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Introduction 

Effective September 26, 1991, Bechzel, with Amoco as the main suhconlractor, initiated a study to 
develo~ s computer model and baseline design for advanced Fischer-Tropsch (F-T) technology for 
the US. Department of Energy's (DOE's) Pittsburgh Energy Technology Center (PETC). The 
24-rrmnth study, with an approved budget of $2.3 million, is under DOE Contract Number DE- 
AC22-9 IPC90027, 

The objectives of the study are to: 

• Develop a baseline design for indirect liquefaction using advanced F-T tecnnology. 

• Prepare the capital and operating costs for the baseline design. 

• Develop a process flow sheet simulation (PFS) model. 

The baseline design, the economic analysis, and the computer model will be the major resea~h 
planning tools that PETC will use to plan, guide, and evaluate its ongoing and future research and 
comme~ialixation programs re~ting to indirect coal liquefaction for the manufacture of synthetic 
liquid fuels from coal. 

This report is Becl~tel's second quarterly technical progress report and covers the period of De- 
cember 23, 1991 through March 15, 1992, which is the reporting period covered by the three 
monthly status revorts already published. 

This report consists of four sections: 

• ]nmxiucuon 

• Summary 

• Study Progress by Task 

• Key Personnel Staffing Report 

Ilasollne Itudy F-T 
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8ummar 

This report summarizes the activities completed during the period December 23, 1992 through 
March 15, 1992 for the tasks scheduled for the period, i.e., Tasks l, 3, and 7. 

In Task 1, Baseline Design and Alternates, the following activities related to the tradeoff studies 
were completed: 

• Approach and basis 

s Oxygen purity 

• F-T reactor pressure 

• Wax yield 

• Aulothermal reformer 

• Hydrocarbons (C3/C4s) recovery 

• Hydrogen recover), 

The recommended purity of oxygen feed to the Shell gasifier was determined to be 99.5 reel%. 
Bechtel recotmnends that the presmm level for the F-T reactor should be a natural design pressure 
without recompression of the clean syngas from the Shell gasification unit. The preferred wax 
yield for the baseline design case was determined to be 50 wt%. An autothermal refomler should 
be incofpoca~ into the F-T recycle loop because it offers economical benefits and operational 
flexibility. Deep refrige,.'ation (. 130DF) and hydrogen recovery by PSA-only (with 6000 mols/hr 
water injection) provide the most economical route to recover C3s, C_4s. and h.ydrogen from the F- 
T recycle loop. Various options for the CO2 removal are still under investiganon. 

In Task 3, Engineering Design Criteria, activities were initiated to support the process trade.off 
studies in Task l and to develop ,..he environmental strategy for the Illinois site. Tlm work 
completed to date consists of the development of the F-T reactor yield correlation from the Mobil 
data ~nd a brief review of  the environmental strategy prepared for the same site in the direct 
liquefaction baseline study. Some work has also been done irJ ~stablishing site-related criteria, in 
establishing the maximum vessel diameter for train sizing and in coping with the low H2/CO ratio 
from the Shell gasifier. 

In Task 7, Project Management and Adminisu'ation, the following activities were completed: 

u The subcontract agreement between Amoco and Bechtel was negotiated. 

= A first technical progress meeting was held at the Bechlcl office in February. 
Conference notes were prepared and disn"ibuted. 

• The final Project Management Plan was approved by PETC and issued in March 
1992. 
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Stud Pro ress b Task 

This' udy has been"d{vided into seven major tasks: 

• Task 1: Establish the baseline design and alternates. 

• Task 2: Evaluate baseline economics. 

• Task 3: Develop engineering design criteria. 

• Task 4: Develop a process flowsheet simulation (PFS) model. 

• Task 5: Perform sensitivity studies using the PFS model. 

• Tat& 6: Document the PFS model and develop a DOE training session on its use. 

• Ta~k 7: Perform project management, technical coordination, and other 
miscellaneous support functions. 

During the reporting period (December 23, 1991 through March 15, 1992), several activities were 
completed in Tasks 1, 3, and 7. These accomplishments are described below. 

3.1 TASK 1 - IUUIEUIIIE DIESHIII AND ALTIEBAIlIE$ 

The baseline design is for a F-T synthesis facility, using slurry reactors operating in the high-wax 
mode, to produce L,I~, diesel, gasoline, and distillate from synthesis gas that was produced in 
Shell gasifiers from 20,000 tons per day (tpd) of bituminous Illinois coal. An ahernate case will 
be performed to assess the impact of subbituminous western coal on the baseline design. Work 
during the reporting period was focused on tradeoff studies to determine the basis for design of the 
F-T recycle loop for the baseline case. 

3.1.1 TrMooff Study Approach and Basis 

The major objectives of the tradeoff studies are to select the most cost-effective F-T recycle loop 
configuration for the baseline design through the evaluation of various process alternates and to 
investigate alternate process units and variables with the greatest impacts on the baseline design. 
As shown in Figure 3- I, the F-T recycle loop consists of these major process units: F-T 
synthesis, carbon dioxide removal, recycle gas compression and dehydration, hydrocarbons 
recovery, hydrogen recovery, and autothermal reforming, 

The process units and process variables studied include: 

n Oxygen purity for the Shell gasificrs 

s F-T reactor pressure 

• Wax yield (F.T reactor temperature) 

• Autothermal reforming 
i i H , i 
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Section $ Study Progress by Task 

• Hydrocar:~ons (C3/C4s) recovery 

• H2 roe ," 

• ~ .~a l  

Different. , s alternates were fnst evaluated by direct comparison of the capital and operating 
costs. T n )acts on other process units were also investigated and quant~cd, if necessary. 
Capital .~, .mates, spreadsheet balances, and HYSIM process models prepared during the 
Slurry" "Design Studies sponsored by DOFj'PETC (DOE Contract No+ DE-AC22- 
89PLdgS61j ,~ere updated and revised for these trade.off studies. To minimize the work scope of 
the wadeoff studies, capital and operating cost estimates for the process units were u~"d for 
comparison purposes for those specific wad~ff cases and included only the affected : =uipmcnt, 

The process basis and assumptions are also varied within each u'adeoff case in order to provide a 
betler comparison among different options. Some of the common bases and assumptions arc: (l) 
the F-T product yields and loop material balances are calculated by a new spreadsheet simulation 
program or ASPEN/SP models using the ~ple alpha theory (to be discussed in Task 3); (2) n~r¢ 
dcmilod heat and mamrial balances around u~ F-T recycle loop are gencmt~l using the HYSIM 
and ASPEN/SP models; (3) the F-T plant capacity is based on 20,000 stpd of washed Illinois 
No. 6 coal with 5 wt% moisture to the gasifiers; (4) the wax yield is assumed to be 50 wt%; and 
(5) aumthermal reforming is incorporated in t~r, ~'-T recycle loop. Deviations in wax yield and 
inclusion or exclusion of aulothertr~! ,-fo.,v.,; :':arninccl in relation to this base. While once- 
through operation is an interesting possible ~ '. :r furore study, it was deemed outside the 
scope of these studies since it would undoubt,,. '" the production of excess power. Target 
syngas conversion for the wadeoff studies was ~o%. 

The basis for the operating cost and procluet values are listed in Table 3- I. The electric power cost 
of 5. l¢/kWh is based on the market price for purchased power. The power cost is consistent with 
the cost determined in a separate DOF.JPETC sponsored study (Direct Coal Liquefaction Bas¢lir,~ 
Design and System Analysis, DOE Contract No. DE-AC22-90PC89857) for ~e same plant 
location. 

The product values arc based on their typical market value at this tin'~. They do not yet include 
any premium or debit for octane and cetane values for the coal derived liquid. A simple payout of 
4 years is usccl as an economic criterion for justification for inclusion of a process unit. 

3,1.2 Oxygen Purity 

Use of oxygen in different purities in the Shell gasification process and autothcrrnal reformer has a 
direct effect on the physical size of various process units in the F-T recycle loop. Thus, the capit~ 
and operating costs of the process units in the F-T recycle loop have to bc considered as well as 
those for the air separation plant. 

Ba~nilne Study F-T 
T~282.~ 17r~/O~ R I 

r w .  

3-2 



I~,,elllN | ,, , Study Profess I~ Task 

Two oxygen purities (95 venus 99.5 mol%) were considered for this tradeoff study. The basis for 
the F-T re,,'Tcle loop design w u  the membmne~SA option for hydrogen n~overy, even though it 
was no¢ the final choice. The PSA-m]y option for hydrogen n~.overy was not considered for this 
t r ade~  cue  becJmse the hydrogen content in the recycle sas meant is below the practical limit of 
the PSA when the oxygen purity is at 95 mol~. 

The hem and m u s i ~  balance for msjtr unit cpmuiom in the F-T 11cycle loop were computai 
using a spruddz~t  propmn devcloix~d for this pmptzm which uses scparadon factors from the 
HYSIM and ASPtgq-sP modeh. Design Study was rcvisai for the 95 and 99.5 tool% oxyjcn 
pm'ity cam,. Table 3-2 summmrizu the basis and tiz flow rmm of thc proccu unim that m~ 
impscted most by the chsn~ in the oxygen purity. As shown, the recycle p s  flow rate is reduced 
from 578 to 315 MMncfd u the oxygen purity ia increased fx~m 95 to 99.5 mol~ pm.ity, 
n~M~dvely. Since the imrge ralB ia set by the constant fuel demand frmm the F.T plant 
(58.5 MM Btu&r), the pu rp  fpm stream for the low oxygen pretty cue  is incrumed from S,000 to 
13.680 m o i ~  owing m its lowm" heating valuc. 

Table 3-3 mmunadzea the capittl and ~ corn of the air seper~on plant and the affected 
pmceu tmim in the F.T recycle loop for the two diffesent oxypm pmty  cues. AS ezlmCted, the 
capital coat and opcrati~ costs for thc ak separatinn plant an~ higher for the 99..5 mol~ o x y ~  
purity cuc.  However, these ixuncases arc mmc dun offset by the tkcrcucs of tho capital and 
opmeng coma for the other preceu units. The 99.5 molCl, oxy~n case shows • $16 million 
lower capital cost and $12.4 million per year lower annual operating cost than the 95 tool% cue.  

P,r.sults of this tradmff caw indicatc that 99.5 mol% oxyL, cn purity should bc used for the baseline 
,dcsi~ case. 

LI.S F-T Nemctor i ~ a r e  and Temperature 

To Ol"~mize pressure 8nd temperatm~ it is first necesu~ to determine the effect of these 
pqm-mn©aern on reaclm" sizing and wax yield. Bechtel has ~maly'zed Mobil's first stage dam fro" 
preutm= and temlx:nm~ effects by selecting lined-out periods throughout the pilot plant 
operations (Kno, 1983, DE-AC22-80PC':K)022 and Kuo, 198S, Dl~-AC22-83PQS(}019). These 
are fisted in Table 3-4. Opemdn S pressure varies from 1.48 to 2.$2 MPa and tempcrattnc from 
244"C to 2750C. 

A plot of wax yield in wt~ versus w, actor tcmpenmue is shown in Figtae 3-2, A su'aight line 
ap/nst ~emperature is shown, but dds is heavily influenced by the point at 275 °(2. If this point is 
discarded, the line would be downward curving and would correspond rather closely to a similar 
correlation developed by MFI'RE. The way the curve is drawn in Fii,~ue 3-2 puts the low wax 
mode operation in the best possible light. The points are keyed to Incssure, and no discernible 

I , n  in nln i i 
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effect of pressure on wax yield is found. The cost tradeoffs when wax yield is varied are 
discussed in Section 3.1.4. 

The effcct of ~ g  prcssmc on ovmdl syngus convcrsico is evaluated in Figure 3-3 using • 
ps~,Ss~re-coaectod semiempirical factor, kP/SV. Thcorctictlly, doubling the opertting premm:. P. 
will do0ble the dlowable tl~ce velocity. SV. for • given conm~o, level. The reactor model 
develofed in the Sl, rry Reactor Design St,dies (DOE Cmu'act DE-AC22-89PC89867) 
establishes etat msss mmsfer o~mtbutes rely about 10~ of the total n~i~ance and thus the 
lo l~thm of (100 - s ~ l ~  c o a ~ )  should be nearly ~ to the w.sctim rate ¢omttnt. 
k. determined in that study [k..3.3' 109©xp(-130/RT)]. divided by the tlmce v¢locky. It is tpparent 
h'om Rgurc 3-3, which uscs all of the data from Table 3-4. that a ~ line is not obtained and 
most of the high pressure data sze at much lower than expected cmveniou. 

Mobil did two pressure scans early in its tcst program, and the results are presented in Table 3-5. 
These data show close to the thocntical lnC.tne effect i.e., when inssme is raised while 
nmintalning the same superficial velocity, ccmvcrskm stays ~mmt coamnL It is known that Table 
.~t-4 comlns d m  for exteakd ~ where the cmlyst  activity had ftlksc Saze  ofthe high 
Wessm~ dm m~ z~o ,, very low mpaflcisl vekx:ity mzl dz h y ~ d y m m ~  m y  hsve ~ ~ ,  
leading to an abncxm~iy high mm mm~er contribution. 'llzsc dam are shaded in Table 3-4. 
When thesc data an: eliminated from FiL, m~ 3-3 and the Table 3-5 dam are akled, • sca.umablc 
~rn:la~x~ is obtained. 

On closer inspection, however, it is found that the data fit is slightly imlnce.-ed ff the activation 
energy is reduced fnxn 130 to 100 MJ/kg tool. This is also more in line with the F-T litcmttn~. 
The final coaclatim with the revised data set is shown in Rgtuc 3-4. The reaction ratc constant is 
now given by k=3.65' 10~xp(-100/RT). The fit is reasonable, although the two high I~UU.n~ 
runs 256-6 and 256-7 =re still at too low • conversion level. Mobil m d i z ~  that this wu 
happening and abmziotwd efforts to run at high pressm'e in their later pilot plant operations. 

Sinc~ the effect of pressure is still unccrtsin (ot~e set of data confirms theory, another does not), a 
uadmff study would be m~Jningless. Bcchtcl recommends that a natund design prcsstuc, 
achievabk without sccanprcssion of thc clean gas frc~ the gastficr, bc uscd for ~ basclinc 
design. This would be about 2 MPa, right in the middle of the range studied by Mobil. A 
comprcssion stage will be included in the prate, simulation model, and it will then be pmsible to 
optimize the system using whatever pressure effcct the user wishes to build into the model. 

For the puriz3~ of the tradmff studies, reactor capacity and reactor depth havc bccn estimated for 
various wax yields for a 4.B-meter-diameter reactor, using Bechtel's reactor model 2, wax yield 
c(x~lation as shown in Figmc 3-2 and the rck'tim rate constant k=2.5*106cxp(- 100/RT), at an 
inlet supcrficial vclocity of 10 cr~s and a slurry concentration of 22.5 wt%. As a degrec of 
conservatism, this ratc constant is 70% of that in l:i~n~ 3-4. The results are summarized below: 

| ,  i 
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Im~am | Study ProQress b)/Task 

Wt% Wax Temp., °C Press., MPa Depth, rn Cap., Nm3/h 
10 270,8 1.48 6.87 4|910 
10 270.8 2.60 6.87 67380 
50 253.1 1.48 15,0 46422 
50 253.1 2.60 15.0 78090 
76 241.7 1.48 26.35 48690 
76 241.7 2.60 26.35 83333 

The pressta'e effect shown above is the theoretical effect. The reactor size remains constant, while 
capacity increues in direct propnrdon to pressure. Fewer reactors are requited at higher pressure 
but the reactor weight will increase, almost in direct propo~on to pressure, since the wall thickness 
must be increased. Under this assumptiot~, therefore, the economics of pressure will depend more 
on its effect on the recycle loop than on the reactc~ themselves, 

For future desiip~ purposes, Bechtel has reanalyzed multiple sets of Mobil clam over the pressure 
range in quesdon using the plug flow model described in the Slurry Reactor Design Studies (the 
high I.JD Mobil pilot plant reactor should approximate plug flow). The frequency factor term was 
varied until the predicted conversion level agreed with the data. The results were as follows: 

Run Number P T SV Syngas Cony. Freq. Factor 
256-1-2 1.136 260 9.12 53.6 4.4"106 
256-3-4 1.480 258 2.40 86.3 2.3* 106 
256-3-49 ! .487 262 2.09 85.4 1.62" 106 
256-4-25 2.515 256 2.92 40.6 0.65* 106 
256-5-5 1.473 244 2.26 55.2 2.2"106 
256-6-5 2.184 249 3.99 43.2 1.62" 106 
256- ! 1-7 1.487 258 2.30 83.2 1.8* 106 
256- ! 3-8 1.48 249 2.34 82.5 1.8" 106 

The average of the above frequency factors is 2.05"106, giving a design reaction rate constant of 
k=2.05' 106exp(- 100/RT). 

3.1,4 Wax Yield 

The main objective of this u'adeoff case is to establish a wax yield basis for the baseline design 
case. The F-T reactor yield model developed i, Task 3 of this Study was used to investigate the 
effect of wax yield on the overall F-T plant configuration. The Excel spreadsheet program 
mentioned previously was used to develop the material balance for the F-T recycle loop. The final 
liquid producl yields were esthnated with the same upgrading configuration as in the previous 
Slurry Reactor Design Study. Three different wax yields - 76 wt%, 50 wt%, and 9.6 wt% - were 
selected for this ~..deoff case. 
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Table 3-6 mummm'izcm the product yields and key prcceu flows within the F-T recycle loop. The 
8uoline-u~listillau~ ra~ dc~mwes for ~ wax yield but ti~ combined yield of 8 ~  and 
diesel inacues. The production of C3/~s euentisUy remains constant ~ differe~u wax yields. 

The mthnatnd plant capital costs and opcrafinj costs for the thn~ wax yicld ca,5~ an: 8mnmarin:d 
inTabl~ 3-7 mnd3-8.rcqx~vcly. Thctcw~cupiml c o ~ ~  uthc w~cldclocn:xses. The 
cq~tml corn for the ~ units within the F-T recycle loop do not 8how a clear tra~ with d~ 
wanyleld. Thecmpiudcomoftheref'minilmectiondeaeuesuthewaxylekitncnmms, Smvinp 
in reactor cost at low waz yield m counmtaknced by incma~ in cost of the a u ~  
mfmmor and oxysm plm. 

The compsrtmon of'the mmusl open~8 corn is limited to de coa of power taxi mmm because 
odwr annuml opmsins corn m not mtlnificsn~ mfgzzzl by tim vmf, v tm of w u  ~ As shown 
in Table 3-8, the annual revenue is increased ~ $337.7 million to $3~.2 ~ u the 
yle~t Is wtried from 9.6 to 76 wt~. TM [~nusl cmt for power taxi 8lmmm shows u oppo~lo uend 
with the same vm'Imioa of wax :yield. The net result i8 a deamm in revenue ~ low wax yield. 

Althoush hisher net n~s~mue is 8 ~ m m d  in the htZtua w u  ybkl cue, Bechml manmendm that 
SO wtq5 yield be sekctod for the baseline design becaum mo~ Mobil d~a m~ in the nm~ bctw~n 
I0 stud SO wtq5 wax yield. There wcrc a~ly thn~ ma~a l  bmlanc8 runs, covcrinl~ 6 drays of 
clzmion, at "i0~ mind ~ wax yiclds. Tbc opmfinS tcmlzzmaz wu 2~)'C to 24.q'C, rand the 
Mobil pilot plxnt n~ctor hid insufl'Jclent ckpth to mckicvo ow~ about ~S~ synju co~vcrsion. 

3,'l.6 Autolhennml Rofornlnu 

The autochcrmai reformer is incoqxxxzd in thc F-T recyclc loop in order to minimize thc buildup 
of l i~t  ends and incream thc C3+ product yield at ~ cxpcnm of pur8~ 8u. Since the refonnins 

to synthesis gu  is cndothcrmic, oxyscn is mddcd and a portion of thc gas sur, am is b u n ~  
to C02 and H '~  to bal~cc d~c ~ requkcmcnt. Thc scactioo iJ catalytic pmial o ~  and 
pmu~ypcs exist at Sasol and in the tutothe~tl reformer used in methanol prod~tion via 
combined refonnins. 

Table 3-9 provides a mlafivc compuison of' sin:s and olx:rstins conditions for key proccss units 
with and without thc a ~ d  rcfonncr included in tl~ F-T recycle loop. With the inclusion of 
an autodzrmal reformer, • pardon of the lisht ends an~ effectively converted to synthesis IPs or 
and do not build up in the loop, resulting in • reduction in the recycle rate (from 413 to 378.2 
MMscfd). The number of F-T reactors required is n~dt~:c~ from 29 to 26 with the inclusion of the 
autodwnnaI reformer. 

Table 3-10 summarizes the comparisons of ~c capital costs, annual operatin 8 costs, and the annual 
revenue for the two cases: with and without the autothem~ reformer. Although tl~ total capiud 
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omt is $9.8 million Idsher for the autotlun3nal reformer case, it is oHset by thc higher nct revenue 
of'$22.5 mLLLion I~nerated. The simple payout is eatimmd to be 0.44 year. 

The incltudm of' the ammdmmal reformer in the recycle loop will also provide added operating 
flexibility. In came of fuSure of am upatream unit in the F-T recycle loop x~tch as tire hydrocadxms 

unit. the additimml mcyclat hyd~cad0om can be azver~t to aynlpu in the auzahamal 
mfornmr. Thus, complete plant shut down is •void even timu~ the plant may havo m be opmatod 
u mdumd c q ~ .  

V m l m  of tbe m ~  m/ironer (Lmli amd Haldor Topsoo) ~ dm the ~ of 
o l ~  in dm autmlmnnd mfmumr fml will uot po~ any opamins pmblmns, Tbey Mso 
~ fhat dw ~ llU ipJet e e m ~  (not tho o~yl~ ~n~perau~) cam be u ~ u 
17~P' u complmcl u) dm 1100~ uaeci ~r  d~ mdec~©ue. 

The ammdmmal sufcxmer will bo included in tim baaelism desiipn becauso it offun a:mmmicad 
Imadtu amd opmdmd flextt/~y. Tho inlet mmlzmmu of d~ ~mner  foed win be ~ 
c l o w  to lT(X~ in order to seduce the ©xyiton comum~on ram, 

L1A I~dtee|dleml Reeevee/ 

Three dlffemm hych~carbons recovery Ehen~ were inveu~laml: Kismpdon with r e ~ i ~  
drop (.IS0'r) meriSa~oa, amd m~um ( - S 0 " ~ ~ .  A / ~ ,  pnmmimu~ invmlpdon. 

~ ~ i p r u t c m  u:beme was ~ from further ~ o n  becau~ the requinxi 
cJscul•don rM0 of dr4 loan oil atdaorbent is very hJjh •rid lin uxtad:~optablo •snount of ildloHxpnt is 
ion duoush ~ v ~  by the vapor sub, am. The re~smdon method was selected u tin basis for 
de hydrocmtxu n~cow-y tnukoff case. Both deep and medium n~riipnwion were studied in 
detail by • ccasbinatkm of HYSIM and Slmatdsheet simulations to develop the Urada~ cost 
infornmdon. The wax yield for both cases is 50 wig5. 

Tim deep r e ~  cue involves the we ~ ~ t h y l e n z  cascade refrill~afion to nmtch a 
flash mq~'adon t m n ~  ~ . 130~ .  About &qqb of" the 10~pm~pmpylene and 98q~ oflhe 
buuum~u~lenm me mcoven~ The medium m ~ ~  case usea only propane as 
~ |  and flashes at a s e ~  lem~ of-30"F, The co~sponding n~overie8 of C3s 
and C4s am 17q5 and 52~, resp~dvely. 

Table 3- I I summarizes the key Izocess conditions for these two hydrocm'bons recovexy schemes. 
The number of F.T reactors is not affected by tlle hyd~cmrbons recovery scheme. As expeclcd, 
the combined coml~ssar power nxluirernent for decp m~gemdon is much higher than dutx for 
medium sufrilpmtdon (8773 vcrs~s 2127 bhp). Deep refrigctadon also makcs CX)2 removal and 
dryin i roqui~,,nznts more suinsent. The decp rc~scradm~ cuc usai • molecular sieve dsTinj 
scheme wbereu tl~ medium rcfrigcradon casc used glycol. Differenccs in CO,/removal wcrc 
cmsidmd marsinal. 
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Since an autothermal reformer is included in the F-T recyck loop, h y ~  remaining after 
recovery are convened to synt,~esis gas. Since less C3s uui Cts are recovered in the medium 
refrigeration case, the size of the uutotherm~ reformer ha~ to bc ~ accordingly. Since thc 
autmhemml reformer is not 100% efficient, mo~ sellable products tre obtained in the deep 
xcfrip:=ation case than in the medium refriip:ratim case. On the other hand, the disdIla~ipuoline 
r a f i o i s ~  

diffmnce in liquid pmchgt yield between the ckep mi  medium r e ~ g e m ~  u:hemes ttrecu 
the r.~pi~ u n  of the downtmaun F-T pt~luct uppadinj uniu and the net overall l~gluct 
reveal. At IMicatedin Table 3-I~, the deepn~igenaion autereaulu in a hilher toudcap/tal ~ost 
in the W P ~ S  mcdm. ~ is due to ~ capi~ ~ts  for .lkyadm and ~ polymerS'on 
unita which are auoc ia~  with C ~  and C~  ~tpgmdinlg. 

Tables 3-12 and 3-13 show the comparimn oftbe cwiud coat and the net revenue8 for the two 
r e f r i ~ c ,  ue~mspe~vely, TbetoudinmU~cmt of the deep rebigmtxim case is $19.6 
million hJ8her than that of the medium reffipmtfim cue. However, the net p rod~  revenue for 
the deep mfriileratton cue Is $5.6 mtOJon hillher than that of the ~edium ~ m  case. The 
simple payou; is 3.6 years. Thus, deep refrigeration is narrowly prefured over r~tectJum 
: ~ ' i ~  for h ~  ngove~ within the F-T ~ycle  loop. 

The combined C3/C4 pnxluct yield is reduced from l 5 to 7 to 3 v/t% of the total F-T product per 
past as the wax yield incxe.s~ from 9.7 to 50 to 76 wt~, retpectit, ely. Thus. at hitlh wax yield, 
the value of deep zefrije=t~ will be 

3.13 Ilydrogen Reenerl 
GemaraL The primary goal of this study is to assess the t~hn~al and economic viability of 
different approaches to genera~ the hych'ogcn n~uix~d for the upgradir~g sections of the F-T plant~ 
It is estimaa~cl ~ t  31 lvUVlscfd of hydrolen will be required to upgrade, about 40,000 bpsd of 
liquid products. The hydrogen should cont, dn less than 50 ppm of CO. The higher the puriv/of 
the hydmgm, the low~ the treat gas cu~'tdadon rate ~luized in the hydron~ten to ~hieve a given 
pm'titl pressure. A larlt~ hydrosen purity of 99.6% wt,~s set. 

A slip stream of the effluent stream IMxn the hydmcarbc~s recovery unit is sent to tl~ hydro~n 
r~:overy uni~ A portion of the gas ffot~ the hydrogen m-,overy unit will be purged in otd~ to 
meet the in-plant fuel gas demand and t~, remove exoess h, en gases from the F-T reticle loop. If 
thc~ is still a dgfi~t in fuel gas, additiomd rccyclc Igu will ~ purged. If there is a s-m-plus, it wiJ] 
be combined with the effluent stream of the hydrocarbo~ recovery unit and sent to the 
autothermal reformer. The amount of gas to be purged out of the recycle Ioo? is determined by the 
following considerations: (1) to provide the required quantit.v of fuel gas for u~iliw usage 
fluoughout the whole baseline plant, and (2) to minimize th~ inens buildup in the recycle loop. In 
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all cues, the flow rate of the purge stream is set by its heat content which is maintained coastant at 
aplxm, imately 585 M M B t e ~  (I2IV), a pmliminasy estimate of the fuel gas dcmaM. 

Four hydrogen rocovery opdons were evaluated in the tradeoff study: membrane separation 
followed by methtnttion, membrane sepanttion followed by PSA, water gas shift followed by 
PSA, and PSA-only. 

Results flora the early mgn of tSe hydrogen recovery tmdeoff study indicated that the hydrogen 
~neontrttlon in tho I:-T recycle l o o p ~  ignificantly the selection of the hydroj~ recovery 
scueme tnd its axtt effectivene~ The tmount of water injected to the ~.T reactor was varied*, a 
means to increase the hydrogen content without reducin 8 the overall synps coavendon. 

Ttu~dlHemm wamrinjoct~nmwau'nvutip,~ 4,000, 5,000, and 6.000 m o l ~ .  f r ~ i ,  
In addition to the roujhly 6000 molt/hr ~ water vapor in th~ effluent recycle p 8  f n n  the 
~ n,famw.) The opaminS cooditi~ of dz mnalnins p ra :m uniu within the l~-X 
mcycb loop wore not almsed. Table 3-14 shows the ~ and summm'lzu fl~ results ofthh 
Investigation. The hydrogen content in the effluent stream of ~he h y ~  nDcovesy unit (feed 
stream to dw hydso~n mcove~ unit) is ~ 5"ore 23.6 moi95 (without water injet~,dm) to 
41.1 tool% with 6,000 moles per hour water injection. The 4000 mois/hr case w o  sek~'t~i ss the 
bash for the cornptdmn of the three combination hydrogen recovery options. Later, when PSA- 
only was considered as a option, hydrogen purity was m imporumt to the economics that the 6000 
moit4u" cue was considen~ 

P m ~ u  Ova/gin. The proccu designs fo¢ the four hydrosen rccovcry options are described 
below. 

M#mlwumr/MelhamUlo~. The block flow d/aBram for this opdon is shown in PiSure 3-5. 
~hme membrane separation stages are nm.uin:d in order to concentrate the hydmgencoecenlration 
from 33.6qt to 99.6%. Each stage of the mcmbrtne separation unit operates B." 195"F with a feed 
inlet ixessufe of 390 psht and the pcnncatc leaving at 120 psia. In each stage, the hydmpn 
mmvu'y ta 80q5. The permeate ieaVinll the ddsd stale contains 99.6 mo195 of hydm~n and 
2600 ppm of carbon monoxide. A methanstion unit is used to seduce the carbon mmmxide 
concentration to less than 50 ppm before the hydrogen stream is sent to the upgrading sections. 

Approxim~ly $0~  of the tots] p s  stream leavin B the h y ~  recovery unit ia d ivc~d  to 
the hydmpn recovery refit in order ~o obtain 31 MMscfd of hydropn. A por~oo of' the 
membrane residue gas stream is withdrawn to meet the in-plant fuel demand of 585 ~ Btu/hr 
(LHV). Since the residue from membrane I contains the highest inert gas coocenlratim, this 
sueam is selected u the pdrge sueam for in-plant fuel in order to miedmize the amount of inert 
gases in the F-T sccyclc loop. The scsidues from the other rcspccfivc mcmbrm~ stages arc 
returned so ~ F-T sccycle loop as fad to the autothcnnal reforms. 
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Membrav~_/PSA. The block flow diagram for this option is shown in Figure 3-6. In this 
option, about ~ %  of the total t~s su.cam leaving the hydmcaxtxms recovery unit is diverted m the 
hydrogen recovery unit. A single sta~ membrane ~eparation unit is employed to cmcenmue the 
hydrogen content to the optimum c(mcentration for PSA. The PSA is designed for 809b hydrogen 
recovery and sized to produce 31 MM.u:fd of 99.6% purity hydrogen. 

Major process conditions and flow rates are also shown in Figuxe 3.& The pem~..ate stream has to 
be re¢om~ from 230 pda to 400 psia before it enters the PSA unil. A portion of the reject 
gas stream leaving the PSA unit is desig-mm~d as ptulle stream and the remainder h c o m ~  to 
400 psia befme it is returned to the F-T mcyc!~ loop. The flow rate of the purlle slream is 
ea~blished so that it will meet the in-pknt fuel demand of 585 MMBtu~ (LHV). 

SIt~/PSA. The block flow diagram for this option is shown in Figure 3-75 The 
of the shift unit is to ~ the hydrollen purity in the PSA unit feed. A ~ l y  21~ oi' the 
total gas s eem leaving the hydnrmbom recowry unit is mu  to the hydrogen recovery unit to, 
generate 31 MMscfd of 99.6 mol~ hydrogen. As shown in Fi lp~ 3-7, about $4,000 lb/'m' of 
~ 0  psis/700~F steam is fed to the thi~ un~ The inlet temimratule of the shift ~mit is about 400°F. 
In me shift reactor, approximately 60~ of the CO is convened. The effluent sueam is cooled to 
100~ and flashed to cmdense excess water befme it is sent to the PSA unit. 

The reject stream from the PSA unit is combined with roughly 6.7% of the gas from the F-T 
recycle loop in order to m~et the required in.plant fuel demand of 585 MMBtu/lu' (IXIV). 

PSA-On/y. Two subcases are investigated for this option because, in commercial prance, 
the PSA feed gas should contain greater than 40 mol% of hydrogen. When the water injection to 
the F-T rcactor is maintained at 4.000 mols/lu', as in the previous three optict-,s for hydrogen 
recovery, the hydrogen content is about 33.6 tool%. Thus, a sutr, ase with 41.1 tool% hycimgcn in 
the PSA feed (at 6,000 mols/hr water injcctiol~ rate) is a~;o included in the analysis of this option 

The block flow diagrams for these two subcascs arc shown in Figures 3-8 and 3-9. In both cascs, 
the PSA units are operated at 80~ hydrogen recovery lind the PSA reject gas streams exceed the 
in-plant fuel demand. Thus, the excess gas from the PSA reject sucam has to bc rccompreued 
and remnzd to the F-T recycle loop. 

D/seres/on. The key process conditici,,s and flow rates for the various hydrogen recovery options 
evaluated in ~his wadeoffcas¢ lu¢ summarizcd in Table 3-15. As expec,.cd, the PSA feed flow rate 
depends on the hydrogen content in the feed. The shift unit is a more effective means to 
¢oucenuate the hydrogen in the PSA feed than the membrane separatioo. 

The ~fimated capital and annual operating costs arc summarized in Tabl© 3-16. Within the 
accuracy of the cost estimate for thc u'ad~ff study, the estimated total installed costs fc: the Case 3 
(Shift/PSA) and Case 413 (PSA-mly with 6,000 mols/hr water injection) arc essentially ~hc same. 

Baullnll |Wdy F-T 3-10 

T m  



II~tlm $ Study Pr~ress by Task 

However, the annual operating cost for Case 3 is $3.03 million higher than that of Case 4B. 
Therefore, Case 4B is chosen to be included in the baseline design case. 

LI.II brbon Divide Removal 

CO2 b a byproduct in the F-T ~hcdon. h has to be removed from the F-T recycle loop in order to 
IXUVUnt buildup in the P-T n~:tor, m n~lucc the sizz o~ equilxnent in the F-T loop, and to avoid 
p uu ns by COz in c: ,n w m t  for hy m-bo   wovery. A portion of 
the C'02 rmuoved is g e c o m ~  for the coal drying unit and the cos] feed system. 

~ Q1)on of' CO2 removal synlms go king Ovalullcd: chemical Iolvcntn. physical 
m~lvonls, and ads(xl)tion systems. Tbe smount of' ~'~)2 remov0d is ~ ~  by (l) tbe 
between tho cost of' tho C02 smnoval unit and the cost savings born smaller equipment in the F-T 
loop, and (2) the acceptable amount of CO2 in the downmeam process unit, such u hydn)cadxms 
m:overy. 

in ~ m l e c ~  of an appl~ble CO2 n~n~val synmu, tho poutial  intcractioa bctwom tiw ~ u a t  
solvlmt with the fight hydmcargon and CO in the recycle gas will have to be considered. Several 
process vendcn have been asked to submit performance data for the Im~line design. In-house 
pmcxm simulation will be used to demmi~ the optimal C02 removal design. 

U TUg | - ElUUNEE.qlNII RU IN  CIUIF:NA 

In this reporting ~ three mv, jor activities were initiated: design criteria for the F-T baseline 
design cue, the F-T reactor yield conelafion, and the environmental su'ate W for the Illinois site. 

11.L1 Design Cdleda for k IlSOllnl ONIp 
F.T R ~ c W  De#ifn B ~  - B3/CO Ratio and Sttam Add~tloL Th¢ ShcU gasifier has been 
t h o r n  for this design based on its kigh ~ e, ff'L'iency and minimum oxygen demand. The 

in this demijn uses CO2, mher than N2, as its inert mlids mmsfer medium. This is done 
to ~ buildup of nJlrogen in the Fischer-Tropsch (F-T) recycle loop, a factor which has been 
shown m be highly dcuimenud in Bechtel's analysis of the effects of oxygen purity. The resulting 
clean gas compo~tim, from llUnois No. 6 coal, has a H2/CO ratio of 0.37. Using N2 transfer gas 
in a Shell psifier, • H2/CO ratio of about 0.5 would be expected. 

Almost all pilot plant operadov.s on the slurry ~wcu~ have been performed on a feed gas having a 
H2/C~ ratio of about 0.'/. Tbem am two ~,,asons for this: (1) when using this ratio gas with a 
catalyst aClive for water gv~ shift (WO$) tbe consumplion ratio is also close to 0.7 and (2) this k 
the typical H ~ ' O  ratio fi~m a sl~y-fccd gmifi¢~, One of t ~  (~nsequcv.ccs of using a Shell 
~ i f i ~ ,  dm,'.,fore, b that the makzup gas to the F-T reactor has a lower H2/CO ratio than has been 
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considered convendonsl up to this point. One way of overcoming this deficiency is to bring in 
additional water vapor. A second solution would be to add a wau~r gas shift stcp ahead of" tSe F-T 
reactor. The latter is cmainly a valid fallback dcsign but adds cost. Bechtcl has taken the posidc,~ 
that it should be avoided unless later experimental work demonstrates that it is necessary. 

In Bechtcrs dmigns (both in this study and in the earlier studies undm" Contract 
DE-AC22-89PC89867), the stoichiometric effect of the low H:~20 ratio is compensated for by 
adding wa~er ValXr m u~ w.acux food p s  uxing a unman .  The F.T reactor ~ balance 
calculation assumes the same AT approach to WGS equilibrium and sufficient H20 is gldcd such 
flux 142 convmxion and CO c,qnve, ndcm axe in the ume redo as in MobU's pilot plant w ~ .  
Typically, at an ovm'all synsas c~,v~'sion of' 80~, 142 conversion is about 73q6 and CO 
convc~on is about 8395. The product still contains only about 1% warm" vapor and most of the 
oxygcn atoms in the feed gas wind up as CO2. Thus, fl~ added stcam has bccn convmu~ almost 
entirely to C07. by virtue of warn" gas shift. 

Therc axe ©xperimenud data to show that this type Of F-T operation h fcmiblc but thcy arc not of 
long dvquion, The simulumcous e, xhw, ncc of the WGS roscdon is well known, ~ only diffcxcnc¢ 
is that c ~ ~ water must diffuse to the catalyst, w ~  product water f c ~ l  in situ does nc~ 
Some concern has been expressed that thc low H2/CO ratio might lead to carbon formation and 
catalyst deactivation and that the added su~unn could inhibit the F-T ~action. 

Bechtel's position is that watcr vapor addition should ding:fionally ngtuc¢ carbon lay.down 
tendency, just u it does in stmun refom~g. At presen~ them is insufficient data on operafiou at 
0.37 H2/CO ratio to ind/ca~ whether it is or is not feasible. Openuion at 0.7 ratio appes:s feasible 
without water addidon (though the catalyst does turn black) and lower ratios ~ be compensated 
for by wmcr vapor addition. Ob ~t~ting such dam should be a high priority fro" the DOE since it 
may he cssenmd m taking full ad,,'anmg¢ of ~c  high thermal efficiency of ~ Shell g&,ificr. It 
seems cntircly possible that caudyst selection may be critical. 1"h¢ fullback position would he to 
inu'oducc a separate water gas shift sup ahead of the F-T reactor. 

One of the presumed advantages of the slurry xcacu~ is that it can be operated at low HTJCO taxic~ 
using malvcup gas dircctly from dtc $~i~'w.r without shifting. In Bcchu:l's carlicr rcpon under 
contract DE-AC22-89PC89867, Dr. Akgerman provided a discussion of carbon formation in F-T 
reactors (Appendix A). His conclusion was that a qun'y rcactor has a signif'lcant advantag© over a 
fixed-bed reactor in that the catalyst actually sees a higher H2/CO ra~o due to a combination of gas 
solubility and diffusion rates differences. Akgcrman references work by ~ (of Sa~l) who 
found carbon formation rate in a fixcd-be~ reactor to be related to the ratio Pco/PH22. In a slurry 
reactor, the appropriate ratio is that of concenwaxions in the liquid phase, which should be much 
lower than PccdPH22. Akgerman's conclusion is that a sluny reactor at 03  ratio is no worse in 
carbon forraing tendency than a fixed-bed reactor at 2.0 ratio. The addition of water vapor should 
improve the ratio by conve~ng CO to C ~  and H2. 
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Akllerman attributes carbon formation to the Bo,~Iouard reaction: 

2 CO--, CO2 + C0 

This reaction is known to be catalyzed by thc same types of alkaline materials which are 
sometimes added to F-T caudym to adjust selectivity. On the other hand, the F-T re, actioa is run 
under conditiens where the outlet Boudou~rd mio is conducive to carbon removal. Even though 
the H~"X3 ratio may be very low, the addition ,~ steam produces an equivalent amount t~ CO2 
which, u seen by the above equation, will prevent cm'bm fmmstimc If carbon is produced, it 
must be due m localized a x ~ u a t i o n  gradients. 

Bechtel does not expect that the sdditioa of water vapor will inhibit the F.T reaction since, m 
discusmd above, wmr  rapidly reL~s Dd fores CO2. It is true that Sanerfield's rate expmudm 
for ima F-T caudym involves an inhibiting effect due to water which comes into play at 
cmversiorm over 60~ when water is a byproduct. This is im~ably the reason why low 
redo cpemiom, where CO2, mdz~ than H20, is the b ~  can be mn at a compm~ively low 
m m ~  

Tim sdumflom in a ~ slun~ reactor should be improved by liquid b ~  which makm the 
liquid unifmm in compmkion, and this compmitim should be hish in C~32. 

Mzzbama $ ~  Coas~mtiom /or Ve#Nb. 

Bac/qFomuL In the previous Slun'y Reactor Design Studies (DE-AC22-89PC89867), the 
F-T mac~'s wum l~iwd m a maximum intenml diameter 0D) ~4,~ meters (15.75 feet), the 
maximum tixe for commercially installed Lurgi methanol reactors of the mbulm" fized-bed type. 
The th=ry ~ t o r s  planned for this study should have similar mechanical limilatio~ became of 
the inr, mtl tubesbeeu used to hold the molinl tubes. ~ b ~ to believe th~ larger reaema 
than this may be mechanically feuible. A brief study has now been credi ted  to learn whether 
huller reactors would be feasible for the baseline design, given the question of ;rmmpomfioa of 
Im]te thop fabrical~ reactors to the site and the possibility of field fabrication. Further inquiries 
wLU be made durinll the mechanical design phase of the study. 

MecAn/c~/$izf L i r a s .  Picuns of thc hugc fixed-bed w.ecton built by Bcllcli for 
Shell's Middle DistiBa~ Synthcsis (F-T) plant in Malaysia wcrc :cccnfly published in thc OH and 
Gm Jouraa/(1/13/92). Judging by thc sizc of a man in the photo, SheU's rcactors may be 10 
meters in diameter tnd about 18 meten tan-urn length, with hemispherical heads. In private 
discussions at the 1989 World Methanol Conference, Lurgi indicated that it is prepan:d to use 
7.meter-ditmetm" reactors in new methanol plants. 

Such msctors havc thc catalyst in tubes s ~  between upper and lower tubesheets with steam 
ilenerstion on the outside of the tubes. The ves~l walls must withstand s steam pressure of about 
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~d]0 psi, Thc mbeshccts must withsumd the diffcrcncc in prcssurc betwecn thc xcacmnts and stcam 
which is about 200 psi in the casc of F-T but may be up to 1000 psi for methanol The dcsign of* 
these mbesheets impo,~es a considerable mcchanical problem. 

Bcchtcl's slurry rcactor dcsisn uscs bayonct mbcs with • double tubcshcct arrangcmcnt m support 
the robes and segregate thc flowing coolant. Steam Scnemtim is within thc tubcs and thc rcacdng 
mixtun~ is contained within the shell outside the tubes. The vesscl w ~ s  must withstand ~ng 
pressuns, which is on the order of 300 psi for the t m e l ~  cs.~. If Shell can conusmpla~ a 
diameler of 10 metent for their fixed-bed F.T le, actm~, there would appear to be no reason (from a 
mechanical mndpoinO why the eduny reactor could not also be 10 meters in diameter. 

Shell's four r u c t m  weaz shop fabricazed in 26 monu~ at two of Bellili's manufmm~g phmm, It 
seems unlikely that reactors of rids size would be field fabrk:a~L Dsn'ing the mechanical design 
phase of this study, it is mcoramended that rnanufmurm be contacusd regurding the possibility of 
fiekl fabrimtion andd~ ~ limimiom thax would be impomd. 

r m ~ v ~ n ~ b x  L / m O a ~  The coal hydmsen~on reactors in the ~ l,iqucfmioa 
Study (DE.AC22-90PCS9857) had • metal ID of' 15 feet and an I 1.6-inch metal thickness, m that 
the external diamem" was 16.93 feet. The height of each was 85.5 feet and tots/weitiht of each 
was 1282 short tons, A 6-inch n~fractory lining was inmlkd in the field, but I.]R/deemed that 
field construction of thc xcacuxs thcmsclvcs was impractical A brie.,J' survey was madc by HRI 
and Bechtel's Houston office to assun~ that vessels clme to 17 feet in d/amcter could be 
mmspo:md to dw plant site outside of DuQuoin, Illinois. It was found that this would be fe, asiblc 
by • combination of river mmspon to • Mississippi River port such as Fast St. Louis and highway 
n'anspon roughly 75 miles to ~ plant site. 

'13mnsportation options to thc wcstcm site in Wyoming arc mmcwhat more limited and studics 
done for the other synfuel projects outside of Gilled, Wyomins, found a maximum dimnctcr 
lirrdmdon of 15 feet. 

Shop vs FLeMF~cm~m.  The issues in d~'iding betwecn shop and field fabrication arc 
complex bu,~, as s lencral rule. it can be smtr, d that field fabricadm does not produce vm'y large 
cost savings in the majority of cases. Whatevcr savings are to bc obt~u~l in cost of materisls arc, 
to a large extent, negated by the hisher cost of field labor, particularly in a remote location. Of 
course, certain complicated vessels, such as FCC reactors, must be field fabricated to a large extent 
and refractory linings arc commonly insudled in the field. 

In a study doric for the S ~  Project in 1973, thn~ shop-fabricated p s  oil hydrour, alcr 
reactors (12-inch diameter) were compan~ with a sinBle field-fabricated sv.xctor (20.5-inch 
diameter). The shop-fabrica~l reactor trains cost an estimated $12.2 million, and the field. 
fabricated train cost an cstimaxed $13.7 miUiov. Thc study was carded through the stages of 
proccss dcsign, reactor mechanical dcsign, P&,IDs and conccptual layouts, piping takeoffs and 

I I I I I  I 

hsellne |hJdy F-T 3-t4 
TL~I2 



h d m 8  Stu~ Pr~s,,q~ Task 

imumncnt counm. In the muldrcactor caw, the cost of scparate preheatas and inwrcoolerl wss 
included, but a common hydrogen rccirculation system was used, Thc study wv~ carried out for a 
IMl~tor  pl~||U~ of 800 psi, The final design pressure was 1500 psi and sLa~p-thbricatcd reacton 
were used. 

When an was ssid and done, thcrc was little savinss in materiah cost for the large single reactor 
s~Wm md the hish coet o( field labor swung the economics towards shop fabrication. 
Admittedly, ncmhem AUl ta  was then and still is • high-trot lalxr area but, even allowing for this, 
it is difficult m see how field fabrication could have been fave f~  

CMchu~as.  B u a i  on this bri~ survcy, it is coacludai that a 15-foot OD should bc the 
I~m 'd  limit on v I e l  size for the ~ liqucf~dm study, ~ that, in spccial cucs, 
diameten of 17 feot be cemidenxi feasible for the lllinc/I Iitc. Such special cases would include 
the F-T ~ which have a number of significant pieces of auxiliary equipment thin also have to 

While some t n ~  into the limits of field fatz'icadon Ihould be cm'rkd out with vessel 
muufacuum's, this would be prinmrily for the p ~  of aidin8 futme design wcdt, Shop 
ftbflcasicm should be the tmsis for the present study and the chances of missing a significant cost 
iavinp by doinl so are considered niL AlthouIh Shell used 10-mem-dimnem" mtctcrs in its 
MahyIisn pknt, the choice was based on shop fabrication and occ~m shipping. This opuon is not 
fusible for • mine mouth location in the Unitai Statcs. 

Fsdmv Worl. Usin S this limitztion on vessel size and other equipment ~ limitations, an 
exIm~nr, don will be made of the number of trains requiral far each process step in the baseline 
cue. Shell has ~ y  set the capacity ofd~e gasificm as 20(]0 stpd of Illinois No. 6 coal, washed 
and dried to 5q~ mcdsturc. The basclinc design will employ 10 operating gasifiers, which equates 
to roughly 40,000 bpsd of liquid product. Work is also procccdin S to establish a rcasonablc 
overall operating factor and determine whcthm" span: gasificrs arc ncccssary to achicve this factor. 

~ - R e k u ~  Crfmnk. Based on information from the direct liquefaction study, site related dcsi~ 
factor, are is  shown in Table 3-17. 

L U  F-T Ituetor Yield CermlMIon 
Final F.T R~ctor ¥~dd Model 

dacllmun~L The F-T reactor yield model is based on conclafions of the Mobil fumt-smge 
pilot plant dam according to triple a Schulz-Flory theory as described later in this section. The 
reactor yield model, there presented, requires the user to csdmau~ values of a2 and the methane 
factor (Mr") corrcslxmding to graphical correlations of cc2 vs wax yield and methane yield vs wax 

m u, i i  , u H ,  , 
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yield. The proper value of a3 is then determined by u'ial and error calcul~ion undl the esfimamd 
wax yield is exacdy pmdicu:d. This is obviously not a suitable correlation for ~: c o m p u ~  
process flow simulation prognun and the l~cdiction has been automated. The prediction of 
oxygenates has also been automated so that it is not necessary to use the charts presented later. 

Basically, the user starts with a trial wax yield and the program estimates the entire product 
distribution, including a new wax yield which may differ by up to +1.0 w~% units from the Irial 
value. If desin~ a new trial value can be assumed until the desired wax yield is exactly matched 
and Ipzphical Ipsidance is provided as m the proper trial yield m assume. The cndrc product 
dislribution inchu~g the olefm pamfRn @lit and the oxygenatm is then estimamd. Table 3-18 is 
~ t  documenting the results of the calculation at 50% wax yield and showing how the 
results can be inmgmmd into a simulation of the entire F-T recycle loop. All results am well within 
exlmdnmntal ¢leviatioas but the method is limited to the range from 9.6 to 76% wax yield. 

Oe~w~os o I £ ~ m .  The trial and e n ~  e s ~ n a ~ j  procedu~ described above was 
used to estimate values of a2, methane factor, and a3 at wax yields of 9.6, 25, 50, (~), tad 76 
wt%. The results am given below (a |  is calculated from a2 and the methane factor): 

Wax Yield a! a2 a3 MF 
9.6 .485 .79 .87 6.0 
25 .520 .806 .932615 6.165 
50 .498 .829 .95963 8.5 
60 .471 .837 .966464 103 
76 .419 .85 .9765 15 

These values of a2, a3, and methane factor (MF) were then regressed against wax yieldto obtain 
polynomial curve fits up to third order. ~ correlation coefficient for a3 was not satisfactm'y and 
it was decided to mvexsc the procedure and cormlat= wax yield against a thL,~ order polynomial in 
a3. This fit was quit= good. Similarly, it was judged that wax yield correlated against a second 
order polynomial in cc2 was a better representation of the clam, within tlm desired limits of wax 
yield, than the myers, correlation. This complicates the issue semcwha: by ~uir ing the solution 
of a cubic and a quadratic equation, respectively, but this has b~n autonmtcd and does not pose a 
problem. 

Polynomial expressions have also been developed to predict water soluble and hydrocarbon 
soluble oxygenates yields based on methane yield (which was rite only available parameter in mo~ 
cases). Since ~ methane yield is pnulictcd from the wax yield, there is some loss in accuracy, 
but, all in ,,11, the limited available data an: duplicated qui~c well In view of the lack of data for 
other than a few fmal Mobil runs, oxygenates present in the vapor phase have been estimated to 
remain constant at an average mcasmrcd value of 0.39 wt%. 

Baseline |tully F-T 
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Average values were obtained for the C., H, and O numbers of these same three oxygenate 
bacdom based on averaging the results of all the analyses provided by Mobil in their repom, 
With two ex~ptimm these numben wen: assumed to n~main constant u wax yield varies. The 

were the C and H numbers of the hydrocarbm soluble oxygenates. Since product 
bs~akdowns v,mu available only for the low wax cue and since the C number of the oxygena~s 

~ the C umber of the con~ponding C2".C19 hydmctrbon fraction, the latter was 
reed to prorate the former for wax yields other than 9.6 wt%. CI~ carbon number of the C2-C19 
fl'action is cakulamd from the value of a2.) The H number of the hydromx~n soluble oxygenates 
is ~lculemd from the C number, assuming flux the ratio of'H2a/Cn to H~2/Cn coustimcnm 
nmm/m ©mmant at ~ wax yields. The O Nmnber fer the wax is ~ to n'.main ommmt at 
0.231 msd ia based m 22 wt~ oxygenatct • number published by Mobil after their final report 
was wrinm. 

11m mtkuladon aim provides olerm/pmf~ mdm for each utx'oon number and these m y  commmt 
m ~  of wax yiekL 

Pmemkm. The reaulm of the ~ have been incoqmm~l into an Excel 
elmmdMmM which dmulates the F-T reacu' loop, including CO2 iemovak h ~  n~overy, 
bin/milCh mmvery, aumthennal reforming and reo~le to the F.T reactor. Table 3-18 documenm 
the xesults of d~ calculation at ~ wax yield. TSe a vMucs, corrclmion ¢omumm and the final 
yield disua, budon are rJmwn on pages 4 ands of the qn'eadsheet in Table 3-18. The F-Treactor 
calculation uses the ovendl stok:hiomeu'k coetTiments thin demmined to run an elemental bmlmm~ 
of, the reactor mmuninz a given approach to water gas shift equilibrium. This determines the total 
hydrocarbon yield and individual componcnts are then prorated from the yield distribution shown. 

Vahm of the ccacl~m~on consumts erc mmcated in the prinumt, thc cxtcndai value of the cmmmnts 
is given below. 

Dcp Ind A B C 
Vat Var 
qtWax a2 1400 .862011  -4427.319882 3374.924039 
%Wax a3 -37006.47812 126869.57423 1.450249E-06 
MP ~Wax 6.41280781 -0.0579554 0.001645086 
OxW % W u  1.1282877 0.055580513 
OXHC %Wax 1.35096875 0.133087676 0.110532834 

D 

55290.3754 
7.986126E-06 

If the dependent vmiablc is y and the independent variable is x, the form of these equmimm is: 

y = A + B . x + C . x 2 + D . x 3  

For a2, the familiar quadratic formula is used: 

I I I I I I H  Study F-T 
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Only the positive root is used. Remember that A, B, and C are switched from their usual roles in 
the quadratic formula. 

For a3, Cardan's method as outlined in Perry's Chemical Engineer's Handbook 3rd Edition, page 
67, is used. The calculation is simplified by defining some new terms as shown on the 
spreadsheet. The terminology parallels that in Perry's Handbook. 

a=C/D 
b=B/D 

c = (A -%Wax)/D 
a' =- a2/3 + b 

b' = - a3/27 + a3/9 - a- b/3 +%Wax 

y = I- b'/2 +( b'2/4 + a'3/27)0.5]I/3 - [ + b'/2 +( b'2/4 + a'3/27)0.511/3 
(x3fy  -a/3 

As described above, when a trial value of wax yield is entered int'., the program, a slightly different 
wax yield results. To aid in the use of the prognun, Figure 3-10 provides a correlation of the actual 
resulting wax yield against the delta which must be subtracted to get the trial wax yield. 

Recommendations. It is recommended that this spreadsheet procedure be adapted by 
Amoco for yield prediction in the ASPEN SP process flow sheet simulator. It is also 
recommended that it be used now for the baseline case so that results will later conform to those 
predicted by the process flow sheet simulator. Actually all that is required now is that the C, H and 
O numbers for the overall product conform exactly to those predicted for a wax ~eld of 50% and 
that the hydrocarbon breakdown follow spreadsheet procedures al,,'.ady being used in the ASPEN 
SP modeling of the F-T loop. The oxygenates then need to be accounted for in the various product 
phases. 

Future Work. The above procedures predict the molecular weight dismbution and the 
olefin to paraffin ratio of the hydrocarbon product but do not identify iso to normal ratios or the 
fraction naphthenes (aromatics are absent). For most purposes, simulations can be carried out 
assuming all normal parfffin and all 1-olefin but, for downstream upgrading, ft~'ther breakdown 
of the C4, C5, and possibly C6 fractions will be useful. 

A review of Mobil's ZSM-5 second step yield data has been commenced for the alternative case. 
The primary reactions occurring ate olefin and oxygenate conversion into aromatics, naphthenes, 
paraffins, and water, along with isomerization. Appropriate component deltas must be de,,eloped. 

$chulz.Flory Theory and Graphical Method. The basic Schulz-Flory relationship is given by: 

Cn - (1 - (z). (z n.  I 

ksollne Study F-T 3-I8 
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wbem Cn is the tool fmcdon of Cnl']~ on tom] product. Note that: 

C. ffi (I - a). ~ a n- 1 ffi I, since 

a n- I = I/(I- a) 

Let Wn be the weight of CnH2n per total tool of product. The molecular weight of CnH2n is 
14.016, n. Thus 

Wn = 1 4 . 0 1 6 -  n .  ( !  - cO" a n -  1 

Wn = 14.016 ,(I - a). ~ n. a n, l - 14,016/(I - a) 

, since 

n . a n ' l =  II(I  . a ) 2  

Thus weight fraction, wf = Wn/~ Wn = n. (1 - a) 2. a n.t 

wf/n = (I - a) 2. a n-I 

Ibis is the form usually plotted, giving a straight line on scmilog paper when wf/n is plotted 
against n, with a slope of log a: 

log (wfln) = 2 log (I - a) + (n - I) log a 

This relationship holds stricdy for olefins; it is less accurate, but still reasonable, for paraffins, 

Docab/t o,. It can be shown that the above summations can be germ alized: 

l l m O O  

Z a  n- l=  

n=2 

nmco 

~ a  n - l=  

nffi3 

I/(1 -a)- I =a/(l -a) 

l / ( l - a ) - ( i +  a ) = a 2 / ( l - a )  

Itm411ne Stuff/F-T 
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Zn 

n= 3 

N ..~ G,o 

Zn 

n= 2 

n= oo 

Z 0t n-I = a i'll(l-o0 
n- i 

and 

• ctn-l=I/(l.o0 2 -I= {2.a-a2}/(l-~)2 

• a n ' l = l / ( l - o O  2 - ( 1 + 2 . a ) =  { 3 - a 2 - 2 - a 3 } / ( l - a )  2 

Z n  

n= i 
• an'lffi  ( i . u  i ' l - ( i -  l ) . a  i } / ( l - a ) 2  

Therefore, 

n= oo 

Z C n  = a i - I  

n= i 

and 

n ~-~. Go 

 wf= 
nffi i 

i - a  i - l - ( i -  I ) . a  i 

l f a  changes at n = i from a l  (o (x2, then in order to make wfl = wf2 at n = i, calculated wfl and 
wf2 values must be multiplied by constants x and y, ~specdvely, so that both expressions give the 
same value of wf i and Ywf = I 

wf/i=x.(l-al)2,aii-l= y. ( I .  a2 )2 .o~2 i -  I 

thus 

y / x = [ ( l - a l ) 2 . a l i - l l /  [ ( . 1 . a 2 ) 2 . a 2 i . l ]  

Dauline Study F-T 
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n-" oo 

,~ wf2= ( i. <x2i'l- (i- 1). ot2i } .y  
n-'- i 

n-: i -1 

2~ wf I = 
n- I 

{I -[ i.a I i-l.(i, l),a I i]} ,x 

In order to make the total ,E wf 1 + Y- wf 2 become equal to 1 

x -  1 / { l - i . a  I i . l  + ( i -  l ) ' a l  i + y / x - l i - a 2  i ' l - ( i -  l) .a2i]} 

It is then possible to solve for x and y for any given values of alo a 2 and i, and the wt% wax can 
be calculated from 

Z wf2= { i . a 2 i - l . ( i .  l ) .  0 t 2 i } . y  
n= i 

One interpretation of the double alpha phenomenon in ~he slum/reactor is that (z I represents the 
chain growth parameter in the vapor phase and a 2 repr~;sents'that in the liquid phase. If so, the 
relationship is complicated by vapor-liquid equilibrium considerations. The Mobil data indicate 
that, above C:)D, most of the product is in the "quid phase and constitutes the so-called "wax" 
product, Between C]S and C25, there is a transition from vapor to liquid and one would expect the 
molecular weigh! distribution w be smeared, which the Mobil dala appear to corroborate. 

Stokk/ometwy. In the Appendix to their article (m slurry reactor modeling, Stem, Bell, and 
Heinerrmnn show how the stoichiometric coefficients fcr the single a case can be written in closed 
form as a function of o., the chain growth probability factor, and ¥, the fraction of the C2+ r.¢oduct 
which is olefinic. The double a case can be developed in similar fashion. 

Assuming 100% o]efinicity, the average carbon number of the total product from n = i to n = ~.. is 
given by the relationship: 

- -  in , ,  , , ,  = ,  

I l i l i n e  Study F-T 3.2l 

'rs21~.317,.wl~R 1 



lill~m $ Stucl~, Progress by T ~ k  

X = Z n . ~ n - l l Z o t n - I  

n =  i n =  i 

where x is the average cb' ~.n length in the formula CxHy. A similar relationship can bc developed 
for a carbon number range from n = i to n = j :  

n ~  oo  

x = l ~ n  
n =  i 

n=:  oo  !1,,- oo  i 1 =  ¢:~ 

.=j n=i  n= j  

Using the equations for these summations given above and remembering that: 

c~ i-I =oc i l c t  

the resulting expression for x from i to infinity zeduces m: 

xxi+o~/(l -(x) 

If i = 1, this in turn reduces to 

~=1/(1 -a) 

which is the result given by Stem et el. 

Figure 3- l I shows the carbon number of the C i + as a function of o~ for i = 20 and is 
representative of the Mobil waxes which are pr~ominandy C20+. 

The value of y can readily bc calculated from the value of ~/, the reel fraction of olefins, once x is 
known. Since the formula for olefins is CnH2n and the formula for paraffins is CnH2n+2, the 
value of y is given by 

y = 2. ,z +(I - y)- 2. 

This, of course, assumes that y is ¢onstam over the entire range. It also assumes that no other 
components than paraffins and olefins arc p1~.scnt. Except for the oxygenates, this is a good 
assumption. The evidence indicates that the a for oxygenmes is significantly lower than for 
hydrocarbons, so that the concentration in the waz should be quite low, even if an allowance is 
made for a double a there too. 

It is also of value to have a way of estimating the average carbon number between n = i and n =j, 
The value of x is given by: 

i i i . . . . . . .  ~ t  
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x = [(i + a/(I - a)) . a i- [(j + oc/(l - a)) • aJ)] / (a i - aJ) 

Hifh M#tlmm Yield- Triplt v~ it is commonly ob,~rved that methane yield is 
somewhat higher than expected by Schulz-Flory theory, With cobalt catalysts, this difference is 
quite pronounced and the ethane yield is, at the same time, lower than theory, Huff has shown 
how this can be accounted for by considering polymerization of not just C! but also of C2 and C3, 
each at its own chitin growth factor. For iron catalysts, only the methane yield is high and the 
following discussion shows how this can be accounted for by using a lower chain growth 
probability factor for methane. In other words, there can now be a triple ot situation, where a l  is 
for methane, a2 is for C2 to Ci, and ct3 is for Ci plus. For these three carbon number ranges, 
normalizing factors x, y, and z, respectively, are also defined. 

in single a theory, methane yield is given by (1 - a) 2. For the triple a case, assume that the 
methane yield is higher than would be predicted from a2 by a factor C. Thus, {ll call be defined 
such that 

(l - al)2 = C. (I. a2) 2 

Since the expressions in Ctl and ct2 must give the same value for weight fraction ethane: 

y" (a2' (I - a2) 2) = x. (al • (I - al) 2) = C. x. (al - (I - a2) 2) 

and 

xly=a21(C'al) . 

As in tlm double a case, the ratio z / y is given by 

z/y=[(l-a2)2'a2i'll/ [(l-a3)2'a3 i'I] 

and the weight fractions summed over the three carbon number ranges arc 

n =  1 

Z wf I-- wf I = (I - a I) 2. x = C- (I -a2) 2. x 

11-- | 

n= i-I 

wf2= 

n=2 

{ I - [ i. a 2 i-I. (i - l). a 2 i ]. (I -. a2) 2} • y 

ii i 
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n--- o~ 

wt'3= ( i. c~3i'l- (i- l).a3 i }'.z 
n- i 

And y is given by 

wf2÷ X  f3. zl y +wf I • x/y). 

Figure 3-12 shows how dte weight percent wax varies with or2 and (x3 for i = 20 (the carbon 
number tnarking the initiation of wax formation) and an MF of 4. The correlation of or2 with wax 
yield developed from the Mobil pilot plant data is shown by the heavy, circles and is nearly a 
straight line between 10 and 75% wax. It is apparem that once a2 is fixed, along with the M]:, 
there is only one value of a3 which will match the observed wax yield. 

Figure 3-13 shows a correlation of observed wax yields and methane yields taken from selected 
Mobil dam. This is a good match to Figttr¢ IV-23 in Mobil's second report Figure 3-14 shows 
the values of the MF requkod to match the conelmion line in Figure 3-13. Both MF and o:3 
depend on wax yield, but the relation with o~ is much more sensitive. A trial and enos" procedure 
can be used to determine the best fit. These results lead to the du, ce triple alpha plots given in 
Figure 3-15 for 76, 46, and 9.5% wax, respectively. 

v 

Oxy&em~tes Production, Mobil measured oxygenates production in only a few runs, 
mostly at low to medium wax yield conditions, but the wax yields are often not given. A 
correlation against methane yield was obtained and is shown in Figure 3-16. Methane yield was 
used instead of wax yield to obtain a more consistent plot, but the two are related as shown in 
Figure 3-13. There appears to be a definite decrease in the oxygenates found in the overhead liquid 
hydrocarbon phase as methane yield decreases, but this may simply represent a decease in the 
C2/C19 fraction. The concenuadon does no~ drop and may even increase. This probably explains 
why the oxygenates soluble in the water phase remain almost constant as methane yield varies. 

Figure 3-17 shows how al, a2, and a3 vary over the cxperimcnUL1 range of the dam to match 
observed yields of wax and methane. These yields are then worked up into an overall produc~ 
distribution and smichiomctric constants using observed average olefin contents "and oxygen~tte 
yields for the various carbon number ranges. 

3.~3 Environmental Strategy 

With some minor modifications, de environmental compliance strategy deveIope..d for the Direct 
Coal Liquefaction Baseline Design Study and System Analysis (DOE Con~ac~ No. DE-AC22- 
91PC90027) can also be used for the Indirect Liquefaction Study. All of the major federal and 
Illinois environmental considerations to be addressed and the timing for same apply equally to 

i i i n T  . . . .  _ m 
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Illinois environmental considerations to be addressed and the timing for same apply equally to 
both faciliues. Specific pollutants/hazards and their sources identified for direct liquefaction are 
listed in Table 3-19. This list will require modification for an indirect liquefaction facility, and the 
indirect liquefaction facility should be more environmentally benign. Some specific comments are 
as follows: 

• No coal-fired boiler is planned in the indirect facility so certain pollutants, such as 
bcryUium, lead, mercury, and halogens should not be prcsem in the stuck gases. 

• The facility will be fueled by byproduct gas from the F-T recycle gas loop, 
supplemented by clean syngas, if necessary. Both of these are free of sulfur 
compounds and the rock gas from boilers and hea~rs will have no problem meeting 
SO2 and particulate matter limitations. NOx limitations will be the primary 
resu'ic6on. 

• Coal receiving and lumdiing diffa' only in degree and the sawe restrictions will apply. 

• Both plants have coal gasifiers. The Shell gasifiers, in the indirect design, are dry feed 
gasificrs operating at higber tcmp~ature and produce a somewhat diffe~m slag. The 
Texaco sasificrs, used for hydrogen production in the direct design, feed a coal-water 
slurry. Both slags tie up the hazardous constituents of coal and arc considcred non- 
hazardous solid byproducts. 

• Essentially all of the sulfur is removed from syngas in the indirect case by a 
combination of hydrolysis and acid gas removal (Selexol or Rccrisol) and sulfur 
polishing with beds of zinc oxide. The zinc sulfide thus produced is an additional 
non-hazardous solid byproduct. 

• The products of indirect liquefaction arc sulfur and nitrogen free and have essentially 
no aromatics content prior to catalytic reforming. In contrast the products of direct 
liquefaction contain some sulfur and ninogen compo~ds, depending on the depth of 
hydroueating, and arc high in aromatics. Depending on the upgrading rome, 
oxygenated byproducts may he produced in quantity as an F-T byproduct. Recovery 
cf alcohols and inclusion in gasoline is a possibility. These differences may affect 
TSCA requirements. 

• Removal of oxygenates from F-T wastewater will be required unless the water is 
recycled. VOC control will certainly be required. 

• Where Table 3-19 refel~s to the hydroucaters (HTUs) for direct liquefaction, substitute 
the words product upgrading units for indirect liquefaction, The main difference is 
that different catalysts are used which may require different methods of handling and 
disposal. Upgn~ling units being considered include oligomerization (ZSM-5), wax 
hydrocracking, hydrou'ealing, cat poly, isomerizalion, alkylation, and cat reforming. 

, ,  , m  , | 
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SeuOon3 . Prooms s bY 

There is no FCC unit and no coker in the pre~ent indirect liqaefactior~ case~, although 
consideration of FCC is a possible future option. 

3.3 TASK 7 - PROJECT MMIASEMEMT ANO AOMINISTRATION 

During the reporting period, the major activities in Task 7 were issue :be find projec( rh~agement 
plan, hold the rust technical progress meeting, prepare the subsequent conference note, and 
complc~ the Bechte I and Amoco subcontract agreement. 

The first technical progress meeting was hdd on February 26, 1992 in Bechtel's San Francisco 
offices and attended by representations of PEte,  Amoco, Bechtel, Miu~ Corporation and Bums 
and Roe (consultants to PETC), The preliminary results of the u'adeoff ~tudi¢~ and the design 
crileria were reviewed. The overall project schedule stares at the end of the reporting period is 
shown in Figure 3-18. 
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~ d u $  Study PfoQross by Task 

Water Purge OE Steam 

Dehydration Hydroosrbons Reoovery Reformer 
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Hydrocarbons Alcohol/ Wax 
Water 

Steam Fresh 
Feed 

Figure 3-1 Block Flow Diagram lu  the F-T Recycle Loop 
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hlll lm I Study Progress by Task 
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IIz~lm $ SIu(~ Progress I~ Task 

Table 3-1 
tradeeff Study Basis = OpmHng Cost and Product Values 

I |e m . . . . .  VAlue 

Opsmang Co, m 

Eiocuric Power 5. l¢/kWh 

50 psig Steam $$.00/I,000 ib 

Product Values 

Fuel Gas $1.80/MM Btu 

C3 ~ S0.43/~ 

C4 LPG $0.471g~ 

C3/C4 LF(3 $0. lO/lb 

Gasoline $23fobl 

Diesel $26/bbl 

Alcohol $1.80/MM Btu 

Four-Year Simple Payout 

Plant Cost Estirrmtc (for comparison purpose only) 

Purchuod Power 

Oaiollnc I lt ldy F-T 

TI,INI2.Sl ?AVOvlII2 
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h ~ m 3  Study Progress by Task 

T i l e  3-2 
Oxygen Purity Tradeoff Came 

S a l t y  ef Key Process Conditions 

Basis: 
50% Wax Yield 
Overall Syngas Conversion - 82% 
H2 Recovery - Membnme/PSA 
Purge Stream - 585 MM Btu/hr 

Item 
F-T Reacto~ Overhead Flow, MlVlscfd 
Feed to F-T, MMscfd 

No. of F~T Reactors 

Hydrocarbons Recovery Feed, MMscfd 

Recycle Gas Flow Rate, MMsc.fd 

Feed to Reformer, MMscfd 

02 to Reformer, qxi 

Steam to Reformer, mph 

Purge to Fuel, mph 

Oxyliom Purlly 

N.6 
297 

1,508 

26 

334 

315 

220 

550 

7,566 

5,000 

U 

64] 

1,848 

32 

678 

578 

485 

852 

7,130 

:(3,680 ' 

I i |ira im 

hselino Study F-T 
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h ~ m l  Study ProQress by Task 

Table t1-| 
Oxygen Pudtl Trndeoff Case 

Comparison el Capital and Opemlng Cost 

Item 

Oxygen Purity 
MO~ 

L 

N.I I 

Capital Cos~ SMM 

02 Plum 
F-T Reacmn 
LIC  

Ou Cmwmor 
A u ~  kefam~ 
H2 Recovery (MembraneYPSA) 

Toad 

360 
68 
23 
7 
17 

494 

33O 
78 
37 
10 
29 
26 

510 

Annual Operatinll ~ $MM/yr 

02 Phmt 
HC Rooovm'y Compn=sor 
HC ~ Plant liP Steam 
HC Recovery Rant klP Steam 
HC R~:~ry  CW/Chemiclls 
Recycle GM Comi~muor 
Autothemml Reformer Steam 
H2 Remvery 

Total 

122.4 
0.5 
9.5 
2.8 
0.4 
4.5 
8.0 

151.7 

113.9 
1.0 

19.3 
5.7 
0.8 
8.3 
7.5 

. .7./  
164.1 

lim411ne Iltu~ F-T 
Tl~qll2.$17~R1 
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Table 3-4 Analysis of Mob 
Run No. Pe rlods 

2 5 6 . 2  7 - 15 
2 5 6 - 3  32 - 39 
2 5 6 - 5  3 - 5 
2 5 6 - 5  8 - 12 
|S lF I I  ~. (a~b) '~" .: ::=e., U . .  : . . :~  
2 5 6 - 1 1  2 - 6 
2 5 6 - 1 2  2 - 9 
2 5 6 - 1 3  3 - 10 
2 5 6 - 1 3  11 - 22 
2 5 6 - 1 3  25 - 29 

36 -9  4 - 9 
2 5 6 - 6  4 - 14 
Rn-4  ,.(!) ~ :~ . Sl.-.~ 2~ .... 
Sli6,4: ( I )  . -.~ ~:.::.~ ~. = 
2 5 6 - 7  36 - 44 
2 M , 7 . ( b ) .  : 4 S  .--. 

t o )  , 

Wt% CH4 

.... • ~:~ 

Wt% Wax 
8.0 6 
8.0 6 
7,0 7 
2.3 60 
1.1 75 

.$,~ :.:i ~, . .::: i:i: ":8~ .:'" 
3.1 50 
2.7 53 
2.2 62 
2.3 55  
3.0 46  

H2.K3OConv, S~p Vel. cmls 
6 8  1,7 
8 5  3,5 
8 7  3,45 
6 9  3,5 
54  3,2 

::: : :72::;::  : . : . : : : . :3 ,a  
8 7  5.3 
8 6  4.3 
81 4,2 
8'1 4,1 
77 3.6 

2 , = : ! :  ....... " :53  ".: ::;.:: : 8 8  ..: ~ :3=6 
4,1 4.8 
2.3 3 

3.4 

47 8 3  
51 40 

• 4 I::... : . . . .  40 
34 ~9 

~0 " . : a 0  

3,2  
4 

T - ¢'C 

2 6 0  
260  
260  
249  
244  

: ' i l t !0 
2 5 8 5  

255  
2 5 6 [  

257  
257 ,5  

2 8 6  

255  
249  
2t56 
2 5 6  
~56  

: : :: 2 6 7  
4,R : : ~75  

P~ MP 

",!; , .  

(a) Low superr~at gas v=lo¢~ 
(b} AR~rwnt citaiyst acdvtty loss 

(1) Kuo, J.C.W. st a]., "Slurry F~;char.TfopsclV Mobil Two.Stage Procssl of Converting Syn~ls t~ Hbg~ C¢'tano Gasoline," 
under DOE Contr=ct No. DE-AC22.80PC 30022, Fired Report, J~ne 1983+ preplued by Mobil RSD Corp,, PaL~lsboro, N J, 

(2) Kuo, J.C.W. at aL, "Two-Stage Processes for Conversion of Synthxts Gas t= H~'jh Qu=lity Tra~;~,:~,lt~on FuCe," 
under DCE Contract No. DE.AC22.83PC 60019, FIr~! Report, October 198~, prepared by Mot)it R&D Corp., Pa~tCooro, N. J. 



First-Stage Data (1, 2) 

dl 
I 
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I 
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SV 
1,I0 
2.25 
2.18 
2.$9 
2.16 

: t , l t  
2.$0 
2.40 
2 . 4 0  
2 . 3 9  
2 . 4 0  
1.01 
1.40 
4.00 
I .lifo 
1 . I I  
4.90 
t,IO 
4.40 

IISV k k'P/SV 
0.1S) '~ 0.00093271 0.000160,47.. 
0.44 0.00060462 0.00039771 
0.44 0.00000462 0.00039247 
0.43 0.00032595 0.00020667 
0.44 0.00024401 0.00015942 
1.0I r " : 0 . 0 0 0 ~ d ~ ' l  ~ . i ; 0 , 0 0 0 8 8 ( 1 9 " : '  ' 

0.43 o.000sseS o.ooo38e18 
0.42 0.00045804 0,000280S6 
0.42 0.0004981 0.00030716 
0.42 0.00051216 0.00031715 
0.42 0.00052659 0.00036203 
0,41 ' :~'9.000416104.. . 0,(I0040071 
0.42 0.00045804 0,00034?34 
0.25 0.00032595 0,00017764 
0.84 0.000414119 0,00042098 
0 . l l  "Q,00048439.0,00062599 

100-H2+C0 Cony, Catalyst Catalyst - gins 

0.20 0.00048439 0.00024912 
0,2~+++~::~O,QO:0511 I~ l.i.. :Q,0005lI176 

I .,. &.~~:: ,.." ' ; .." 
1 - B  
1 - B  
1 - 0  
1 - 0  
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1 - r 
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P I ~  • 
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81 I - B  
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13 
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46 
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13 
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17 1 
'60 1 

6 0  t 
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1 t 3 t  
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1117 
lee1 

1 2 6 1  

3-48 



Table 3-5 Mobil Pre 
Mobil Table 8 & • 

RunNQ. Period~ W t % C H 4  Wt%Wax H2~GOGonv. ,Sup VoL cn~s T -  'C P 
256.1 56,6 9 59 1.8 268 
2se.1 56,8 9 56 !.8 268 
256,1 56.9 11 59 1.8 288 
256.1 57.6 10 56 1.1; 268 
256.2 12.1 9.6 8;'.6 ~',,5 2s3 
256.2 t4.2 8.3 86,9 3.5 263 
256-2 15.5 7,5 85.9 3.5 ~63 

(1) Kuo, J.C.W. el el., "Slurry F~che~.Tropsch/k~obi! Two-Stage Process of Conv~'lg S~ngas to H~h Octa~ GMo~r~," 
under DOE Contract No. DE-ACP.2-80PC 30022, Flnel Report, June 1983, prepaxed by Mobil R&D Corp., Pa~tsboro, N. 

(2) Kuo, J.C.W. e| ill.," Two-Stage Procewes fo~ Conversion of Synthe~s Gas to High Qu~ity Tran~oortalion F~Jell,* 
under DOE Contract No. OE.AC2'2.83PC 60~19, Final Report, October 1985, prepared b~f Mobil R&D ~o~p., F'au[sbo~o, 



ure Effect Data (I ,  2) 
~ta (aoPc3oo~) 
Da SV 
1.4| 5.8 
1 . U  7.2 
1 14 4.5 
1.48 5.s 
1.14 1 84  
1.48 2.34 
1.82 2 84 

t /SV k k 'P/SV 
0.17 0.00093278 0.00023802 
0.14 0.00093278 0.00023708 
0.22 0.00093276 0.0002363 
0.17 0.00093278 0.00023802 
0.54 0.00071245 0.00044141 
0.43 0.00071245 0.00045081 
0.35 0.00071245 0.00045857 

100-H2,CO Cony. Catalyst Catalyst - gms 
41 1 -A 244 
42 1 -A 243 
41 1 -A 242 
44 1 -A 244 

12.4 t -B 1162 
13.1 1-B 1187 
14.1 1 -B 1202 
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k ~ m l  ,Stu.cl. X ' Progre, s~t~Task. 

Item 

Table 3-6 
Wax Yield Tradeeff Case 
Key Process Cendltlens 

76 wt% Wax 60 wt% Wax 9.6 wt% Wax 

F-T Reactor Feed, MMscfd 

Recycle,,MMscfd 

PSA Feted, MMscfd 

CC~ Produced, MMscfd 

Autothennal Reformer Feed, 
MMscfd 

02 Required, tpd 

Lt. Ends Make, Ib/hr 

C3/C4s, tb/hr 

Gasoline, bpsd 

Diesel, bpsd 

Alcohols in Aq. Phase, Ib/hr 

1,506.5 

350.7 

167.6 

478.5 

349.6 

444,3 

7,313 

42,800 

13,785 

26,331 

8,103 

1,543.3 

387.5 

170.4 

483.3 

374,6 

621.0 

8,440 

42,123 

18,523 

19.168 

9,543 

1,635.9 

480.0 

173,6 

493.9 

434.4 

1115.4 

10,593 

40.261 

25,770 

10,440 

12,947 

Baseline Study F-T 

T5282.317/WC~RI 
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~ d o a  11 Stud)' ProQress by Task 

Item 

TaMs 3-7 

Wax Yield Tradeoff Case 
Comparison of Capital Cons 

( l  MM) 

Clpltll COlt 

71 wt~ Wax M w~ Wu 1.$ w ~  Wu 

F-T Reaction Section 116.4 99.9 94.0 

Hydrocarbon Recovery 16.7 17.8 19.9 

PSA 22,4 22.7 23.0 

Autothemml Reformer 19.9 20,9 23.0 

Oxypn Plant - 2.0 7,7 

Subtotal 175.4 163.3 167.0 

Upgrading 

Wax Hydrocracking 42.0 32.4 I 1.9 

F-T Hydrocracking 20. I 30.4 40.7 

Cat Reforming 29.2 31.9 34.8 

Alkylation 31.5 41.0 50.8 

Cat Polymerization 10. 3 19.8 34.4 

Subtotal 133.1 155~ 172.6 

Total 308.5 318.8 340.2 

i I I  i l l  

Baseline ltudy F-T 

T I ~ | 2 . 3 1 7 ~ R 3  
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InUre S 
II  

Study Progress by Task 
] 

Table S.8 
Wax Yield TrmMoff Cam 

hmpadton of Operating Cost and Revenues 
($MM/yr) 

Item Unit Price 16 we% Wax 50 we% Wu 9.6 we% Wax 

Lt. Ends 

C3/C4 

GasoLine 

Diesel 

Alcohols 

Total 

Revenues 

$1.8/MM Otu 2.3 2.3 3.4 

$0.45/gal 33.8 33.3 31.8 

$23/Bm 109.9 147.7 205.5 

$26/Btu 237.4 172.8 94.1 

$1.8/MM Btu 1.8 2.1 2.9 

385.2 358.6 33"7.7 

Power 

Steam 

Total 

Net Revenue 

3.48 

3.48 

381.7 

Operating Cesls 

4.41 

1.20 

$.61 

352.99 

6.61 

4.00 

10.61 

327.1 

Baseline Study F-T 

T52112-317tW~R3 
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h ~ m $  Study Progress by Task 

Table 3-9 
Autothermal Reformer Tradeofl Case 

Comparison of Key Process Unit Conditions 

Basis and Assumptions: 
Oxygen Purity - 99.5 tool% 
Wax Yield - 50 wt% 
Overall Syngas Conversion - 80 mol% 
Import Electricity 

item 
With Autothermel 

Reforming 

Feed to F-T Reactors, MMscfd 

Number of Reactors 

Feed to H2 Recovery, MMscfd 

54oi% H2 in Feed 

PSA Reject Gas Compressor, bhp 

Gas Recycle Rate, MMscfd 

Recycle Compressor, bhp 

Autothermal Reformer Feed, MMscfd 

02 Feed to Autotherma] Reformer, tpd 

C3 + Hydrocarbon Produces, Mlb/hr 

1,534 

26 

165 

23.6 

31,730 

378.2 

15,810 

364.7 

612.5 

490.0 

Without Autothermal 
ReformlnD 
1,682 

29 

293.2 

13.3 

62,134 

413.0 

i8,550 

484.5 

Baseline Study F-T 
T 6282-31 ?/WO/R 1 
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h ~ m S  Study ProQress by Task 

Item 

Table 3-10 
htothemal Ikfomer Tradeoff Case 

Comparison of ~lllltal and Operating Cost 

50 w1% 50wt% 
with Aulothermo! gelormin9 wig Autothermal Reforming 

CapRal Costs, SMM 

F-T Reactor Section 
PSA Unit 

Hydrocarbon Recovery 

Auto~ermal Reformer 

Oxygen Plant 

Upgrading Plants 

Total Capital Costs 

Net Revenue, SMM/yr 

Product Rev:nue, SM/yr 

Opemdng Cost, $MM/yr 

Net Revenue 

67.6 70,0 

25.4 38,0 

17.2 21,1 

20.52 

7.0 

1.2 

138.9 ~29.1 

353.4 349.4 

345.9 323,4 

i 

Baseline Study F-T 
T5282-317N/(~R 1 

,,, , r , r ,  i r l | : :  * 
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kHdlU S 
n 

,,Stud:/Pro~lress by Task 

Table 3-11 
Hydrocarbons Ikcov~ry Tradeeff Cam 
Key Process limit Cenditlens and Yields 

Basis and Ass~:raptions: 
Oxygen Purity - 99.5 tool% 
Wax Yield. 50 wt¢~ 
Overall Syngas Conversion - 82 tool% 
Import Electricity 
Purge to Fuel - 5,(300 mols/hr 

Item 
Deep Refrlll 

-110't: COOllq 
Medium ltehtll 

Cooling 

F-T Feed, MMscfd 
No. of F-T Re, acuxs 
F-T Reactor Effluent, MMscfd 
HC's Recovery Feed, MMscfd 
Recycle Compressor, bhp 

1538.2 
26 

382.4 
347.3 

14,915 

1574.0 
26 

418.3 
359.9 
14546 

Propane Compressor, bhp 
Ethylene Compressor, bhp 
Propane Condenser Duty, kW 

5,873 
2,900 

271 

2,127 
0 

98 

PSA Fe~l, MMscfd 
PSA Offgas Compres~or, bhp 

167 
32,268 

167.8 
32,390 

Autothermal Reformer 
Reformer Feed, MMscfd 
Reformer 02 Usage, tpd 
02 Plant, kW 
Reformer Steam Usage, Mlb/hr 

368.7 
619.2 
8,e07 
179.9 

386.5 
830.3 

11,542 
188.6 

Saleable Products 
Lt. End Make, lb/hr 
C3/C-4s, lb/hr 
Gasoline, bpsd 
Diesel, bpsd 

9,349 
45252 
17,536 
22,694 

9,611 
45,408 
15,994 
23,342 

Itiellno Study F-T 
T52112.:t 17/W~R4 
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Section $ Study Progress b~..Task 

Table 3-13 
Hydrocarbons Recove~ Tradeoff Case 
Comparison of Installed Costs ($MM)(.) 

Ite m 
Deep Refrig. 

-130~1: Coollno 
Medium Refri0. 

-30~FCooiino 

Reaction Section 
F-T Reaction/Recycle System 
HC Recovery 
Exchanger 
Compressors 
Autothermal Reformer 
Dehydration 
Oxygen Plant 

Subtotal 

67.6 

7.7 
13.4 
20.7 
4.5 
0.0 

113.9 

68.7 

2.9 
5.8 

21.3 
3.3 
2.4 

m 

104.4 

F-T Product Upgrading Section 
Wax Hydmcracker 
F-T Hydmtreater 
Catalytic Reformer 
Alkylation 
Catalytic Polymerization 

34.6 
29.1 
32.9 
42.1 
18.8 

35.2 
29.4 
33.5 
39.5 
9.8 

Subtotal 157.5 147.4 

Total 271.4 251.8 

(a) Installed costs of the process units shown ue for comps,'i.son puzpose only, 

Baseline Study F-T 
T5282-317/WO,~R3 
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h ~ m |  Study ProQress by Task 

Table 3-t3 
Hydrou4ons Roeovory Tradeeff Case 

Comparison of N0t RovomnN (mM/yur) 

9eep ReM|. Medium Refrio. 
I|em -13~'F ~ l l q l ,  -30~F Coellqi 

Product Revenues 
I..t. Ends 3.0 3.0 
C3/C4 35.8 35.9 
Guoline 139.9 127.6 
Diesel 204.6 210.4 

Total 383,3 376,9 

Operating Cost ¢.) 
Power 22.4 21.6 

Net Revenue 360.9 3S$.3 

(t) C~dy t~ annual opsratL~ costs of the process units ~ are affocted by the selected Ol~Om are shown m d~s ruble for 
ooml~n~e l~l~ox. 

hsel ine BtuQ F.T 

T$~I~.317r~c~ R'J 
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I l e t lN  $ Study Progress by T~k 

Table 3-14 
Hydrellen Recovery Trndeeff O m  

Effects el Water Injection Rates on F-T Reactor Performance 

Basis and Assumptions: 
Oxysen Purity - 99.5 tool% 
Wax Yield - 50 wt% 
HC Recovery - "- 130°F "Refrigeration 
Overall Syn8as Conve~on - as indicated below 
H2 Content in Clean Syngas from Gasifier - 25.6 n~ol% 

Water Injection Rate, mols/hr 

H2 Conversion, % 

CO Conversion, % 

Overall Syngas Cony., % 

Recyc!e Gas Rate, x lO 3 mols/hr 

H2 Content in Feed to 

H2 recovery unit, tool% 

0 4,000 5,000 6,000 

80 75 72.5 70.5 

81.I 85.0 86.1 87.1 

80.8 82.0 81.9 81.9 

42 35 34 33 

23.6 33.6 37.5 41.1 

Bauline Study F-I' 
T5282.3I 7A'/O;R I 
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9eeUm $ Study Progress by Task 

Table 8.16 
Ilydregen Reeeveq Tradeofl Case 

h m u q  ef Key Proem OendltleJu and Flew Ram 

Basis and Assumptions: 
Hydrogen Product Purity - 99.6 tool% 
Hydrogen Product Rate. 31 MM scfd 
Hydrogen Product Pressure - 400 psi8 
F-T Recycle Loop Purse - 585 MM Btu~r 

l l l lor 
OUN Dummn 

1 t 3 4A 
Membrane/ Membrane/ 8hlftl PSA.Only 
MethlilqJ~n PIA P|A 

Wtu¢ lajeeem to 
F-T Reactor, mol/ht 

1-12 Recovery reed, 
reel% H2 

PSA Feed, MM soM 
PSA Feed, reel% H2 

H2 Recovery% 

4OOO 

33.6 

4ooo  rooo 4ore 

33.6 33.6 33.6 

91.4 80.7 124.9 

42.6 48.0 33.6 
80.0 80.0 72.6 (') 

48 
PJA-Only 

6000 

41.1 
94.4 

41.] 
80.0 

(a) This is the hydro|en recovery ,~hlevabJe vim PSA due to low hydmlen c~ntem in the feed stream. 

m 

Bnellne Stud/F-T 
TSN2-317/WOIR1 
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tleetlon 3 ~$tu~, Progress by Task~ 

I'aiblo 3-11i 
Hydfopn RiB:ovary Trdeeff Case 

Compm4son of Capital and Otunting Cost 

Case Number 1 3 3 4A 48 
Case Description Membrane/ Memblanel Shift/ PSA-Onty PSA-Only 

Methanlition _,PSA PSA ~ 

lns~led Plant Cost, $MM 
Membrane 9.4 5.1 
Separation (3-stage) (l-smite) 
Compression 6.6 4.6 5.0 1.1 
Methanadon 0.2 
PSA 8.4 7.5 15.4 8.4 
sh~ Z2.. 

16.2 18. i 10.2 20.4 9.5 

Annual Operating Cost (% $MM/yr 
Steam 0.61 0.51 3.6] 
Power 3.58 2.47 3.65 0.83 
O~ers o.o9 O.O6 

4.28 3.04 3.86 3.65 0.83 

(ll) ( ~ y  the annual operating cosls of th~ process ~i[s thai ace afCKted by the NIw;~  options a~e shown in this table for 
cornp~son ~ r , e .  

Baseline Study F-T 3-60 

T5282.317/WO; R 3 



Iledlm $ Study Pro~lress by Task 

Table 3.17 

Site-Related ONiOn Factors 

Site Location 

Site Elevation 

Seismic Zone 

Desisn Arab. Temp. (Dry Bulb) 
- Sununer/winter 

Max/Min Arab. Temp. 

Nominal  I~s i l ln  RH 
- Summer/winter 

De.sip Rak~all 
- Max I lu'/n,.~24hr 
- annual 

Snowfall 
- Max 24 hr/max I mo 
- annual 

Wind Velocity 
- Design/max 

Inland, Southern Illinois 

650 fi above sea level 

2 

9SoF/-6OF 

104°F/- 18°F 

75%145% 

2.6 in25.6 in. 
40in. 

I0 in J20 in. 
14in. 

15 mph/90 mph 

Ilaseiine | t l l~  F-T 

T52|2.317NVI~A I 
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h6tlen 3 Prooress by ,Task r 

.J ._ D ~  Clse v~Xh A' 

.9-- IIm~m 

.~_ : ~ -  

t.._,., : H  
j.2.~ : H  

1_! . : ,1 . *  
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14 C4H't 0 

CSm0 

J t l  C ~  
JU. ~ 

as cl~oP 

ss c t ~  
JUL c ~  

. I t  c ! ~  

**1 ~ OI90P 

S.._ OX V ~  
$ 4 0 K H C  

3.I.s F-T Pmduc~ 
S...~, toe 

. T I . ~  

Table 3.18 
Unified Loop DOSilPa Ip adlkeet 

page I of 5 
I 9 I c ! 

II11511~ 
Auic~hem~J RM~T~,W~% W~x 

F;T l ~ 1 4 ~ ~ k l l e a ,  Ikd4nc~ U / - - i  
60.00 ' [~ ~ .  ~ 0.3;'3 -o.58o2 
H 0 ,.=,=~CO Caw % 6y~o~ Cony, % 
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Dlsellno Study F-lr 
T 5 2 8 2 . 3 1 7 r ~ ' R  1 
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,k, im , Sludy ProQress by Task 

Table |-18 
Unified Loop Oenlln Iweadsheet 

pap 2 el 6 
l / t | l l !  
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~mm .llO'F 
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Baseline Study F-T 
T62|2.2 t 7/WO~ R 1 
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k=u  s ,S,!ucly  Pro !ess by Task 

Table 3-18 
Unified Loop DNIla Ilasadal.iet 
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. . ~  ~ ' i ~4  0 ~.o 0.0 0.0 0.0 0 
~K~  o o.0 0+0 ~.0 0.0 O 

a l  CI~P o 0.0 0.0 0.0 0.0 0 
J U ,  ¢ I ~  o o.o 0.0 0.0 0.0 o 
~j l~ Ct00P o o,o 00  0,0 0,0 0 

GII¢~ o 0.0 0.0 0.0 0.0 O 

~ 01104' 0 0.0 o 0 0.0 0.0 0 
G~OP 0 0.0 0.0 0.0 0.0 0 

~ C t ~ 0 0 , 0 0 . 0 0 * 0 010 0 

GI~OP 0 0.0 0.0 0.0 O.O © 
~ C~IK~ o 0.o 0.o 0.0 0.0 o 

;Gt 7OP 0 0+O 00  0+0 00  0 
! a~ ¢I~oP o 00 o,o o o 00  o 

!c1~op o o.o 0.0 0.0 0.0 o 
!W~ 0 0.0 0.0 0.0 0.0 o 

~ o x  v ~  0 0.0 0.0 o.o 0.0 o 
=, , i~  o 0.0 0.0 0.0 0.0 0 

I I  l o t t o  0 oo  0.0 0.0 0:0 o 
s-l[__ F,T ~ro<lu~t o 0.0 00  o.0 0.0 0 

o+o ~+o 0.0 |07.0 207.0 I | | 4 . 4  
0.0 4.1 i . l  8312.1 331707  {I,117.7 
0.O |~ | .0  |~ I .0  0.0 I~ I .0  
0,o 0,o 0.0 lO3;!1 1 10~81  11o7.4 
o.© o 0 0.0 $~I0.7 IStO.? 1~14| I 

. t J L m  
,./3. o¢ 

- -  Totad - 

~ C i/¢,ens 
H ~loml 
O 4P, o ~  

4...~.? N ~ - ~  
4 .  L ToW • any 
4 . !  c 4 t~a  in m,n HC 

H il0P~ in r~f l  HC 

T~,np O~ F 
P r m  - Nm 

i l  I l l l++ ' l lhO~ 
,,o ~+~e.,o 
s.._.tt {H2-CO~J(CO,CO~) 

I . . ~  Dl la T 8k4R • De9 F 

:~l Eq Te~r~ - Deg K 
Oel41T WGS • I~lg F 
Eq Temp • Deg K 

I t  Eq~ibr~,~ CormtJ~s 
4...7.~ K - ~Y,~ 

&..!~ K,  84~ 
_ I I  .K ,. O,O~dou4ud 

C ~  0~I Recycle 

0 0  0,~ 
0.0 0 0  
O.0 ©O 
0 0  0.0 
0,0 0+0 
0.0 0 0  
0,0 O0 
0 .O 0 +O 
0.0 0+0 
0.0 0O 
0,o ©,O 
0.0 o.9 
0,0 ©.q 
O 0  0.© 
0.0 ~.0 
0+0 0.O 
0.0 0© 
0.0 G© 
0 9  00 
0.0 0C 
0.0 0+C 
0.0 0.~ 
o.o o.~ 
0.o o.~ 
0.0 ©.o 
0.0 ©.o 
0.0 CO 
0.0 0.0 

2114.4 2|14,4 
~317,? S,117.? 

0.0 0.0 
~I07.4 1107.4 

+ I m l . l  1M46. I  
0?30 1 00 6731,1 0.0 17~1.I 6040,1 50401 ~0401 |040J  

1731.0U 1 , 1 4 ~ l  770~.112 2414S.§$ ~2147.41 34551.2 6040.1 ~ § M . 2  34SM.I  
0.0 O.0 0.0 12414.1 124§4 1 I14|4.1 4.27~+0l I~414.|  12414.1 

13474.1 0.0 I ~ ? 1 . I  2S1|7.4 SlH3.S SlH=.§ 3114kI.~ $11413| 
6781.1 11110 I I §1 . I  I~740.2 193165 11311.3 I | ~ I . 3  I13H.$ 

0.0 ~.+ H e?~+.7 ,?lS.a s~es.~ ~?lS~ ITIS.= 
121313 0 3011231 I~2210.I 441111.1 114011.7 S14011.7 ~I~011.7 1140~I.~ 

24+5 2~ ~7 24.~5 :3.s7 2~+s7~ 

I .BT? 
094 

00065;H; 

12.~$ 4 

0857~55 
SgSl 92 

OO0|=Sl 

2941 19,44 
4 7 1 0 2  • 11SO I l l  

- I  41 -8840  .274 I I  

S 311 I Sl 
094 0 lid 

~C313S! 0 040261 

l a a l i n e  Study F-T 
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Table 3-18 
Unified Loop Oellgn Iproadsheet 

Page 4 of 6 

Product 

MPH 

8eparal~ Fl~'tom 

F.T IN I,K: ~ HGIEII 1410 RI¢ 

I OIS . l l  ! 
:114 ? O.401f 
11.17 9.014, 

~ l l l . l l  111.141 
• O.II  l S . | e o l  

I H . I 7  I11.14717 
• L i t  11.711 

0 0 
171.11 171.1114 
171.71 171+7~03 
17.11 17.1441 

111.I I  111.I177 
117,41 117.4711 
!~0.19 110.1|11 
101,•4 1 o • . I I i l  
l l . l l  11.1414 
74.11 74.1091 
ti l.71 11 o7111 
5 1 . | 3  1 1 . 2 | I ]  
41.48 41.4711 
36+s+1~ :I.SZ 111 

11.1 I I  I I I I  

lO.OI 1010711 
1.71 1.71 

i ~ • 1 . 7 S  0.0147 
1141.341 0 

0 ISI .0217 
21424.11 0 

1117.11 o 
3n.=l 9.000* 

Alpha2 Pred~xm 
1400.11101 -4427.32 

Idelhame F~lo+ 
• 411410711 -0 0571• 

OWll*naae* ~ H ~  
I 111:1711 0,011611 

o u y m r , d u  m HC 
I 3 i011171 o.133o141 

0+14787 
0.11441 
0.10977 

0.111411 

| . 1 1 1 1 1  

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
I 
0 

1.03E.+ I .116 .04  
0 
0 
0 
0 

2174.1|4 

0001G41 ? . l l | -O t  

0 110133 

c o e  iqlc 

0 0 
0 0 
O 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

Yiekl Pm4ictio~ Ilumawy 
Wax Yield Era. 50.195 1,1192•7 

Illlltvu~+ " i lk :  E-*. I . I 1  
Aip~l I 0.417,11631 
AIp~2 0.121114113 0.71 
AIp~iB 0.1Sl67lOl 

CH4 ~11¢!~ 1.111010441 
tylerudm In Vtlwr O.M 

CNo ~..49 
HNo 1.11 
ONo 1 

in WII411 1.9Y171171 
CNo 1.91 
HMo 1.77 
0140 1,0~ 

Ollyllnm41 In H(: 1.11140111 
CMo 4.9941S033 4.4| 
HNo 11.$70|107 10.4~ 
Ol~k) 1.11 1.11 

FrKllOn CH2 0.;~0S 0.R01 
0 No ol Wlu( 0.291 o.|st 

Wax Y, dd - ~ ' / ,  SO.O0 
0144 Ykdd 2.707~1022 I 

G9 - C19 Yllld 47.11111 
H/C P~lo 1.103410749 
O,C RlliO 0.01131411 

C No d C2-C11 I . I I I 0 7 H I  
C Nol~ Wu 43 .7U0~7  

C No of C + j  1+91313719 6,499677 
I ! 2 
I 20 :tO 

I l l l l lne Study F-T 
T52112.317/WOaR1 
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Stu~ Progress by Task._ 

J ~ B ~ ] B  
I 
ItpKI1 

(~H4 Fictor 
x ly 
zly 
x 

I 
{ w ~  M I ~  
1-(sum wl2~/y 
(rams v43~2 
m~m wit 
mms wn 
mm wl'J 
ro t i l  
: NO ol ~ r i ~  2 

~M %C Ne C~ 

O~Oee.a~n m V ~  
~y01~ l t l l  le W~,lef 

~ l l ~ l l l l l  m HC 
C2~19 - Oxyge~atu 

Table 3-18 
Unified Loop 0mllln Iproadaheet 

lille S of S 
AO &P AQ 

ONe. H N o .  ONe. MI:: 
I I 4 0 0.00 
2 2 4.4 0 0.II0 II.41171 
$ 3 el.3 0 0.1S 4|,~I177 
4 4 $ 4  0 0.10 S6.61034 
S S 10.S 0 O,TS 70.1371S 
II II 12.$ 0 0.7S 14.1JI471 
? 7 14,i 0 050 11.71}i4 
8 II 1~.6 0 0.70 

' 3 g 10,6 0 0 70 
10 I 0 20.0 0 0.70 
I I 11 2 2 1  0 0.?0 
12 12 24,1 0 0.70 
13 I :I 2A6 0 0.70 
t 4 I 4 21.1 0 0.70 
I S 15 80.1 0 0.70 
1 ~ I I ~:~.~ 0 0.70 
17 17 34.11 0 O70 
11 11 3G,6 0 O. 70 
10 19 ~l, i l  0 O.70 

Wit 43,74 U 01 0.~31 0.70 
Totl l  I , I I  11 73 0 0.132 

C2~Cll 6,23 1293 0 0 7~1 
C2<,H¢ 11,13 2274 0 0763 

2.43 5 Ill l 1 
?,IS 5 7 7  I 
4.89 11.59 1 1 t 
6+23 12.93 0 0 "01 

Totl l  l . l ?  1128 0.11 
CS/Clll 1.90 11.36 0 0 717 

I-UC Rlllo 2.1033 
OtC Rltio 0L0124 

AIi~ 13 P r l d ~ n  
Wig( A|pP~3 A ~ltll .l~;'&t~:~l 13'~ 3 P~ed C 

As AT Au - ~ v  ~ -  
2o 

0.497315 
0.829187 
0.9s3s7| 
| . I E I | M  
O . t l l l l l  
1.111211 
0.107111 
O. i | l . ~ l l  
0.611:113 
O . l i l l l l  

Q.ISO01 
0.1071U 
0.0|707B 
0.47|3H 
0.|00001 
!.000000 
i . t l ~ l t l  
43.73303 

kin WT~ moll ~ C ~ H ~om O 
l l . ~ l l l  2,71 ©~11171dl 0 t l lT Id l  GI710|3 

I . t l l  0.094111 0.I1111| 0.4111114 
$~S 00710t 0.137011 0-417811 
3.70 O . H l i l l  0.1110t4 O,319377 
~14 0,0i4311 0.1711i1 0570443 
3.12 0.04=I 0.170403 ©|13711 
$ t i  G01711t 0.1t1711 O . iE I IH  

112 I t l l  S.10 O03t024 0,|41207 0,11i023 
128.1413 317 002S741 0 .35 | I I I  0.471712 
140172? 301 0.021364 0.21353? 0433117 
1S4,1IiS 274 0.017713 0.19414 0400307 
1Q.I113 2.48 0014803 o.;1e211 0,311413 
1121831 2.tS 0_012113 0~t88404 0.224t24 
1HJ789 11t  0.010101 0,141412 0.219028 
211J~ll? 1.~r? 0.001811 0~I1i718 0,111414 
223 03~6 1.64 0001151 ~,I|121 0.2|1|81 
238.04~3 138 0.0~i714 0.097111 ~,~t344 
283.0171 1.21 0.00471 0.911042 0.174852 
287 1138 104 0.003114 007 i$ |8  0183~1 
1171193 SO00 0.010|3 ~.S3t104 7-128110 0.0t18i 
126 471§ 100.00 O.?l ?.01 14.77 0,02 
I? .T I l ? l  47,29 GS4 ~,$5 1.16 0 .~  
lS lS41t  1721 0,12 I l l  14.0/ 
5~.02101 0.~1 0.007|51 0Ot8671 004357~ 0.00785| 
45.~5642 121 0.02107 0L0547H ~ 18~3~ 0.02303| 
89,41338 2,62 O023111 0.140832 G0265 0.031301 
I?.7197i 43.10 0,49031? 3.gS|l lS • 348612 0.OC 
281.441~ 100 0104i31 6971704 1~,11t9~ 0.011211 
123.~11102 37.548H 0.211474 2.334615 S.491|12 C 

Pn~ ao 
b~ Y x 

59 19S 

S~ t~r N YEs! 
R S~u~d 

Dllgilis al FnH~,o~ 

X C~4~JClefl1{I) 
Std Err ct C~!  

0.8Sg4 0 g20S 0 3831 ~ 9ggg5 ,0.87022 -000073 00IS2S~ 0.$89~78 

Regrem~nO'Jp~ 
-37Ca8 
0 4287 
0.ggg~ 

5 
1 

= , /3  b 
126070 .1~*0~ ~5~05 08 -2 297 -0,|7402 2.294605 
30889 ~3137 1I~t~.14 

a' 
0,001284 

Blsllllne Study F-T 
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l e ~ m  | Stud), Prooress by Task 

leetlen Rile 

Table 3-19 
Environmental Compliance Strategy 

Identification ef Specific Pollutants/Huards 
(Direct Liquefaction Study DEAC22-90PC89857 

Third Quarterly Report - April 1991) 

Pollutant & Rule Plant 
3.2.3.2 
3.2.3,2 

3,2.3.2 
3.2.3.2 
3,2.3.2 
3.2,3.2 
3.2.3.2 

3.2.3.2 

3.2.3,2 
3,2.3.2 
3.2.3.3 
3,2.3.3 
3.2.3,3 

69 

76,89 

81,87 
82 
85,96 
85 
85 

89 
93-100 
97 
102 
104 
105-116 

Air Pollution - PSD (BACT) 
SO2 (BACT) Bulk Sulfur 

PM from Incinerators 
PM Fugitive 
VOC from Misc. Equip. 
CO from Incinerators 
CO from Pet. Ref. 

PM, SO2 & CO from Pet. Ref. 

v o c  Leakage 
Vinyl Chloride 
Solid & Hazardous Was:e 
Sanitary Landfdl Rr, quirements 
Hazardous Was~ 

3.2.3.4 
3.2.3.4 
3.2.3.4 
3.2,3.4 

3.2.3.4 
3.2.3.4 

117 
118 
120 
122 

122 
123 

Process and Storm Water 
Organic Wastewater 
Pet. Refinery Wastewater 
Iron & Steel Wastewater 
Power Gen. Wastewater 
Coal Mining Wastewater 

3.2.3.5 
3.2.3.6 
3.2.3.7 
3,2.3.8 
2,2.3.6 
3.2,3.8 
Tables 3-20, 

127 
128 
129 
137 
137 
137 

Toxic Substances Control Act 
Exposure Limits OSHA Reqts. 
Noise 
Stack Heights - GEP 
Stack Heights - FAR Reqts, 
Safety Planning 

3-21, and 3-22 follow this table. 

hsellnl Study F-T 
TS2112.317/WOtR3 

Table 3-20 
Claus 

Waste Sludge 
Storage Piles 
Wate~ Tlr~ 
Waste Sludge 
CO2 Removal 

FCC "tegen. 

Upgrading HFUs 
Boilers 
Table 3-21 
San. Waste 
WWTreat. 

All Plants 
F-T & Upgrading 
Upgrading HTUs 
Caking Unit 

Steam & Power Gen. 
Coal Prep. 

HC Products 
Table 3-22 
All Plains 
All Stacks 
All Stacks 
All Plants 

3-67 



h d m $  m Study Progress by Task 

Air Emission Point Iflentiflcation 

Table 3-20 
Air Pollution PSD (DACT) 

Pollutant Control Tachnolooy 

Control 
Efficiency/ 
Refaltnce 

Fluid Bed Combustion (FBC) 
H2 Heaters 
Slurry Heaters 
F.nedonatcx He.axers 
Hydm~.ating Heaters 
Transf©r Houses 
Transfer Houses 
Coal IMv~zing and Drying 
Active Stccage Pile 
inacdve Storage l~e 
Dried Coal Storage Vent 
Stack~' 

Haul Road 

Non-Hazardous Landfills 
Coal Conveyors 
Boiler Stacks 
H2 Heaters 
Slurry Heaters 
Fractionator Heaters 
Hydrotzeadng Heaters 
CO2 Snipper 
Boiler Stacks 
H2 Heaters 
Slurry Heaters 
Fracfionator Heaters 
Hydrouv, ating Heaters 

PM: Pmiculate Mater 

PM 
PM 

PM 
PM 
PM 
PM 
PM 
PM 
PM 
PM 
PM 
PM 
PM 
PM 

SO2 
soz 
SO2 
SO2 
SO2 
CO 
CO 
CO 
CO 
CO 

H2S 

El~u-ostadc Precipitators 
None 

None 
None 
Enclosed, Spray and Baghouses 
Enclosed, Spray and Baghouses 
Baghouses 
Chemical Spray 
$urf~:~t 
Baghouses 
Chemical Spray 
Covered Truck and Paved Roads 
NA 
Covered 
None 
None 
None 
None 
None 
NA 
NA 
NA 
NA 
NA 
NA 

NA 

NA 
NA 

99.g0~ 
99.80% 
99.S0% 
80.0(~ 
80,0(~ 
99,8% 
80.00% 

NA 
NA 

90.0(P~ 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

iii ii 

llauline Study F-T 
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h ~ u |  Study Prooress by Task, 

Air EmiWon Point Identlflatlon 

Table 3-30 (Cont'd) 

Pollutant Control TeChnOlOgy 

Control 
Efficiency/ 
RtlfllronN 

Boiler Stacks 

H2 Heaters 

Slurry Heaters 

r-racdonator Heaters 

Hydrouudng Heaters 

Boiler Stacks 

H2 Heaters 

Slurry Heaters 

F-mctionatm' Heaters 

Hydrolreating Heaters 

600# Steam 

i a ~ a t e  Storage Tanks 

Final Products 
Storage Tanks 

Tank Carsffmck Loading 

Fugitives (drains, seals, valves) 

Boiler Sucks 

Boiler Sucks 

Boilcr Sucks 

Boiler Sucks 

VOC: Volmile Orlmnic Compound 

NOx 

NOx 
NOx 

NOx 
NOx 

VOC 

VOC 

VOC 

VOC 

VOC 

VOC 

VOC 

VOC 
VOC 

VOC 

VOC 

Fluorides 

Beryllium 

Lead 

Mercury 

Proper Boiler Design 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

Floating Roofs and Temperature 
Constant 

Floating Roofs and Temperature 
Constant 

Vapor Recovery System 

Dual Seals and Good Maintenance 

ESP and Wet Scrubber 

ESP and Wet Scrubber 

ESP and Wet Scrubber 

ESP and Wet Scrubber 

40.00% 

I0.00% 

10.00% 

10.00% 

I0.00% 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

99.80% 

99.80% 

99.80% 

99.80% 

Baseline Study F-T 
TS2il2.$17/WOCR2 
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Source 

Table 3-21 
Solid and Haza~ous Wute 

Waste Identification 

Co'a1 Crushing/Washing 

Gasifier 

Water Trcannent 

Misccllancous 

Wastewater Treatment 

Refuse 

Ash, Slag, ~.nd Soot 

Sludge 

Facility Refuse and ~otsam 

Filter Cake and Salts( a ) 

(a) Considered a possibly hazardous waste due to the potential presence o~ heavy n~uds. 

| ,  

Baseline Study F-T 

TS282-317,'W~R2 
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Tebie | - ~  
Expemero Umlts for Compounds Found In 

Coal Lkluelaetlon PlantPl 
TLV-TWA TLV-STEL 

Compound , Whom Found rail/m, s. loom) ,, m / m  s loom) 
Acid Gas m u m  25(10) 3"/(15) 

AcotoM ~ 1780(750) 2380(1000) 
~nmom Ou smsm 1"/(25) ~1(35) 
Aniline Oddn) Ou mesm "/.6(2) (b) 
Antimony Trace element in coal 0.5('o) (b) 
An~ lc  Trace eleemt in coil 0.2('0) (b) 
Bonsono l.alxxmmy Ipm 3200) (b) 
Beryllium 'Trace element in coal 0.002(b) (b) 
i ,3-Buutdimu Ou smuun 22(b) (b) 
CNmmm Fume Duet Truce elemem in coal 0.05 Co,c) (b) 
C m  Dioxide Ges aemm 9,000(5.000) 54,00000,000) 
Cm'om Dlmdfkle Gas smmm 31(10) (b) 
C m e e  ~ Gas smsm 57(50) 458(<,,0) 
Curl~e Temu:tdodde L,tbomm8? 31(5) (b) 
Clnom|um (Solubk ,Ik Meud) Trace elenmu in coal 0.S(b) (b) 
Cosl Du~ (> $~ StO:) Cesl Ixqame~ m s  3.4('o) (b) 
Coal Don (< 5'S SiO2) Coal p m p m ~  Lea 10(b) (b) 
Coal Tar Pitch Vol~l lu ~ mum 0,2(o) (b) 
C n ~  (Skin) Ou mum 0.2Co) (b) 
Ethyl Merr~pian Gas sueam 1,3(0.$) (b) 
Hydr(qlm Chloride Gas mutm 7.5($) (d) (b) 
XYCMNi~ Sidtkle Ou mnmm 14(!0) 21(15) 
Lead and Laud Compounds Trace e~ment in coal 0.15('o) (b) 
Mimlpmeu Trace elem4mt in coal 5(b) (b) 
MercIi? Trace element in cold 0.05('o) (b) 
Modtyl &thyi Ketone Laboratory $90(200) 885(300) 
Mmhyl Mew.spurn Gss meam 0.98(03) (b) 
Nni~dm (CoeJ Tar) Gss slream (b,e)(100) (b) 
NaphdwJem Ouh 81mira 52(10) "/9(15) 
Nickel (Soluble Imd Metal) Trace eiemem in coal I(b,c) (b) 
Phenol (Skin) Chin and effluont mmm 19(5) (b) 
Propsne Gas m u m  (b,e)(l.000) (b) 
P~dine Ou r o w .  16(~) (b) 
Smnium CompouncU Truce element in coal 0.2('o) (b) 
Silica Dust (Tcmd) Trace element in co~ lO(b) (b) 
Silica Dust (Respinlble) Trace element in coaJ 0.05(b) (b) 
Styrene (Skin) Ou stream 215($0) 426(100) 
Sulfur Dioxide Them~l oxidizer 5.2(2) 13(5) 
V ~ l i u m  Trace element in soil 0.05(b) (b) 
XyJene (V20~ Dust and Fume) Gas mzemn 4~4(100) 051(!~0) 
(is) Prom/~mricim Conhwence of Government end lnduatriid Hyli im~u, T/w~fko/d LAmd V~mea, 

I~ik'~,klr l~Jg-lggO, 
(is) Value not av~able or udopud, 
(¢) Value ro~mmnded for clmp, 
(d) Ceilm 8 or nm.lo.be.exceo6ed value. 
(e) Prom Sas. N, I~in8 and Ijwis, Sr,, Riclwd J., D,mluour P~lnmi~ o[Md, u~r~ M~i,~. 

I i i  i 

h u l l q l  l tmtlf F-T 

Fv~m Amwicsn Coherence of C, overra end lndua~isl H knGnu, T ~  ~ Vdow: wod B~ol~aA F.=p~v~ 

i 
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IleeUen 4 

Ke Permnnel Staffln Re ort 

The key personnel sta/Tmg report for this repordng period (December 23, 1991 through March 15, 
1992) as required by DOF./PETC is shown below. 

Function 

Process Manager 

Offsite FaciJities 

Cost Estirrmdnl~ 

l~'oject Manager 

h m  

Bechtel 

Bruce D, Deg©n 

Charles R. Brown 

(3. Luciclo 

Samuel S. Tam 

% Tim |imM(|} 

31 

0(b) 
O(C) 
38 

&nlmco 

J. J. Nicohol~ Subconuact Manager 8 

S. S. Khmer Process Model/Simulation 8 

(a) Number of hours spent divided by Ihe total available working hours in the period and ex~esseci as 
• percantai¢. 

(b) C. Brown of Bechtel did not spend any time in this repo~ng quarter because no offsite facilities 
work u.m required. 

(c) O. Lucido of B~htcl did not spend any time in this reporting quarter because no cost eslJmating 
work wu required. 
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