal gasification technologies operating near atmospheric pressure.
However, these applications have been limited to smali-scale captive
applications for providing industrial process heat and space heating. For
examp]e, the weliman-Ga]usha gasifier designed for atmospher1c pressure
operation was used extens1ve1y by 1ndustry years before p1pe11ne—supp11ed
natural gas was readily available at comparatively Tower cost. Pressurized
gasification processes capable of yielding high-Btu gaé for pipeline use
and medium-Btu gas for chemical feedstocks are less developed, with the
excéption of the Lurgi fixed-bed process. The Lurgi process is based on 40
_ years of commercial development at 14 commercial plants that are located in
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Australia, Germany, U.K., Korea, India, Pakistan, and South Africa. A
great deal of interest in the Lurgi technology is emeréing in the U.S. with
" several announced p1ans'forASNG production by pipeliné'and'gas utility
companies. Several projects utilizing the Texaco process for captive
‘applications (chemical feedstocks and on-site power geﬂératioﬁ) are in-the
pTanﬁing and design stage with at Tleast one project (Tennessee-Eastman) -
schedu]ed:fbr'coﬁstructibn in 1980. - o
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DEVELOPMENT OF THE SYNFUELS INDUSTRY QVER THE NEXT 20 YEARS .

Three scenarios or projections of synfuel industry buildup rates to
the year 2000 have been developed to illustrate the potential range of
synfuel product utilization:

¢ A "National Goal" scenario driven by Federal incentives
e A "nominal production" or most Tikely scenario

¢ An "accelerated production" scenario representing an upper bound
for industry buildup.

ACHIEVING THE NATIONAL GOAL - SCENARIC I

In July 1979, President Carter announced new energy initiatives for
the U.S.. aimed at reducing our dependence on imported oil. One of the key
elements of this policy is the provision of Federal funds to stimulate
production of synthetic fuels at the rate of 2.2 million barrels per day

_ (MMBPD) by 1992. Spegifically, the national synfuel goals are:

Coal Liquids. To stimulate and accelerate the construction and V .
operation of the first few plants to provide sufficient data on the
competing commercial coal Tiquefaction processes so that industry, with its
own investment, stimulated by Government incentives if required, will build
plants with sufficient capacity to provide upwards to 1 MMBPD Tiquid
fuels by the year 1992. ' :

- Shale oil. To stimulate shale oil production at the rate of 0.4 MMBPD
by 1990. '

High-Btu Gas. To develop and implement a program that enables the
UeSes by 1992, to produce significant quantities of pipeline quality gas
(0.5 MMBPD - 0il equiva]ent*) from commercial HBG plants in an
- environmentally acceptable manner. This is facilitated by the short-range

- goal of having two or three commercial HBG plants in operation by the
mid-1980s. . - . |

For easy comparison with petroleum supply/demand figures, synfuel
production rates are expressed in barrels of oil equivalent in this .
document. This does not imply that high-, medium- and Tow-Btu gases from
coal that are substituted for domestic natural gas will have any direct
effect on the reduction of imported oil. :
© 226
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_ Low-/Medium-Btu Gas. To stimulate an 1n1t1a1 near-term ccmmerc7a1
capab111ty far several medium-Btu commercial plants in key industries as
well as utilities, for energy and feedstock app11cat10ns for both single

~and multiplant use, and for multiple: app1ications of low-Btu gas in each of

‘the prime industry markets.. Commerc1a1 scale development will depend on
the long-term econamics of this technology, vis-a-vis the pr1ce of domes;xc
—ofland natural—gas. ~Once a capab111ty has been estab11shed capacity will
be accelerated to achieve at least 0.29 MMBPD 611 equ1valent‘by 1992, Of
‘this total, up to 0.04 MMBPD 011 equivalent will be provided from 40 to 50

~Tow-Btu facilities and up to 0.25 MMBPD oil equivalent from 25 to 30

medium-Btu plants. Again, it must be mentioned, that if this low- and

'. medium-Btu coal-gas is substituted for natural gés, there will not be a

. direct effect: on the reduction of imported 017.

The kay assumptvcns allowing, ach1evement of these goals ara: (1)
Fédera] funds prcv1ded are sufficient to reduce investment risk by the
s_vnfue'! industry through 1992, and. (2) other reqmranents for mdustry
development are satisfied, i.e., envirormental perm1ts, mater1a1 equzp-
ment, and labor. A 1ikely buildup rate pr0f11e for the synfuel industries
under th1s scenario is shown in F1gure I.

"MILLIONS OF BARRELS OF OIL/DAY {AMBPD)

] ]

b

“veax 1923’ 183 1688 - 1899 1992 . . 1994 . 166 . 1993

2000

Figure 1. ‘S&ﬂfuels Induétry Buildup for the Nationai_ﬁoéi Scenaria
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For shale oil, several of the most advanced projects were selected as .

a basis. The planned operation startup schedules and capacity buildup

rates for these projects were used to generate the industry production

buildup profile to about 0.4 MMBPD by 1992. The period beyond 1992 is

viewed as one of technology consolidation: gaining a firm footing with

regard to environmental and economic performance and technology improve-

ments. This type of industry production profile is not without precedent;

for example, the Federal support of the synthet1c rubber industry during

World War II.

The gcal of 1 MMBPD of coal 1iquids will be met predaminantly by
indirect coal Tiquefaction.. At present, the only commercially demonstrated
coal 1iguefaction process is the Fischer-Tropsch embodied in the SASOL
plants in South Africa. The Mobi1-M process should be commercially
demonstrated within the next five years. Considering construction and
permitting Tead times, plants of this type could begin operation argund
1985. To mest the praduction goal, 10 to 15 plants of a nominal 0.05 MMBPD
capacity must be in operation by 1992. A potential drdwback to the commer-
cialization of SASOL technology in the U.S. is the broad product distribu-
tion, ranging from Tight hydrocarbon gases to heavy fuel @il.. The Mobil-M
technology, on the other hand, praduces.an=§!1¥gasciine product which would
be particularly well suited to the U.S. market demands. Given this
apparent advantage of Mobi1-M technology over SASOL, it is believed that
industry should favor commercialization of both Mobil-M and SASOL tech-
nology during the next few years, with the breakdown being roughly 50/50.
Approximately 75 percent of the coal liquids production will be due to
these indirect Tigquefaction processes.

For the direct Tiquefaction processes, there will not be sufficient
experience and information to attract any more than developmental inéerest,
over the next few years; under this sceﬁaric, By 1985 there should be
suff1c1ent information available from the .operation of the EDS, H-Coal and
SRC I1I plants ta support a commerc1a112at10n decision concerning these
pracesses. Federal incentives will I?kely be distributed such that by -
1992, three ar fbuf pioneer commercial-scale plants employing direct Tique-
faction will begin to appear. Of the total production goal of 1 MMBPD of
coal 1iquids §t is estimated that 25 percent will be pradﬁced by these
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first commercial direct ]iquefattion plants embodying the basic SRC II, EDS

.and H-Coal technologies or impravemeﬁtS'and’modificatidns to these. It is
projected that for the next few years after 1992, product10n will remain at

- 1 MMBPD while techno10g1ca1 evaluations are performed. -These direct Tique-
- faction plants will be Tocated near the major easternaU.S. coal areas.

The Lurgiif%ked—bed process is the lead high-Btu coal gasification
technology and has been commercially demonstrated outside the U.S. It is
expected to be utilized in all commercial piants cunstructed over the next
10 years. As the process requires noncaking cca]s, these plants will most

" Tikely be Tocated in'the western U.S. Interest will contwnue in other
“high-Btu gas1f1cat1on technoTog1eS'such as the S1egging Lurgi which is
‘_capabie of us1ng eastern cak1ng coa1s. At least dne’of these alternate or

advanced processes’ probab]y will be supported under Fedéral incentives but
it is uni1kely that ‘a. commercial-plant’ will appear until. the eariy 1990s,

and th1s would probabiy bel1ocated near & m1dwestern coal resource.

The Lurg1 fixed-bed med1umbBtu.prccess-js the lead technology for
medium-Btu gas. - Texaco parfiel-oxidation'gasificatiun.Or similar pressur-
ized entrained-bed gasifiefs such as pressuriéed'Koepers-Totzek will be
under deve]opment and demonstrau1on during- the early 19805 and will Tikely

serve as. the pr1me med1um-8tu gas1f1cat1on process for eastern coals. To

1992, hawever, the major bu11dup in med1um-Btu gas1fﬁcau1on w171 come from

B Lurgi pTants located in- the western U.S.

. For low~Btu gas1f1cat1on, the several technciog1es that are currentTy -
available and providing commercial service are assumed to ‘be easily
applied, under the incentives ex1st1ng to 1992, to generate the 0.04 MMBPD
product1on rate goal. Low-Btu gas will genera]iy be capt1ve1y ‘employed’ as

_-fueT gas or used on—s1te for comb1ned-cyc1e power generat1on.. '

The praduct1on bu11dup prof11e for maaor-synfuel products resulting

"fron of the syner]s 1ndustry bu1Tdup in Scenar1o Iis shown in Figure 2.
- . These product quant1t1es are progected to enter commerc1a1 use and are to
'g.be considered in assessments of pctent1a1 env1ronmenta1 1mpacts from
"synfue]s.- Natura]iy, these major products are presented for the sake of
7j'clar1ty, but there are many other products and byprcducts that Will be

produced and d1str1buted into the market place. These products and

'byproducts will also vary in. greater or Tesser quant1t1es 1n Scenarios II
and III which fo11ow. S 229 :
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PRODUCTION AT A NOMINAL RATE - SCENARIO II

Recent studies of the technical capability of the U.S. to meet the
synfﬁe1_nationa1 goal point out that there are significant concerns
regarding achieving this goal. They include:

e Availability of skilled ower:. it
of engineefg and constrdg%qgn 1abor

expected that the supply
W
the synfuel production goal set forth

is
i1l be severely taxed to meet
in Scenaric I.

o Availability of critical equipment: certain critical equipment for
the synfuel industry such as compressors, heat exchangers, and
pressure vessels are expected to be in short supply unless
corrective measures are taken now, thus slowing the synfuel
industry buildup rate indicated in Scenario I. I

e Diversion of investment to competing technologies: demand on the
Timited capital available in the economy by competing energy supply
technologies, such as coal Tiquefaction, coal gasification, o0il
shale, geothermal, and solar technologies, could result in the
slowing of buildup rates for some technologies.

o Envirommental data: 1lack of environmental data needed for
regulatory approvals could slow down the buildup rate.
. ' 230



o Licensing: time and construction schedule cbnstrEThts impased by
State and Federal licensing and permitting requirements could
h1nder synfuel 1ndustry bu11dup rate.

Tak1ng these concerns 1nto cons1derat1on a nbmina]'synfuels

product1on buildup - Scenario II - has been developed, as indicated in
Figure 3. A production rate of about_z.l MMBPD is estimated.by the year

2000, instead of 1990 as indicated in Scenario I. Thé-technb?ogﬁes

_expected to contribute to both Scendrios I and II are the same; the major

difference is in the rate of bu11dup it is slower and delayed in time.

" MILLIONS OF BARRELS OF OIL/DAY (MMBPD)
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Figure 3. Synfuels Industry Bu11dup for the
Nomxnal Product1on Scenar1o

For shale oil, a nominal product1on rate of 0.4 MMBPD should be

'“_ach1eved by the year 2000. The bu11dup rate is est1mated to 1ag about &
_ years beh1nd that of Scenar1o I and is based cn the fb110w1ng observau1ons.

o Scme technolog1es are’ still cons1dered developmenta], such as’ the

" modified in situ process. B

¢ Land prob1ems, including ava11ab111ty of of‘-tract dlsposal s1tes,

‘may take 1onger to reso]ve.-

Under'this scenar1o, rio Targe—scale commerc1a1 coa] 11quefact1on
‘plants’ are projected to be.on 1ine untiT 1992 with.a growth rate beyord

,-‘y1e1d1ng 1 'MMBPD by the year 2000. It is believed that Federa] incentives
: w111 be app11ed to support construct1on of one each of the 1nd1rect

31



Tiquefaction plants and a direct Viquefaction plant only after sufficient ‘
assessment has been made of the operations of the EDS and H-Coal pilet
plants and the SRC II demonstration plant. Rather than commit sizable
resources to the commercialization of indirect liquefaction, a decision
probably will be delayed resulting in no operating commercial Tiquefaction
- plants before 1992 under this scenario. During the 1980s it is believed
that improvements will be made in both the operating indirect Tiquefaction
plants and the designs of the direct 1iqﬁefaction processes. These
"advanced" technclogies with product slates yielding primarily trans-
partation fuels, will be sufficiently attractive to encourage development
of 1 MMBPD of coal-derived liquid production by the year 2000.

‘ Currently there is & great deal of interest in SNG technology.
Several gas utility and pipeline companies have expressed plans to con-
struct high-Biu plants. With incentives, several of these plants will be
constructed and in operation by 1985. However, as a result of the pro-
Jjected improved outlook for'gas supplies, including potential from uncor-
ventional sources, the availability of "imported" conventional natural gas .
(Alaskan, Canadian and Mexican) and the current unfavorable rate-structure
pricing palicy. the complete commercialization of HBG will b§~hampered.

Its preduction rate is not 1ikely to expand beyond the 0.25 MMBPD-Tevel
attained arcund 1992 under this scenario. .

The buildup of medium-Btu gas plants will also be impeded by the
availability of natural gas; however, for certain industrial applications
requiring large volumes of uninterrupted supplies (2.g., chemical feed-
stocks, cogeneration) low-/medium-Btu plants will remain attractive. It is

estimated that production of low-/medium-8tu gas will reach a Tevel of 0.45
MMBPD by 1992. '

ACCELERATEB PRGDUCTION - SCENARIO III

The accelerated prcduct1on scenar1o is based on the assumpt1on that
Federal incentives are sufficient to synfuels production to meet the
national goals in 1992, that aoperation of synfuels plants up to 1992 is
successtul to the extent cohfjdence in praceéées is géined,_and all
resource requiremenfs are satisfied. Licensing and permitting procedures .
must also be streamlined. It is assumed that demand for coal-derived
synfuels remains at a level such that new plant capacity continues to be
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added to the year 2000 at about the same rate as the buildup to 1892. For |

shale 011, the production of 0.9 MMBPD by the year 2000 is based on a
‘survey and analysis of the desired goals of each industrial developer. As
indicated in Figure.4, a total synfueféwproduction:rate of 5 MMBPD may be
reached by thé year 2000. This includes 2.6 MMBPD of coal 11qu1ds, 1.5
MﬂBPD of gas and 0.8 MMBPD of shale 011.
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However, in view of the limitations facing the synfuel industry, some .
of which were discussed earlier, the accelerated production scenario is

highly uniikely. The synfuels industry buildup rate (Figure 4) for this

scenaric can be considered an upper bound to synfuels utilization over the
next 20 years.

The three scenarios describing possible synfuel industry buildup
profiles provide a basis for projecting the market penetration of synfuel
products in the near future. As these products enter the market, potential
environmental impacts related to synfuels utili zation must be considered.




'

THERE IS A LARGE‘POTENTIéL MARKET FOR SYNFUEL.PRODUCTS'AND‘BY-PRODUCTSA

The major synfuel products could be broadiy c1ass1f1ed into five
groups : '
° ‘Gaseous Products
'-_High-Btu gaé
= Medium-Btu gas
- Low-Btu gas '
- Liquified Petro?eum Gas (LPG)
¢ . Light Distillates ‘

- Gasoline
- Naphtha

(3 Middle Distillates
- Jet fuel '
- Kergsenes .
~ Diesel 6il -
"¢ Residue

- Heavy fuel oil
= Lubricants

[ Petrachemfdals;.' |
GASEQUS PRODUCTS

The high- and medium-Btu gases are suitable fér'éssentiél1y all
industrial fuel app}1cat1ons that can be serviced- by coal, oil or natural‘

gas. In some cases equipment modifications or special contro1s will have
to be 1mp!enented to retrofit existing: p?ants for medium-Btu gas, whereas -

. this probiem may not exxst for high-Btu gas 1nsta]3at1on. However, there
- shouid be no d1ff1cu1ty in employ1ng either h1gh- or med1um—8tu gas in new
'1ndustr1a1 installations. These products will be ut111zed by major energy

consum1ng industries such as food, text71e, pulp and paper, .chemicals, and

-steel.. It appears that on?y chem7ca7 petro?eum,'and stee]_7ndustr7es
owill requ1re;suff1c;ent fuel gas at a single location to economically :
'_jjustify the dedication of a single gasification'ﬁIant.;”Qihgr fndﬁstrié?

plants will have to share the output distributed by pipeline from a central

gasifier, or tap into the existing. natural gas pipeline system for their
,need. Pfg]ﬁ?jqary_gppnomic studjgs‘inﬁj;éte_;hat'it is riot ecqnomica? to



transport medium Btu gas through pipelines for more than 200 miles. .
Medium-Btu gas can also be utilized by the petrochemical industries as

chemical feedstock for the production of ammonia, methanol, and

formaldehyde. Currently most of this requirement is met by reforming

natural gas. The use of medium-Btu gasification appears especially

attractive when integrated with new combined plants for utility

applications;

The major characteristics of Tow-Btu gas are its high nitrogen
content, low carbormonoxide and hydrogen content, and resulting heating
value typically below 150 Btu/SCF. Its flame temperature is also about 13
percent lower than that of natural gas. Because of these characteristics
Tow-Btu gas is limited to on-site use, industrial processes requiring
temperature below ZSOGOQBGOOOF, and is generally unsuitable for use as a
chemical feedstock. K Further, because of its low energy density it requires
s?gnificant eqﬁipmeat modifications for retrofit applications. Today there
are operating and planned low-Btu gasifiers in the U.S. for: -

¢ Kiln firing of bricks - ‘ .

& Iron ore. pelletizing

¢ Chemical furnace
¢ Small boilers

Liquified petroleum gas (LPG) has applications for industrial,
domestic, and transportation uses. .In domestic applications LPG is used
mainly as a fuel for cooking and for water and space heating. In industry,
LPG finds a large number of diverse outlets. Apart from use as a fuel in
processes which require careful temperature control (glass and ceramics,
electronics) or clean combustion gases (drying of milk, coffee, etc.), LPG
is also used.in the metallurgical industry to produce protective
atmospheres for metal cutting and other uses. The chémical industry,
particularly on the U.S. Gulf Coast, uses petroleum gases for cracking to
ethylehe ahd.propyléne as weli‘as for the manufacture of synthesis gas.
Small portidns of LPG are also used to fuel automotive vehicles. "Another
use of_LPG is to enrich lean gas made'from other raw materials to establish
. proper heating value levels. On é volume basis, production of LPG in the

U.S. éxceeds that of kerosene and approaches that of diesel fuel.. About 40
percent of LPG production is used by the chemical industry, another 40 .
percent is for domestic use, 10 percent for automotive use, and the
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, LIGHT DISTILLATES

_ rema1n1ng d1str1buted among ather 1ndustr1a1 and agr7cu1tura1 fuel uses.

| ‘Currently LPG is supplied primarily from refineries hand11ng petroleum
crudes. With the anticipated shortfall in the supply -of these crudes, the
resu1t1ng shcrtage of LPG will be met -to some extent by LPG from synfuel
plants.

Gasoline, which is a magor T?th d1st111ate, is generai]y def1ned as a

- fuel des1gned for use in reciprocating, spark 1gn1t1on internal-combustion
engines. Other uses for gasoline are of small volume. Pr1mar11y it is

used as fuel for automotive grourid vehicles of a‘H types, reciprocating
aircraft engines, marine engines, tractors and Tawn mowers. Other small-
scé]e!uses,inc}ude fuel in appliances such as field stoves, heating and
Tighting'pnftssland blow torches. By far the primary use of gasoline.

‘produced from coal will be fbr~transpcrtatibn'appiicatidné.'.‘Currently e
- consume: ‘nearly 6.8 MMBPD of petro]eum—derived gasoT1ne and th1s corrasponds
- to about 40 percent of the tota! petroTeum ccnsumpt1on.

Naphthas have a- w1de variety of properties and serve many industrial

- and domastic uses.. Their primary market is the petrochem1ca1 industry

whera they can be used for the manufacture of solvents, varnish, turpen-

“tines, rust-prcofwng ccmpounds, pharmaceut7cals, pesticides, herb1c1des,

and_ fungicides. However, preliminary analysis indicates that there will be
a reiat1ve]y smaT? amcunt of coa1-der1ved naphthas enterxng the market.

- MIDDLE DISTILLATES

The market for middie'disti11&tes, which eSsentiéT]y'aré Jet fuel,

~kerosene, diesel 011 and Tight fuel 011, are jet aircraft, -gas turb1nes,
' and dieseT engines used for. transportat1on and stat1onary app11cat10ns, and

residential and commerc1a1 heat1ng.

- 'Rssmuss -

The market for re51dues, cons1st1ng ma1n1y of fuel 011, is primarily

',for 1ndustr1a1, ut111ty and marine fuel use. Other app11cat1ons for
' " residues 1nc1ude preparaLTOn of industrial and automotive 1ubr1cants, _

metallurgical 0115 roof coat1ngs, and wood preservat1ve ails. Coke is

.:‘another T1ke1y useful product from'res1due.
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PETROCHEMICALS

Many synfuel products, in addition to their primary use as fuel, are
1ikely to be used by the petrochemical industry fer the production of
several other by-products. Currently over 3000 petrachemical by-products
are derived from petroleum and natural gas sources. These include items
1ike synthetic rubbers, plastics, synthetic fibers, detergents, solvents,
sulfur, ammonia and ammonia fertilizers and carbon black.

Petrochemicals from synfuels will generally fall under three broad
groups based on their chemical composition and structure: aliphatic,
aromatic. and inorganic. An aliphatic petrochemical is an organic compound
which has an open chain of carbon atoms. Important petrochemicals in this
graup‘inc1udé acetic acid, acetic’anhydride, acetone, ethyl alcohol, and
methyl alcohol. jMost'aliphatic petrochemicals. are currently made from
methane, ethane, propane or butane. Aliphatics currently represent over 60
percent of all petrochenicals and are the most important group
economically. ' ‘

An arcmatic petrochemical is also an organic compound but ane that
contains or is derived from a basic benzene ring. Important in this group
are benzene, toluene, and xylene,_ccmﬁcniy known as the B-T-X grouﬁ‘
Benzene is widely used in reactions with other petrochemicals. With
ethylens it gives ethyl benzene which is converted to styrene, an important
synthetic-rubber component. As a raw material it can be used to make
phenol. Another use is in the manufacture of adipic acid for nylon.
Toluens is largely used as a solvent in the manufacture of trinitrotoluene
for edplosives. Xylene is used as a source of material for poiyestér
fibers, isophthalic acid,'among other petrochemicals. |

An inorganic .petrochemical is one which does not contain carbon atoms.
Typical here are sulfur, ammonia and its derivatives such as nitric acid,
ammonium nitrate, ammonium sulfate. '

| hThe.différent ehﬂ-use.apﬁlicatioﬁs of major synfuels products are
summarized in Table 7. we'see~frdm this discussion that coal-derived
synfuel‘produ;té are likely to‘be,used not only as a fuel; but also in the
.manufacture of a number of other by-products which will be used in
multitudes of other applications.
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~ Table 7. Major End-Use Applications of Syhfué] Products

ﬁajdr'Synfuel Products

Tikely Fajor
~ End Use Applications

High and medium Btu gas

1 Low Btu gas -

LPG

-Gasoline

Naphtha

‘¥iddle.distillates .

(kercsene, diesel,
Tight fuel 011)

Residues

Food, textile. pulp and paper,
chemicals, iron and steel
industries; residential/

commercial heating

Sma11 bo11ers, kilns, pelTet1z1ng

Giass, eiectron1cs, chemical
industries; domestic cooking and

N heating; automotive

Transporfatian 

Petrochemical industry; solvents:
varnish; turpentines :

Transportation, gas turbines,

‘residential and commerc1al
_ heating

.Industr1a3 utility and marine

fuel; matallurg1ca1 oils; roof

. coatangs, 'wood preservatives,

1ubr1cants

239




ANTICIPATED SYNFUELS MARKET PENETRATION IN THE VARIOUS .
SECTORS OF THE U.S. ECONOMY WILL EXPAND OVER TIME
As an indication of the time frame over which the EPA must consider
issues regarding the use of various synfuel products, market development
and penetration of these products must be anticipated. For examplie, the
synfuels market may develop as illustrated in Figures 5, 6 and 7, aver
1985-1987, 1988-1990 and 1991-2000 time frames.

SYNFUEL PRODUCT UTILIZATION EMPHASIS, 1985-1987

0i1 shale-derived synfuels will be introduced into the petroleum
product markets about 1985, and based on Scenario I as much as 0.2 MMBPD of
shale oil can enter the market by 1987. The first stage of synfuels market
infrastructure development will be oriented towards transportation fuels
(reference Figure 5) because oil shale that is hydrotreated can be refined
in existing refineries to such products as gasoline, jet fuel, diesel and
marine fuels. The bulk of this supply will be in the form of middie
distillates comprised of jet fuel and diesel 6il. The demand for
transportation during the Tate 1980s is expected to be around 10 MMBPD. .
Gf this, about 5 percent is Tikely to be consumed by the military sector.
It is conceivable, therefore, that the bulk of the shale oi1 products could

be ut111zed by the military, p0551b1y with a chernment synfue? purchase
guarantee program.

It is anticipated that the oil Shale industry will continue to grow
producing as much as 0.45 MMBPD by year 2000 as per Scenario I and II and

as much as 0.9 MMBPO as per Scenaric III. The Bulk of this production is
anticipated for the transportation sector.. ‘

SYNFUEL PRODUCT UTILIZATION ADDITIONS, 1988-1990

Subsequent. buildup of the synfuels industry during the 1988-1990 time
periad'(reference Figure 6) is éxpected to come from commercial-size, high-
tu gasifiers. As per Scenario 1, the output from these high-Btu gasifiers
may be as high as 0.4 MMBPD of oil equ1va1ent by 1990; however, the
conservative estimaté based an Scenario II is that only arocund 0.17 MMBPD
aof o11-equ7va1ent is 1ikely to be produced by that time. ' The high-Btu
gasification will serve some of the energy needs of both the industrial and
residential/commercial sectors as direct gas sales or through electric
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power generation by utilities. .Some of the major industrial users of
high-Btu gas are Tikely to be textile, food, steel, and chemical
industries. Initially, Tollowing the current use pattern, it will be used
not only as an industrial fuel but also as a chemical feedstock. It is
expected that the existing natural gas pipeline network, with the exception
of a few connecting pipelines, will be utilized for the distribution of
high-Btu gas and, therefore, introduction of high-Btu gas is not likely to
cause major problems concerning distribution for end-use applications.
During this time period it is also Tikely that Tow~ and medium-Btu
gasification plants will be used by industries in a captive mode to supply
some'of their fuel and chemical feedstock needs. This may amount to as
much as 0.3 to 0.4 MMBPD of oil equivalent based on the first two
scenarios. The medium-Btu gas could be used as a synthesis gas for the
production of different chemical products such as ammonia which in turn
could be used for the manufacture of such products as fertilizers, fiber
ard plastic intennediates, and explosiVes. Currently the petrochemical
industry derives its synthesis gas by reforming natural gas or naphtha.
During this time periecd, it is Tikely that one to three small plants
possibly producing methanol from medium-Btu gas may come on 1ine. These
are Tikely to be owned by industries primarily to supply internal needs.
This could be for the production of formaldehyde, a product with a number
of end-use applications. It is unlikely that products from these plants
will be entering the open market direﬁtly, on a large scale, for public
consumption. During this time period the use of Tow-Btu gas will be
Timited to an industrial fuel in such applications as kilns, chemical
furnances and small boilers. However, the use of low-Btu gasification by

utilities in one or two demonstration units fbr-comaned-cycle applications
cannot be ruled out.

Dur1ng th1s time frame the sha1é'qil output will continue to grow
reaching as much as 0.4 MMBPD in accordance with the National Goal
Scenaric. As a result it is anticipated that increasing amounts of sha}e
ol preducts will be entering the transportation sector, with 11m1ted entry
into the industrial sector for usé as fuel.
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~ SYNFUEL PROUUCT UTILIZATION ADDITIONS 1991-2000

During the 1991-2000 t1me frame (reference F1gure 7), cantrai coa1

1iquefaction plants will introduce into the market a spectrum of products
~ and. by-products that will be consumed by the tranSpurtat1on, industrial,

and residential/commercial sectors. . Based on the nominal and accelerated
scenarios, by the year 2000 1.5 to Z.5 MMBPD of coal 11qu1d products will

be entering the market.  Under these conditions, a s1gn1f1cant segment of
the transportation fleet could be running an synthetic fuel. Coal-derived

Tiquids will be utilized not only by'industry as a fuel source and chemical
. feedstock, but also by the residential and commercial sectur§<fur'space

heatTng, hot water supply and other domestic uses. Fufthénnure, many of

‘<_the oil-fired utility p1anus given exemption. from converting to coal in the
~ interim will be burning coal-derived fuel aii. SRC I p?ants will be the
; Tikely cand1date which will be suppﬂy1ng the bulk .of this fuel. It is also

expected that methanui from indirect coal 11quefact1on could be entering
the market for use as turbine fue! for the pruduct1on of. eiectr1c1ty,

~during. this time pETTOd. In add1t1on, SNG produced from the 1iquefaction
* . processes will be also entering the market,. supp]ementxng the output fram
" h1gh-8tu gasification plants. The SNG output from liquefaction plants

‘could be as high as 20 percent of the total useful output from these plants
in terms of heating value. - LPG and naphtha produced from direct and
indirect coal Tiquefaction processes and o1 shale are: 11kely to be used

. pr1mar11y by the petrochemical industries. For'example, LPG may be used by

the petrochemxca1 1ndustry as a rawv mater1a1 for the pruduct1on of

- alcohals, organ1c ac1ds, detergents, p1ast1cs, and synthet1c rubber

conpcnents.- Naphthas may be- utilized for the manufacture of such ltems as
soglvents, adhe51ves, pest1c1des, and chemical 1ntermed1ates‘ Currently the .

A’ petrochem1ca1 industry uses about 11 percent of aur crude il supply for
' the product1on of various petrochem1cals. During the 1990-2008 time frame;
) it s poss1b1e that -the same percentage of ava11ab1e synfue1s will be .
'ut111zed by the petrochem1ca1 industry for the product1on of hundreds of
oo petrochem1ca] products. A major use of res1duals from coa1 quuefactTOn
lf >processes and oil- shaie is 1ikely to be the manufacture of dlfferent types
":of 1ubr1cants. : These could. be ‘for such app11cat10ns as. 1ubr1cat10n of

engines -and .general macthery, steam turbine bearings and reductﬂon gears,

'comuressors, 1nsu1at1ng 0115, metal work1ng and cutt1ng 0115._
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So we see in the above discussion that the synfuels products and
by-products are Tikely to enter all the end-use sectors, in course of time.
The potential for exposure and for environmental impacts must be carefully
considered. Early planning by the fPA will require that synfuel

products/by-products be assessed with regard to their environmental
accaptability.
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POTENTTAL ENVIRONMENTAL EXPOSURES DUE TO SYNFUELS UTILIZATION

A major concern of the emerging synfuels industry is the'pdtential
enVironmental health and sefety impacfs associated with the use of
synfuels. - The poteﬁt1a1 expcsure of the public to synfuels will depend on
the rate of development of the synfuels 1ndustry s specific end-use
markets. Since the markei may cover a wide range of products and end-ﬁses,
a significant portion of the population may'be exposed. The products will
- enter the marksts. in varying quantities"over the coming years.' To i1lus-
trate the important environmental concerns, synfuels product production '
rates based on the National Goals Scenario (Scenario 1) are considered and
thres time periods are examined. for potential envircnmentaI exposuée, :
1985~1987, 1988-1990, and 1991-2000.- ‘ |

POTENTIAL EYPOSIRES: 1985-1687

‘ Dur1na this periad, synfuels entering the market an?l be nestiy
limited to shaie 0il preducts. Approx1mate?y 0.2 MMBPD of praducts by 1987
is projected by Scemaric I. Crude shale oil will most.11ke1y be
transported to refvnerzes in either the Gulf Coast or Midwest and is
expected ta be -distributed by existing pipelines. Praduct.quantJtaes will
be 1imited. The hazards of'transparting and storing.crude‘shaje 0il and
shaTe oil products are expected to be mimimal. Shale biT prbducts will be
used primarily as transportation fuels such as gasoline, d1ese1 oil, and
-jet fuel and will be distributed by ra11roads, tankers, trucks and barges.
During this peried-the- qeeet1t1es~head§ee—are gstimated to amount. to 0.04
MMBPD of gasoline and a combined total of 0.16 MMBPD for the middle
distillates. The major etposurs to these preducts occur at storage
terminal unloading Op&r&tTOﬂS and service station storage tank Toading
"cperat1cns, both of wh1ch have hzgh spill potential. “The end’ user (a
passenger car, tryck, or qther vehicle) al'so poses a potential spa??l
- problem due to the rapid expansion of self service statfons;;*Ccmbustion of
“the fuels. may expose a large. segment of the papuTat1on since most '
‘automobile trafr1c is generated in centra1 business distr1cts and their -
“:suburbs. By- products from shale oil ref1n1ng such’ as Iubr1cat1ng ails and
greases ‘will be sh1pped from refinery bulk pack1ng pTants in: secure
'conta1ners, m1n1m121ng the 11ke}1hood_of exposure.
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Products from shale oil production could reach approximately 0.3 to
0.4 MMBPD during this period, as suggested by the accelerated rate

scenarid, with the potential exposure reaching twice_the Tevel suggested by
the National Goal Scenario.

POTENTIAL EXPGSURE: 1988-1990

During this period, in additibn to increased shale ofl production,
SNG low and medium Btu gas, and some indirect liquefaction products will
also be entering the market, which increases the complexity of the synfuels
distribution network and increases the potential for pubiic exposure to the
products. It is a time period by which the EPA must have identified
'potent'i al problems and have developed a plan for meeting the ;ynfuds
challenge. . |

Shale oil prodﬂction during this period is projected to be 0.3 to 0.4
MBPD under the National Goal Scenarig, but could range_from 0.2 MMBPD
(nominal production rate scenaric) to 0.8 MMBPD (accelerated production
rate scenario) in 1990. The exposure potential to the products will

increase proportionally during this time period compared to the previous
pericd. '

The SNE entering the mafket is prajected-td amount te an oil
equivalent of 0.4 MMBPD by 1990, and will be transported by existing
pipeline to the various markets. Although pipelines transporting SNG or
crude shale oil present a Tow accident potential, pipelines either transect
or terminate in densely populated areas, providing some degree of exposure

potential to tbese products. 'First—generaticn~cna1-gasification technolegy
}(Lurgi) buildup will occur near western U.S. coal deposits, the Northern
Graat Plains/Rocky Mountains area. The SNG from this area will enter the
northern tier pipeline ﬁetwcrk and will be distributéd across the upper
Midwest. Medium- and low~Btu gases will also be in the market during this
peried, although they will probably be used'fbr internal plant needs. This
will minimize the exposure potential since’these gaseous products will not
* require any transportation. ' |

Some synthetic gases have different ccmpositith'than natural gas, and
hay cause internal corrosion and stress-corrosion cracking in pipelines.
Effects of impurities on the long-term degradation of some pipeline
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materials are unknown. . Synthetic gasegus fuels also have different
flammability and explosion limits that may require new techniques in the
management of pipeline leaks. Gases with a high CO concenfration ares toxic
and could present significant exposure prcb1ems.-” L

In addition to their use in transportation and béiTer'appTications,
synfuels products will be used as feedstocks for industrial processes.

‘These app11cat7ons, a1though Timited during this time per1od present

another avenue of exposure for which EPA must be prepared. The population

,exposed.cou1d jricTude industrial plant personnel as well as the end users

of the industrial. products. During this period, medium-Btu gas could be
used as a'éynthesis gas for the production of methanol and ammonia, each of
which can be ut*11zed as a finished product.

Although this period will be characterized by the emergence of many
synfuels products. the main population exposure potgnt1a1 w111‘cccur'fran

‘crude shale oil transport by pipelines,. product storagé and the combustion

of these products.

A basic environmental concern with the transportation of Tiquid

‘synfuaié is the possibiiity of an accidental spill. A recent (1979)

Department'of Transportation analysis shows that of all the accidents
resulting fram pipelines carrying 1iquid petroleum produc»s, the Targest
spillage occurs from LPG' (58.6 percent) followed by crude 0il (25.
percent), with fuel oil (6.1 percent) and gasol1ne 4.5 percent) being the
gther major contributors. :

As an example ta illustrate the relative exposure of transporting
petroleum products by pipeline in orde% to provide an ‘awareness of the
‘potential. expasure in transporting shale 0il, Tabie 8 présents a 1isting of
“ail p1pe}1ne accidentss Since existing p1pe11nes w111 be used during this
‘time period for transport1ng ‘crude shaie 0il, these pctent1a1 exposures and
rwsks in each cemponent of the carrier system must be cons1dered by EPA.
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Table 8. Number of 0i1 Pipeline Carrier Syétem Accidents .
YEAR 79 78 17 76 75 74 I3 _7z 11 |

Line Pipe 207 194 177 169 185 203 215 238 264
Pumping Station 20 30 32 11 24 13 23 31 14
Delivery Point 6§ 4 4 4 5 5 5 3 2
Tank_Farm ___ .5 15 12 14 30 22 21 24 1
Other 11 13 12 14 10 13 9 10 19

Total Accidents 249 256 237 212 254 256 273 306 310
Source: Department of Transportation

POTENTIAL EXPOSURE: 1991-znaa

This period is characterized by the Targe-scale entry into the market
of d1rect and indirect Tiquefaction products and by-products for use
pr1mar11y'by the transportation, industrial and utility sectors. Based on
the National Goal Scenario, 1.0 MMBPD of coal Tiquids will be in the market
by 2000, but may range up to 2.5 MMBPD. Utility and industrial boiler
fue]s‘produced by coal liquefaction processes will be most in demand in the
Guif Coast, Northeast, and Southern Califbrnia'regions, as shown in Figure
8. These regions contain a significant portion of the U.S. population.
The use of these fuels will also have some beneficial effect in areas that
are sensitive to particulate and sulfur dioxide since these fuels have
Tower ash and sulfur contents. As more liquefaction capacity develops in
the Appalachian and interior regions, liquid fuels will more readily be
used in the industrial areas of Indiana, I17inois, Ohio.. and the upper
Northwest. Shale oil products during the period may reach a level of 0.4
'MMBPD under the National Goal Scenario and could reach as high as 0.9 MMBPD
under the accelerated rate scenario. High-Btu gas under thesthw0
. scenarios is estimated at 0.5 MMBPD and 1.0 MMBPD respectively by 2000. As
~ coal gasification technology develops, it is likely that a key arez for
gasification will eventually be AppaTach1a, with SNG entering the existing

. pipelines and" be1ng distributed a1ong the east coast to both 1ndus;r1a} and
residential users. '

This period is also characterized by increased use of coal 1iquid .

products for chemical feedstocks and in the housing and commercial sectors
- 250 -
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for space heating and hot water suppiy. Naphthas produced by 1iquefaction .
processes are 1ikely to be used by the petrochemical industries fcr;
manufacturing solvents, pesticides and chemical intermediates. Residues

from coal Tiquefaction processes may be used to manufacture several types

of Tubricants with a wide variety of applications. This market penetration
significantly increases exposure potential as there is virtually no segment

of the population that would be excluded from the use of synfuel products
. and by-products.

In addition to synfuels utilization, EPA must also consider the
transportation and handling aspects of the synfuels products and
by-products. As ‘the synfuels develop during this period, transportation

-modes other than pipelines will be utiTizeds Although there are associated
risks, pipélines are considered to present less risk than other modes such
as railroads, trucks, and tankers. As these modes are currently used for a
wide variety of petrochemical products, it is expected that they will also
be uséd as- synfuels penetrate the market, thereby présenting another
concern that EPA must address.

Table 10 presents an estimate of thé range of synfuel products to be .
shipped by the various transportation modes beginning in the 1990s. " Nearer
to the year 2000, the relative amounts of products transported between the
modes may vary. The majority of the synfuel products as well as crude
shale ail will be transported by pipelines, wh1;h presents the Teast amount
of exposure potential. On the other hand, raiiroads which have a high
accident potential will transport the Teast amount of products. In order
"to supply the high demand regions (reference Figure.8) the transport
distribution networks may develop as illustrated in Figure 9. The
: distributfon system indicates that the crude shale o1, refined products,
SNB, and coal liquids will each be transported across areas of high
popﬁfaticn density and industrial concentiation, mostly in the eastern U.S.
- A market for 2.2 MMBPD of synfuels products and by-products by 1992 under
the National Goals Scenario indicates the magnitude of the probiem for
which EPA must prepare. _ o

“The transportation modes that will be utilized by the synfuels
industry and which pose a greater accident potential than pipeline .
transport are railroads, trucks and tankers. Railroads will be used
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prima}ily for the transhartétion of naphthas which in 1992 are estimated to
rangé from 0.04 to 0.07 MMBPD. This mode of transportation prasents a high
degres of accident risk due to the poor condition of the Nation's rail

<.system. Derailments, grade crossing accidents, and c011157ons between

trains pose potential risks to the transportation of any hazardous or toxic
substances. Tank car accidents with hazardous materials are shown in Table

11, prav1d1ng ancther example of patent1a1 risks associated wath

transporting synfuels products.

Table 1l. Railroad Tank Car Accidents with Hazirdous Materials

979 . 1978
Total Accidemts 937 . 1014
. Accidents Invelving : 165 _ 228

Atmospheric Release
* Source: Federal Rai?way'Aﬂministfation-

The use of tanker trucks will be extensive in traﬁspcfting coal

.Tiquids:and refined shale oil products.. In 1992 under the National Goal

Scenaric,. apprcximéfe]y 0.4 MMBPD of gasgline from coal liquefaction may be

~ transported by truck, and up to 0.5 MMBPD under the acceierated rate

scenarioc. Other products using this mode are middle d1st111ates and

"naphthas. Potential exposure to the general population is high with tanker

trucks since much of these products. will be delivered to urban areas where

" trucks will face the narma] amount of traffic accidents in congested areas.
~In add1t1on, exposures to the products will occur in 1oad1ng and unloading

of trucks at storage tenn1nals and service stations. Due to vapor recaovery

,requqrements mandated by state implementation plans.. evaporat1ve emissions
“of volatile. cnmpaunds are gradua]Ty being controlled, but po11utron contro1

-,fsystems muét be~1mproved to further reduce emissions. Accidents or
- defective emission controf\Eystems provide the chief potential for release

'fv _fof synfﬂeis prcducts by truck transport.

Tankers and barges will aTso be used for the transpartat1on of the
'ref1ned sha1e o1l and coal 1iquids products and could be used extensively
if the markets are accessible to the gulf coast. Under the Nat1ona1 Goal

. . o 2_55"



Scenario, 0.1 MMBPD each of gasoline and diesel oil may be transpaorted by
these modes in 1992. Other products toc a lesser extent are naphtha, LPG,
jet fuel, and residual oil. A significant amount of petrochemical products
currently move along the Mississippi River to northern markets. The major
emission source for this operation inveolves loading and unloading; however,
‘the accident rate is less than that of surface transportation mode. As
with truck Toading, iﬁéreased emission controls are being initiated for
ship and barge loading which will significantly decrease evaporative
emissions by the time the synfuels industry is developed. Improvements are
also being made to reduce spills of petrochemical products into waterwayse.
Reduction of accidental -spilis-and prevention of intentional releases are
currently under reguldtion by the Coast Guard and EPA.

In addition to transportation and handling, the storage of synfuel
preducts and by-products may pose potential envirormental problems. These
probliems may occur primarily with refined shale oil and coal Tiquids. As
. With other petroleum products they will be stored at bulk storage terminals
until used. By 1992, a total of 1.4 MMBPD of synthetic Tiquids will be
preduced under the National Goal Scenério, and ranging up to 1.7 MMBPD
under the accelerated rate scenario. Exposures to these products at the
terminals may occur during the loading and unloading operations, as well as
breathing losses from the tanks during product storage. Thé potential for
exposure depends upon the volatility of the products and the fregquency of
Toading operations. Since storage facilities are-located at refineries,
utility and industrial plants, airports and numerous other facilities,
exposure potentiaibis significant. Concern over the uncertainties of the
constituents of synfuels may Tead to storage procedurss for these products
that are more rigid, énd new storage vessels or containers for liquids may
~ be reguired under stringent'specifications. Some emissions may &lso occur

_frém low-Tevel Teakage. ' | ‘

As with other major contraol requireﬁents for loading and unloading
petroleum products, vapor recovery techniques for bulk storage facilities
are being improved, primarily by the use of floating rﬂaf'tanks. Synfuels
such as SRC II 1iquids have vaﬁor pressures similar to No. 6 fuel oil which
has very Tow evaporative emissions and working losses compared to gasoline.
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other petro1eum products. However, fhere will be new.cont%o] systems

developed and emissions will be réduéed over the next several years through

improvements in emissions control'prdcedures in transportation, handling
and storage operations. Only after:thorough,toxicity'testing of synfﬂé!
products and by-products can an assessment be made of whether“synfuels
transportation, handiing and storage will pose environmental, health, ard
safety problems greater than thase ekperienced'in the-petrdléum refining
and chemical manufacturing industries. - ' '
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ENVIRONMENTAL CONTROL TECHNOLOGY NEEDED FOR SYNFUELS UTILIZATION _ .

The utilization of synfuels products and by-products will reguire
improvements in existing environmental control téchnology and the
development of new technologies. In order to assess the control technology
requirements, it is necessary to first understand the hazards associated
with synfuel utilization. This may be accomplished by determining the
constituents of synfuels products and by-products, their transformation
upon use, and ultimate fate in the enviromnment. These data in turn must be
tied closely to the product buildup rate described in each of the scenarios
since these impact the types of products produced and their rate of
penetration into the market. Once these factors are understood, then
control technology optians may be evaluated. This cycle must be completed
within the next 10 years in order for EPA to meet the synfuels challenge.

EXISTING DATA REGARDING HAZARDS OF SYNFUEL PRODUCTS IS SPARSE

At the current time there is a Tack of sufficient data available to
properly assess the potential risks associated with the utilization of .
synfuel products and by-products. The development of these data will
‘reguire svgn1f1cant efforts on the part of the government, industry and the
academic community to generate sound, reliable information to assure
minimum risks to the health and welfare of the nation as synfuels are
introduced into the markét~ This synfuels data base must contain not only
accurate and representative information about the physical properties,
chemicai compesition and biclogical actfvities of synfue]s, but mus; a1so

products.

The DOE and EPA are presently conducting significant research efforts
on synfuels product characterization. The results of some of the shale oil
and coal T1iquid products are becoming available. An example of the prelim-
inary éna]ysis of these two products compared with petroleum crude is
presented in Table 12. There are some similarities in the diaromatic
content between shale 0il and petroleum crude, with coal 13qu1ds having the
highest content. This factor may be significant if a spill of these .
products occurred, as impacts on water pollution would be less than frdn
coal liquids. A comparison between,coa]_and petroleum derived gasolinas is

258




. Table 12. D1aromat1c Content of Synthetic Crudes and

1

Crude Oils
_ -Concentraéion],'mg/g
.. Typical ‘
Constituent 3 _ ~ | | o 58?%8' "Sgggludé Peg:glzum‘ )
Naphthalene - R - 'TT§§_“". .68 0.87
‘2-Methylnaphthalene e 347 1.0
1-Methylnaphthalene | 0.68 1.1 075
Biphenyl | D 0.06 . 0.44 T
2, 6-Damathy1naphtha]ene | o ~GIa o 0.81 - 0.08
1. 3/?, S-Bimethy1naphthaiene , . 1.63 - 3;01' 1.48
: 2;'3-Diﬁethy1héphthafena. o S g.28 . i.53 ‘ G.51
1, 5-Dimethylnaphthalene © 0.3 0.67 - 0.08
1, 2-D1methy1naphtha1ene - 0.19 .' Q;23' C T 0.31
Acemaphthalene . 026 28 0.30
V'Acenaphthene N , o ’:  S T . ¢"9;§g“' N
ToTAL L 523 5.8 5.42

T= trace, ND = not. detected

Source: 0ak Ridge National Laboratory
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presented in Table 13, indicating significant variations in aromatics and .
unidentified compounds. Due to the high aromatic content of the coal-

derived gasoline, potential adverse health effects may occur from

widespread use of this fuel in automotive applications. Some of the

synfuels products and by-products may be classified as toxic chemicals

under the Toxic Substances Control Act (TSCA).

Preliminary health effects studies have indicated that coal Tiquids
have industrial toxicity ratings similar to those of benzoic acid,
phosphoric acid, sodium tartrate, and poTychlorinated biphenyls (PCB).
Coal Tiquids have also besn found to be less toxic than pesticides such as
dieldrin and chlordane. and more toxic than crude petroleum and shale ail.
Historical epidemiclogical and animal studies have established that coal
tars and pitches from coal coking, gasification, and combustion possess a
carcinogenic nature. Although these studies are not all directly
comparable, it would appear that some high-boiling paint products from
direct Tiquefaction processes ar from coal pyrolytic processes may possess
a high degres of carcinogenicity. '

It is apparent tﬁat although work has started in the right direction
to assess synfuels hazards, much work still nesds to be conducted. As the
physical, chemical and biological results are analyzed, and potential risks
evaluated, decisions can start to be made as to the various pollution
control technologies that can be most effectively applied in the
utilization of synfuels.
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' Table 13. Major Chemica]'Componént'C1aSSes of =
. Petroleum and Coal-Derived Gasoline

GASOLINE .

CHEMICAL GROUP ; 5
Petroleum-Derived Coal-Derived

Total Saturstes = = | 56.38 - 68.68 20.17- 68.5

Total Alkemes -~ . |  5.00- 7.68.° . O
Total Aramatics - | 26,32 -32.91  36.20 --75.63

' Total Unidentified T g- 302  0-12.8

TDaté- are from Sanders ané Maynard (1968) and Ruﬁion‘(1975)g f
‘ - The range of numbers are for different grades of gasoline
} - . of low, medium, or high octane. ' ' :

 %pata are from EPRI (1978). The fange'of numbers correspond
to different amount of hydroprocessing. Increased hydro-
processing resuits in fuel with a Tower aromatic content. -
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PRODUCT BUILDUP RATES WILL DETERMINE MAGNITUDE OF ENVIRONMENTAL IMPACTS .

Once the hazards of synfuels products and byproducts are known, their
relative impacts on the environment will depend upon the product buildup
rate and :_narket penetration as described for each of the scenarios. All
media, air, water and Tand, must be considered.

Air pollution impacts will cccur primarily from the combustion of
synfuels in stationary and mobile sources, with some impacts from fugitive
emissions occurring during transportation, storége,land handiing
operations. Under the National Goal Scenario, coal Tiquids and shale oil
products will contribute the greatést percentage of products. A level of
1.4 MMBPD of these fuels will be produced in 1992 and continue through
. 2000. Coal liguids will most likely be used in all sectors of the market
including utilities, transportation, industrial, and commercial. As most
of the products will be used in stationary sources, the air pollution
impacts are expected to be less than from shale oil products, all of which
will be used by transportation sources. The individual mobile sources do .
not lend themselves to as effective emission controls.as centralized
stationary sources. Due to the moderate amount of petroleum product use
that is expected to be replaced by synthetic Tiquids, the air poliution
impacts are expected to be moderate.

Under the nominal rate scenario (Scenaric 2), only 0.5 MMBPD of Tiquid
fuels will be produced in 1992, and the 1.4 MMBPD Tevel will not be reached
until 1998. This will provide relatively lower air poliution impacts from
Tiquids combustion than the National Goal Scenario. The use of Tow- and
medium-Btu gas is projected to be higher under scenario 2 than scenario 1,
although air poliution impacts are not considered to be significant since
these products will most 1ikely be used for in-plant and feedstock
' app!icgtians. ' _ '

- The greatest relative impact would occur under the accelerated rate
scenaris, as the guantities of each product are higher than for each of the
-other two scenarios. By 1992, shale oil and coal liquids production reach
a Tevel of 1.8 MMBPD and as much as 3.5 MMBPD by 2000. Shale oil in this
period is in excess of 0.9 MMBPD, all of which is used in transportation .
sources. As shale oil products can be used virtually anywhere in the U.S.,
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there is. very Tittle of the population that may not.be exposed to the
combustion producte. If the majority of the products are'used\by the
military sector, the geographic area of use may be_better defihed;,
Significant market penetration under this scenaria will also be made by SNG
which may be used in all sectors with the exception of transaortation. As
this product has widespread app]icationg its composition must be accurately
defined to determine if combustion will produce air p011ut1on 1mpacts
fd?fferent from use of naturaT gas. -

Water po]lut1on w1]1 occur primarily from spills associated with the
transportation of synthetic T1iquids. As the production of these is
greateet under the accelerated rate scenario,. it provides the greatest
potential for these'impacts.' The crude~and refined shale 0ils, as well as
coal Tiquids will be transported over Tong distances by pipelines, and then

- to the markets by various modes af transportation. The 1cad1ng of tankers
-and barges, and transportation of the products by waterways prov1des a

moderate degree of spill potential.

Solid wastes will be-generated primarily by the pollution control
systems used during synfuels. utilization. ' These systems wiTl be 1imited to
stationary source applications where the coal liqﬁid3~and gasas are used in

" utilities and for-industrial processes. - As the quantities of solid wastes

produced will be dependent on the amount of thase fuels used, it will have

the greatest impact under the accelerated rate scenar1o.- 011 Sha1e

products will not contribute to these impacts since they will be used in
transportation sources. By 1992 under this scenario, coal- der1ved.fue1§
will be produced at a Tevel of 1.8 MMBPD and 4.1 MMBPD by 2000. The

:ma30r1ty of these products will be used in stationary sources with emission
_controi systems produc1ng solid wastes. Under scenario 2, only 1.7 MMBPD
-of coal- der1ved fuels will be produced by 2000, and 1.8 MMBPD under the

- National .Goal Scenaric. As another example of the need to determine

synfueT compas1t1on, the- soi1d wastes - generated by control systems may
contain toxic or hazardous components thCh upon d1sposa1 ‘may 1each into

'.grcundwaters at waste d1sposa1 sites.

On the basis of the information preéented; sfgnifﬁcaniedata need to be
developed to assess control-technc1ogy options. The optimal method of» .

- control, if achievable, would be to upgrade the products to remove as much
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of the pollutant source content as possible rather than rely on downstream
poliution controls. This would have significant benefits on pollution
impacts that may occur prior to product utilization. As an example,
fugitive emissions into the atmosphere, or spills into waterways would nct
be expected to be severe if the majority‘'of poliutants were removed during
the manufacture of the product..

Once the products are ready for combustion, emission controls will be
necessary if product upgrading is unsuccessful. Recent small-scale tests
of synfuels combustion have provided encouraging results from an
envirormental perspective. Several combustion tests of SRC Tiquids ard
solids, EDS and H-Coal 1iquids, shale ofl, and coal derived gases have been
conducted. For test purposes, some of the combustion devices were not
equipped with high-efficiency poliution control devices. Once the products
are used in commerce, Best Available Control Technology (BACT) will be
required. '

EPA is currently procesding to deve!op PolTution Control Guidance
Documents for- all of the synfuel technologies that are being considersd

under the three scenarios. The purpose of these documents is to foster ths
development of acceptable synfuels technologies with a minimum of

regulatory delays. A similar series of documents may be prepared for the
utilization of the products from these technologies.
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STGNIFICANT ENVIRONMENTAL ISSUES FOR SYNFUELS UTILIZATION

Although a few synfuels products have been included in the toxic
substances inventory, most synfuels may be designated as new
products -under TSCA. EPA will have to identify potential risks
associated with the transport and use of synfuels products and
-by-products, as well as their end uses. Risk and exposure concerrs
-depend on the market infrastructure and 1ikely end use of the
variety of products that will result. More diverse end uses ard
methods of handling, storage, and distribution will increase the -
exposure potential. o ‘ -

In addition to TSCA, stipulations of the Clean Air Act will also
impact the synfuels market. Atmospheric emissions from fugitive
sources are potentially an environmental concern, as well as end-
use combustion emissfons. These emissions must be characterized so
that BACT determinations can be made. Similarities and differences
with related petroleum products nesd to be evaluated.

- Potential atmospheric emissiaons are much more diverse than the
limited set of criteria pollutants which constitute the majority of
air pollution concerns today. A critical issue is not so much that
' hydrocarbons may be an emission, but rather an assessment is nesded
of the kinds of other organic emissions and the associated risks.

The potential of accidental spiils in the transport and storage of
synfuels products and by-praoducts is ane of the most critical
concerns Tor protection of groundwater quélity and dependent
drinking water sources, as stipulated by the Clean Water Act.
Additional contamination of receiving waters couid be caused by
area washdown and stormwater runoff at facilities where minor
leakage occurs. - B

RCRA requirements will include an integrated solid and hazardous
waste management program. - Waste oils, storage tank sludges,
disposable materials (seals, packing, etc.), and ash residues can
all be anticipated from synfuels usage, in addition to waste
-by-products. . ' :

There is a high probability that synfuels will be blended with

.. petroleum products, either as refinery and petrochemical feeds or

as products at end-use locations. EPA-wild-have-to..judge the
- applicability of existing regulations covering petroleum product

- transport and use when the product.characterizations are relatedto
blend ratios. Furthermore, synfuels materials that will be used as

.. chemical fesdstacks will require envirormental assessments

‘regarding their physical, chemical, and biological acpeptahi1it3u

~The eventual complexity and diversity of the synfuels market
infrastructure will represent a challenge to traditional :
environmental monitoring-and inspection procedures, as well as
control technology assessment. T :
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¢ Some of the control approaches will be equipment and operations .
oriented. This characteristic will require a close EPA interface
with other regulatory agencies (such as DOT, ICC, and Coast Guard)

regarding transportation operations which are both safe and
environmentally acceptable.

® The feasibility of segregating the handling and end-use of
potentially hazardous, synfuels will certainly have to be evaluated.
Proper assessment of enviromnmental risks from synfuels product
end-use will be needed to establish exposure estimates.

PERMITTING AND PROGRESS

EPA's regulatory role in an emerging synfuels market will involve
permitting for the_brcduction, storage, transportation, and end use of the
products. Permitting procedures will have to be streamlined to eliminate
unnecessary delays in the long-range national goal of reducing petroleum
imports. TSCA requirements will be particuTarly critical in this emerging
industry. Plans have been announced by some industries to begin
construction of plants to supply SNG and chemical fesdstocks. Synfuels
projects scheduled for the mid-1980s include shale o0il development in
Colorado and Utah, and the SRC II demonstrationm plant in West Virginia.
With typical engineering and design efforts requiring 2 years. and
construction another 2 te 3 years, it is essential that all permitting be
complete within 1 year to keep these critical developments on schedule.
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