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CATALYSIS FOR ELECTIUCITY APPLICATIONS 
G. Alexander Mills and Jcm Rostmp-N~elsen 

7.1 OVFAtVIEW: SCOPE, STATUS, ENVIRONMENTAL ISSUES, 
RE~EK~CH O l t . ~ , . ~  

¢ lu t~r  defines the status and opportunities for new ca~ty~C technology, to provide more 
effkient .rid economic generation of elecu~city from carbonac~-.~Is f~cls and, puticuiarly, to 
provide enhanced environmental protection. Not "included it,. this discussion t ~  fi~el cell 
cttalysis and aon-catalytic resea."ch by DOE and ot3ms to improve etficict~y by (hot) ~tack gas 
cleanup or turbine improvemems. 

While the application of cavt]ysi~ ~o electricity generation is ~latively recent, it has assu~d  
growing importance and r~hows mu~h pot~.,~ial. • A drivin 8 force, for the provision of new 
tefhnology is b~reasinsly severe ~quiremenls for e d v b ' ~ , , ~  p~'~te~.tion, particebtrly those 
limiting emission of oxides of mtmken tnd miler in com~stion gases. C~rben ¢iioxide emi.~sior~ 
pose a serious co i~rn  ~s well, ".rod may assdme major importance i~ the t~'ttre. 

F]ecu~'ty generation and use x~pre~mt a l~,.ajor ~-'gment of our energy a~ivity'. About. ooe-thud 
of the world's eaergy i'ucls are : o n ~  in fenerati~g elecU~eity, and this p ~ r t i o a  represents 
a wide variety of fuels. In cemrast, v i t a l l y  only one fuel, petroleum, is used in the 
tram~rtation e~rsy  " ~ t ~ ,  A ,ariety of fuels of~rs a range of important technical 
opportunities, includin8 t,~ chance to use our non-~troleum resources - -  coal, Bas, and 
biom.~,m. Another sig~ificam difference between the el~trical and transportation sectors is the 
dilftCulty in importin8 elecW, city, except from Camtd~, compared to the relative ease of 
shippil~g liquid petroleum from abroad. Two-thirds c,f 9re fuels' heating value is lest in the 
g~nentim of electricity; hen:e, ~r~ere ~s an impor~ t  ~ to improve energy eff~:iency. 

New U.S. government regulations are having a wa~or inqmct on technology used by u:~lity 
companies. Cumpliance with some new ~gulations faces industry with profound e:ono.,nic 
c o ~ .  ~ y ,  in some sta, es s utility compt~ty mus~ purchase electrh:ity from an 
outside sourc, e if this is cheaper than electricity that ~.-uld be generated in a new~.y constructed 
plant. Also, ele+.-'trical transmission coml~, ~,re requ'red to transmit electricity through/over 
their ~ t~ ' a s  in remm for a fee for thei,: services, This ts done to provide the public with the 
most economic electrk:ity avaibble. 

New env~romnental regulations, driven by a desire for e,~vironmental impro~er~ents, are causing 
profound technological changes. Tb:~ Clean Au" Act Amendmcnts of 1990, CAAA, are broad- 
blued, applyin8 not oely to acid rain (the primary target) but also to ozone nom~inr~nt ,  eir 
toxics, and vi~:ibility. Electric ui~ilities, mobile and industrial sources are all subject to emi3sions 
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control provis~ons with~ the CAAA. The electric utility ix~dustry is most affecteci in tl~ near 
term b~, ~ r~uction of SO~ and NO,, r~uired to meet acid rain p~',isions (Title Iv'), and by 
control t.,f He,  for ozone: nonaV.ainmen'~ ~itle I). However, provisiom for air toxic emissions 
L'~ Ti,.le llI and visibility in Title.. VIII may have significant impacts, especially in the longer 
t g r ~ .  

The C,~L~A requires red~ction ~f SO_, to half of 1980 levels. By Lhe year 2000, annual SO2 
emissions must ~ reduced ~o 8..~ million tons and placed under a permar.~nt emissior~ cap. 
DuP~tg '~'~ ~ m  phase, 1995-9, the highest SO~ emitters, a group of 110 power plants, must limit 
their emission,~ ~o below 2.5 pounds per millior~ Btu of fuel. Beginning in the year 2000, all 
remainh~g generating units greater than 25 MW in size will be affected (Torrer~ et al, 1990) 
with emissions reduced P~,~er. TI~ impact of the CAAA on utilities presents a host of new 
technit:al challenges, introduces b~si~ss risks, changes the cosz of electrical generation, and 
calls for organizational responses. The costs of clean air compliance are majo~- in magnitude. 
The costs of acid rain control ~'~:luirernents are estimated to approach $7 billion annually, once 
fully implemented in the year 2000. 

There pro .,%,nda~nental differences hi th~ chomisWy o~ NO, and SO2 and consequent options for 
their pol!ution alleviation. NO~ is derived in part from nitrogen contained in the fuel and in part 
from t.',,~ reaction l~twvcn air nitrogen and oxygen in the high temperature combustion chamber. 
While Jew-NO. burrers can minimize NO, formation, at present the main NO, control 
~-clmology is ach;.vvv~ hy ~ catalytic a~d non-ca~ytic reduction of NO~ by NH3 in stack ga; 
treatmem. Sulfur oxides are derived frown sulfur in the fuel. Sulfur musi be removed at some 
point, shlcc sulfur is o b.i~io~b!e in air ~n any form. Two approaches ba:'e been used to 
control emission,.: pro-combustion fuel cleaning or post-combustion stack gas cleaning. 

Increasingly stringen! environmental regulations have prompted a fund~'anental change in the" 
approach to poll'ation ~;ontrol. Specifically, this ~presems a change from catalytic r~mediation 
of pollutants, produ;ed in the present technology. ~o the dcvisirtg of a new catalytic process that 
prevents or mini.rn~es pollutant formation. Research objectives for catalytic research relating 
to electricity generatiop include the pro,.'ision of new and improved technology: 

To achieve pollution abatemem not only by remova! of pollmants but a)so by ratalyuc 
processes that prey'era pollution formation. 

re achie.ve higher t,~rgy efficiency in electz-icity generd,'ion. 

To achieve more economic generation (lower plav.t oF-'ratin~ and particularly plum 
investment ,costs). 

t. To make available economical prc, ce.~ses for use of the ~b,aJ~ant ,,a~ional fuel 
rvsoun:es - coal, gas, biomass. 
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7.2 PRODUCTION OF ~-,,EAN FUELS 

7,2.1 Clelm Gmmus ~ 

7.2. I. 1 IGCC - Integrated Gasification Combined Cycle 

There is growing i.'.'~rest in numufact'uring a clean fuel gas from solid fuels to be used for 
generating electricity in an Integral Gasification Combined Cycle system (Figure 1). In IOCC. 
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Figure 1. 
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Integrated Coal Gaslfkmtion Combined Cycle. (All--n, 1991) 
BFW - boiler f eed  water 

gasification consists of reacting coal, biomass, or petroleum coke with. steam ~",d oxygen or air 
at a high temperature to form a fuel gas, consisting mostly of CO and H2. The gas is cooled 
and purified. In the combined cycle plant section, the highly purified gas is burned and the hot 
combustion gas is routed through a gas turbine m generate electricity. Then, the r~idual heat 
in the exhaust is recovered in ~ steam boiler for use in a conventional steam turbine generator 
to produce additional electricity. A promising alternative is the use of the purified gas to 
generate, electricity, employing a catalytic fuel cell, a technology nol included in this study 
because it is the subject of a separate forthcoming Research Neeos Assessment by the Office of 
Program Analysis. 

IGCC has important envimmnemal and energy efficienc~ advantages 

The H2S and NH~ in fuel gas can be removed to a greater extent than is practical for 
removal of SO~ and NO, from combustion gases which, because of the addition of 
nitrogen inu'odueed in combustion air, are much larger in volume. In IGCC 
operations, sulfur removal levels of over 99% have been demonstrated on a plant 

7.3 



scale. ~ o n s  .'we we.l] below the e.xisfing NSPS emission standards of 90% 
removal for new plm~.  

Interest in IGCC is heightened by increasingly stringent envirorm~,ntal restrictions, 
pammlafly those regulafin8 sulfur emissions. 

P The ci¢,tn gas is highly suitable for use in high-etTs:iency gas turbines. Electricity 
L; produged with gretter energy efficiency than in pulverized coal-fired plants, 
Hence, C02 emissions'are reduced. 

F.ssetwi~y any solid cad>onm:eous feedstock can be used in modern gasification 
plants. 

J. Combined-cyclv plains can be composed of standardized mod~d~, sized fer large and 
small utilities. 

P Studies have shown the possibility of capturing and sequesL-~qng CO2 from IGCC by 
adding shift and sequ~tering stages to process flow sheets. New imaginative 
approghes are needed. 

IP Opportunities exist to dcvclop cttaly~ technologics to co-produce eiecu~ity and 
fuels/chemicals and improve gas purification processes. 

Of particular kdimrmsr~ in adv~¢ing technology to commercialization is the dcvclvpmcnt of 
several improve! g~ifiers that have becn dcmonswated in the IGCC opcrafion. Thc,.,c are 
mmsmatizcd in Table 1. 

What will be the world's largest IGCC plant (Commission of.European Commtm~es, 1992) 
in P~rtollo, Spain, is scheduled m begin opcrations in 1996. It will producc 305 MWe at 45% 
efficiency with emissions of SO= of < 10mgtNm 3 and of NO~ of < 60 mg/Nm3. 

Table 1. 
Integrated Gasification C.,'m~bined Cycle Desmnm~Aon Plants 

,I Name 

Texaco 

Dow 

British Gas~'.:argi Scotland 
, ,  l ,  . . =  

Royal Dutch/She|l* Netherlands 

l l l q l  I I 

Demomlration 
Location 

Cafifornia 

D,~uisiana 

Tons of C ~  
per D:ty 

1200 

1700 

5 0 0  

2O00 

Coa.m, ucr~ c ~ , ~ e d  July 1993, Fall ~m'J.W). (, .~l~n el a~., 19P2) 

MW 
Electricity 

135 
i i  

160 
i i i  

250 
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Additional IC.~'C variations will be demomtra/~I m~ler the DOE Clean Coal ~ ,  fmskd 
jointly by industry aed DOE (Table 2). Of further int~zcst is ~ IGCC plant plamed for 
Delaware. This facility will charge shout 2400 tom per day of ~if~-sulfur petroleum coke to a 
Texaco gmifier and generate 125 MW¢ electricity. It has also been announced that a 260 MW. 
IGCC plant based on coal will be butlt in Florida. In addition, an agreement h,~ been signed to 
" .immll the IGT U-Gu process in China. 

It is fair to say that IGCC .;s a ccmbimtion of  modem technology process units, well ens ineen~ 
to meet a~w needs. There arc oppen~tie= to p r o ~ ¢  f e n l ~  imp~vemems usin8 the advaw, ed 
catalytic proceu~ discussed below. Oppommities also exist to improve processes for catalytic 
c o e v ~ s i o n / ~ a l  of H2S and,l~-I~ ~ m  ~ .  

7.2.1.2 Co-Production of Elect~L'y and Cbemk4k, g~els  

In an IC_d2C phmt in which a perified mixture of CO + ~ is ~ ,  it ,.nay be 
sdvamageoes to u~e part of this gas to generate electricity and part to nmmfacture 
chemicals/fuels such st  meXhax~l, ammmia, or hydrogen, acgording to recent proposals. Such 
a facility has been ~¢rmed a powe-p/ex, EPRI, 1992. Coal gmifr, ation is required to produce 
a mixtu~ of CO .~d I42, known as t3mthesis gas (syngas). Synthesis of chemicals and fuels 
from tTn l~  hzt had a long indumia] higory. At present, this inchxtes production of methanol 
and the larlg¢-scale production of hydrocarbon uampormfion fuels by SASOL in Scmth Afld~. 
V ~  technological mgge~om have been advanced for the co-production of chemicals/fitch 
and electricity., designed to take advamagc of the IGCC situation. Coal-based power pb.nm are 
capital intensive. An advantage for IGCC co-production plants would w.cn~ from operatin 8 the 
ga~f'ter i t  capacity all the time and, when electricity needs are low, manufacturing methanol 
with part of the syngzs. This methanol can be ~ or used for "peak shaving" generation 
e.f electricity. 

Economic evaluation studies, carried out for EPRI, have led to the design of a ~ that is 
integrated to both electricity and methanol production (Fluor, 1982; EPRI, 1987; Chem Systems, 
1990; Houston LP, 1992). Included is "base load to cycling operation, that is, full electricity to 
full methanol production. 11~e potential economic advantage of co-productlon of electricity and 
methanol is signifr.ant. It is projected that the cost of electricity would be lowered by 10% 
(Kern eta/ . ,  1991; Bammm eta/ . ,  1991). in other t/udgz, the ¢o-pt'oducticm of electricity and 
anammia and urea is being explc~'cd, with an emphasis on environmen~ benefits (Bradstaw and 
Wetherington, 1991). Interest in IGCC is heif, htened by the recognition that the price of gas 
could increase greatly, whereas coal prkes are expected to be relatively r~ablc. 

A recent study (Hotmon L&P, 1992) concluded that co-wcxinctitm of chemicals such as 
methanol or urea can result in signifr.ant reduction in the cost of electricity, if the. seiEn8 price 
of chemicals escalates ~t a rate gremer than inflation. The. price of methanol and urea are t i ~  
clmely to the price of natural gas. It is also reported that a bet~ :r knowledge of the inte.gration 
of gasif'w.ation plants with combined cycle power genera_lion holds the potent~ for f'a.,'cber 
improvcm¢~ and capital cost uvings, making IGCC and co-production more competitive in 
the future. A highly integrated plant in which the combuJnion turbine ~ supplies one. 
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half the air required for the oxygen plant has been estimated to produce electricity at 40.45 
mills/kwh (E.PRI, 1993). Oppommities for new catalytic technology to improve integration of 
catalytic synthesis of fuels/chenficals into IGCC operations arc discussed below. 

Table Z. 
DOE Clean Coal Teelmology IGCC Projects 

fV~dous ~ e ~  of devdopmem, 1993) 

~ m  

Project 

Wabash River Coal 
Gasification Repowering Project 

West Terra Haute, Indiana 

TAMCO Power Partners 
Toms Creek IGCC Demonstration Project 

Caebum, Virginia 

I I I I  I I  

Sierra Pacific Power 
Pifion Pine IGCC Power Project 

Reno. Nevada 

. m  . , ,, 

Air Products 
Commercial S¢:ele Demonstration of 

Uquid-Phase Methanol (LPMEOH) 
Process 

Daggett, California, or other site 

Combustion Engineering 
IGCC Repowering Project 

Springfield, Illinois 

Tamp~ Electric Company 
IGCC Demonstration Pioject 

Lake!,Jnd, Florida 

Camden Clean Energy Project 
tGCC Demonstratio~ Project 

Camden, N. J. 

II q ' l l  . . . .  

Deste¢. slurP/feed, oxygen-blown, two stage 
entrained flow (entrained flow, slagging first 
~tmge and non+slagging secon¢~ stage) gasifler 
(285MW] 

IGT/rampelle U.Ga$, air-blown, fluidized 
bed with zinc zitanite and ceramic candl,~ 

~;it~ I~ot gas clean up 
t107 MW/55 MW +at coal based) 

MW Kellogg, air-blown fluidizsd..bed gusifier 
with limestone injecticm and zinc ferri-.e 

and ,;eramic candle fiiter hot g~s cla~'n up 

T~+xaco, ¢lurry feed, o~ygen-b;cw=;, single 
state emrained flow 9asifier providing 
synthesis gas to the LPMEOH system 

(150 tons/d~y] 

ABB CE dry feed. sir-blown, entrained be~, 
gas;tier with limestone injector and 

moving-bed zinc ferrite hot gas clean up 
165 MW| 

Texaco, oxygen-blown, enuoine~-flow 
tiasi|icatier. ~ystem with moving-b~d solict 
Iorb~,lt hot gas cle~n up (260 MW} 

tiritish G~,s/Lurgi F.~xed Bed 
tDxyge.-blown Gesifier High Suitor 

W. Virginia Coal +480 MW) 

7,2.1.2, I Slurry-Catalyst Synthesis 

Mc~anol synthesis .is highiy exotherrnic. In order to prevent ~ !  temperature increase,% low 
conversion per pass ~s accep)~l, ~ce~sitating costly r~y¢fing of unveacled gas. T~..v use of 
catalysts slurried in inch liquid provides a concept of heat management,wh~c'~ ~-~s b~.~n 
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extemive~" tested Lq a I0 year, $25 millioe program. During this time some 7000 hours of 
operation were carried out in i 10 ton-per~ay plant in Lit Porte, TX (Brown ~ a/., 1990). An 
Ixiv~ntage of about 10~ has bcer~ estimated for liquid phase methanol synth~i; LPMEOH, 
using syngas from coal, over conventional vapor-phase technology. 

Once-Through Synthesis 

In this p ~ ,  all or part of the syngas is passed through a bed of methanol synthesis catalyst 
on at onc¢-throu~ basis, that is, '~vitboui re~ycling unreacted CO and H2. The umeacted syngas 
then goes to the comtmstot. In this way, metlmnol synthesis avoids the cost of recycling (EPRI, 
1987). A once-through operation, using a slurry-catalyst reactor at the IGCC plant st Cool 
Water, CA, has been proposed. The process is shown in the flow diag,-am in Figure 2 (Brown 
a al . ,  1990}. 

C o - ~ o n  of Met,humol and D)methyl Ether 

Much intee.st l z  been troused by novel technology (Brown eta/. ,  1991; Hansen e¢ al., 1991; 
Lee, 1992; Lew.,mrd et at., I993) being developed for the conversion of syngas to i mixture of 
tnetht~! and dime~..txyl ether iaa $ingie reactor in which the following reaction sequence ~ :  

2 CO + 4 FI~ ~ 2 CH3OH methanol synthe.sis ca~,tlyst 

2 CIi~OH ~ CH3OCH ~ + H20 dehydration catalyst 

IGCC/ML='I'ltANOI- CO-PRODUCTION POWr:'~ P l ~  

Wl'O~i LOAD FOLLOWING CAPABILITY 

1 - ! .  
.r--!,,. I - " "  

-~-m 

Figure 2. IGCC/LPMEOH M~hanol Px~l)~.;on ~ow DJvbTam, ~mwn et at,, 1990) 
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A combination of two types of catalysts makes ~ reaction ~ m c e  lX~ible. The water ga~ 
shift, WGS, reaction 

H=O+CO -'~ H2+CO, 

can also be carried out s/mulCaneously, using • water gas sh/ft catalyst. 
reactmn is 

Then the overal! .*~'t 

3 H~O + 3 CO ~ CHsOCH~ + COz 

Co-prodt~-tkm. of mettta~! and dkcm~yl ether offers an oppommity /br increased syngas 
¢onversi~-t per pass, The effect of the =ombJmtion of these reactions i~ essent~ly to avoid 
u~t~'or~.:.,~ thermodynamic limitations for metktaol synthesis. Methanol, a product of the firs~ 
r e , d o n  ~,,#, is ~ h: the second reaction, forming dimethyi ether and water. The wa,.er 
is t ~ i n  the third reaction, 8en~rs0~ag ¢ a d ~  dioxide and hydrogen, the tatter being used for 
methanol sTmtu~is. Thus, the pr~xluct of each step is • reactsat for another, creating a strong 
driving fotr.e for the overall reaction ffitmeu a.,',d $oemen, 1991; Brown et 02., 1990; Lee, 
1992). The slurry ¢audyst r,~ctor system has been tested for cond~tiag the s i m u l ~  
synthesis of MeOH, DME and WG$. Process developmem h~s focused on the use of coal- 
derived syngas that is rich in CO (Brown et ~!., 1990). 

Improved $ynthcsi~ Catalysts 

Intensive research l-~s resulted m a wide v~a'iety of L~provemenLs in ¢ata]ysL~ and proce:s 
systems for ~ ¢ s i ~  ~f n~hanoJ -,~ rela:~ clgnf;csis/ft~¢l~. (Mills, 1.~3). It is e~p~w~ that 
improv=t camly.~t sys~ms can be incorporated i~ the. co-pr~uction of electricity mgl chemical 
manufacturing. 

7.2.1.3 Cat,~lytic Gasification 

Maqufacmrtug syria.sis gas from me:h~me is a highly developod catalTtic process, used 
imemat|onnlly for the large-~csle p~x~ecfion of clgmicals. Syngas production by gasification of 
coal has ~ used extensivcb,. T~.na~s.~,~ F.amnaa cu r~ t l y  uses t?~¢ pm:ess to manufacture 
metha~l, mgl it is also used st Gre,,t Plains, North D~ota,  to prodg.2e methane. Coal 
gasification, ~ pa,'~i~! cow btcs~ion of co~,l in the p~senc.¢ of s ~ m ,  is a non-catalytic process 
carried ~ t  at te.~J~rat~;re.s which rarqg¢, from about t0~3 " to 1500" C. Various attempts have 
been made to devis~ n l~rac.t~¢a~ pro~.~s tttat could otmra~¢ at lowe-r ter,~peratureg. 

It ha~ 1o~ been known that alkafi hast~m~ the critic! slow re~tion 

C +H;O ,-~ CO ÷H2 
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The chemistry of b~e-catalyzed enrbon-steara reactions involves the formation of hydrogen and 
,, phenoxide whose s,,ructure has been determined (Mires and Pabst, 1982). The phenoxkk can 
be decomposed at low temperatures, using a transition metal oxide as catalyst (Heinemann and 
Somorjai, 1992; Pereira etal. ,  1990). Mixtures of alkali and rramition metal oxides ~ serve 
as catalysts for continuoqs sip, tin gasification of coal or chars at temperatures below 600"C. 
Mixtures of alkali and alkali earth oxides are almost ~ effective as the alkali tmmition metal 
oxides, and they are not easily miler poison'-.ed. Electron m i c ~  snxlies show that alkali 
corrff, omah attack carbon in the presence of water in a solid edge recession. Alkali transition 
metal oxides form a low melting eutectie, resulting in a liquid film that hastens the. gesif'r.atlon 
by edge recession. 

Catalyst mobility can be ;mportant for nmctions involving a solid reactant. Providing cat~yat 
mohili.~ f~r effective catalyst performance is a new concept, Extensive laboratory and pitot 
plant studies demonstrated that, by the addition of potassium salts, gasif'w.atima could be carried 
out at commercially useful rates at temperatures some lO0"C lower than previously required 
(Penner and Wiesentadm, 1987; Exxon, 1981). Recovery of most of the potassium entrapped 
in the ash from minerals in the coal was a key consideration. T'r~ development of improved 
catalytic gasification could provide an important step forward in developing a process for integral 
gasification/fuel synthesis. 

7.2.1.4 IG/S lategral Oasification/Synthesis 

Integral Gasification/Synthesis is the concept of carrying out simultaneous gasification of coal 
c-r biomass and symhcsi~ to desired hydrucm'bons or o×ygem~s. The gasification 
temperature, presstue, and other conditions .mus~ be such that the synthesis product is 
thennody~utmica|ly possible. A synthesis catalyst is present during gasification, In practical 
terms, for integral gasification/synthesis to fu,.~tion, it is required that gasification be carried 
out at considerably lower tempera;:,-res thar~ usuai. It should be pointed out that the reaction C 
+ H20 -~ CO~ + CH4 is almog thvrrrally ncm~! arat is thermodynamically favorable. 
Tlga, efore, it shoatd be possible '.o tra~ C l~,r CH, at no ener~" cost! It is encouraging to note 
that in coal gasificafioa it has ~'eeJ~. dem.,,'...~.ra~ed that methane synthesis can occur to a certain 
extent. There is a c~mile:~ge ;o .~.,nthes~ze met,~anol, less thermodynamically stable than 
methane, t,nder IGIS conditit:r~, 

7.2.1.5 Utilization of Methanol 

A novel concept for improving efficiency in methanol tool use involves the catalytic 
decomposition of methanol to produce a fuel gas. The reactiov is highly ¢ndotlwmnic. The 
heating value of the syngas is greater than that of the methanol from which it was derived. If 
waste beat is utilized to supply the needed energy, there is an expected gain of 20% in energy 
efficiency (Yoon efal . ,  1985). The use of catalysts to enhance fuel-use efficiency presents 
opportunities of considerable potential. This is a research area which has been relatively 
neglected. 
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7.2.2 Liquid Fuels from Cmd 

By 1970, new concern for environmental protection had foctmM attention on air pollutanta away 
from combustion of coal used for generating electricity. New regulations that were impc, sed 
made many U.$. coal deposits unsuitable for use in many existing plants because of their high 
sulfur content. Slx,n~ored by industry and governmem, intemive research and development 
programs were carried out to develop technology for the manufacture of a clean liquid fuel from 
coal, suitable for use in generating electricity. Several direct hydroliquefact.ion processes were 
developed and tested on a mns-perMay scale. These included processes la.~own as Solvent 
Refined Co, i, Donor Solvent, H-Coal, Two-Stage Liquefaction, and a C~n,~mn process at 
B~ ,op  (FAliott, 1981; Mey~.rs, 1~84). 

Sulf'm" in coal is present in both inorganic sulfides, mairay as pyrite, and in organic compounds, 
mainly as thiophenes. A significant factor in p.'vdueing a low sulfur liquid from coal is that, 
while the pyrites are fairly readily removed, removal of the organic, ally bound sulfur is more 
difficult. Moreover, as desulfurization pnmeeds, rembval becomes increasingly more difficult 
so that it is not practical to go to very low sulfur levels ,~ithout subsequent product refining. 

By 1976, it was becoming apparent that advanced coal hydroliquefaction technology was 
economically unattractive compared to flue gas desulfurization, FGD. It is possible to remove 
95-98% of SO2 with flue gas desulfurization technology. 

Flue gas dcsulfurization processes have been inst~lled extensively. At presem, t.qe technology 
used to manufacture liquid fuels for electricity generation is not d~med attractive, although it. 
.,nay have merit in certain c~.rcumsmnces (Commission of European Communities, 1992). 
Instead, research interest in coal bydroliquefaction has been directed to the production of 
transportation fuels. Considerable technical and scientific progress in this area has been made, 
as noted in Chapter 9. However, interest in production of a coalMerived fuel gas for generating 
electricity i~s greatly increased. 

7.2.3 Chemically Recuperated Gas Turbine (CRGT) 

A .,m~g" method for generating electricity from tmturaJ gas has been propo~,ed by the California 
Energy Commission (Janes, 1990). The proce.s.,, allows for the z'ecovery of high-temperature heat 
from the ¢/haust of an advanced gas turbine. Heat transfer is accomplished by utilizing the 
endothermic catalytic methane-ste~ reforming reaction. The recovery of heat is accomplished 
more efficienUy by chemtcal m ~ m  than by using heat transfer in a steam boiler. The 
chemically recuperated gas turbine (CRGT) ct~nsisr~ of three major components (Figure 3): 

,, Advanced gas generator equipped with an intercooler 

,, Steam cooled power turbine equipixd with a reheat combuster 
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,, A partial methane steam reformer 

Desulfurized natural gas re~ts with steam over a nickel-based catalyst at about 815"C, 
l~roducing a fuel gas containing hydrogen and carbon monoxide. The normal exhau+,t 
temperature from a gas turbine is about 540" C, The most effective way to elevate the exhaust 
tempemawe is to reheat before the power turbine. Some of the high-temperature heat is used 
to pm'tially convert natural gas to hydrogen and carbon monoxide. The natural gastH2+CO 
mixture leaves the reformer as a hydrogen-rich, low-Btu fuel gas mixture. Combustion can be 
expected m remit in low NO, when fueling the gas generator combuster. Manufacture.,s of 
reforming catalysts have evaluated operating conditiom and concluded that a combination of 
catalysts currently in use can he expected to perform according to CRGT design. However, a 
more active catalyst is needed for reforming below 680"C, which would be advantageous. 
Detailed process engineering and cost calculationr have been performed by the CA Energy 
Commission and checked by engineering and equipment manufacturers. 
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Figure 3. Chemically Recuperated Gas Turbine with Intercooler and Reheat. 
(lanes, 1990) 

In the current combined cycle system for generation of electricity, the exhaust heat from the 
gas turbine is removed to drive a conventional steam turbine. The combined gas and s,-.am 
turbines are able to convert 51~t of the energy in natural gas to electricity. Averzse utility 
efficiency is about 33% for conventional gas and oil-fired boilers h~ operation. A projected 
thermal efficiency of the chemically recuperated gas turbine, CRGT, has been estimated to be 
60%, abot:; 10% higher than for the gas-fired turbint, alone, The substantial increase in 
projected Energy efficiency, employment of near-standard e.qulpment, favorable cost estimaes, 
and expecUttior~ of low NO, emissions make CRGT an attractive technology. A combination 
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of present industrial cata!y.~,s i~ aeemed capable of functioning adequately, ba~ there is a rccd 
for a steam reforming cataty~t capable of functioning at lower ~e.mperatures than conv~ntioaal. 

Since the price of natural gas is expected to rise to its former level, in the long term, synthetic 
natural gas, $NG, from mine-mouth coal may ~c a w~ser investmeat than natural gas. Improved 
processes for manufacraring meuhar,¢ from coal have been developed and offer this long-range 
option. It should be added that, while manufacturing syngas Rein methane is a highly developed 
commercial catalytic process, recent" results of a different approach, direct partia~ oxidation of 
methane, offer considc.r~bie promise for improvement (Hiclanan ~r~d Schmidt, 1993). 

7.3 POLLUTION REMEDIATION 

7.3.I CO~ Emissions 

h:~'.,-:~sed absorption of the sun's rays by increased conccntratio~ of light-absorbing mol~ules 
in ~'n~ atmosphere surrounding planet earth and the consequent rise in temperature has been 
~.e.rmed the Greenhouse Effect..Global warming could melt present ice caps, raising .sea levels 
end significantly decreasing end area in the U.S. and elsewhere. There is concern that 
increasing the presence of CO~ in the am~osphsre genorated by increased combustion of fossil 
fuels will increase the Greenhouse effect. 

Tim technology and econo~aics ofcap.,ure, utilization, and dispo.~al of carbon dioxide from fossil 
fuel-fired power plants has bee..n critically examined .-'cc.:rJt!)- (M..I.T./DOE - 1993). This study 
finds that direct capture and disposal wo;~ld likely !nrJeasc ~he cost of electricily by about a 
factor of two or more for ~.bx. case af re.wo:'it of curreat coa!-fired power plants m~d by 50% or 
more for the case of scccessf~i development of adva~ced, high efficiency power plants (such as 
|GCC or fuel cells) ~hat are electrically configurea to imegrat¢ CO, capture. 

l fa  requlrevaent for full ot near-full cessahon "ofCO~ ~m~ssion~ from power plants is envi~,ioned, 
certain research discussed here I~y Spencer. l-)91 and in the M.I.T./DOE report is believed 
warranled. :3ppo.~-,~nities ['or CO~ utilizRti~m mcludc enhanced oil recovery, plastics 
;nanufacmr~. prod~ctior~ of bit, mass fuel (utihziag ~urJig~t to convert CO2 and H20 
pl',otosyntheticaliy hy w~icroalgae) and chemical ¢,onversiot, of CO, to fi~els. 

Chemical ~onvelsion of CO_, t¢ tucl~, for example, by the reaction 

C¢-'h +3,'/,,--CH:OH + H~O 

would require a significan~ ¢~t;rgy source ~br hydw.~gen production That could be used several 
fold more efficiently by directly serving power phnt e:~d'rn.a~c-~. The fundamental questiGn 
i,~ the soutc~ (:~" hyclroge~. ~,~ydrogea ca~. be generated by electrolysis of water which requires 
312 kJ/moi of H~ To avoid generation of mere CO: m the hydrogen production process, a non- 
fossil c~rgy source is needed. The mvst likely solution is to produce the H2 item solar or 
nuclear sources of energy. However, if solar or nuclear energy sources are available, they could 
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be u.ual directly to displace fossil fuel and redu~:c the amoun:, of CO: produced in the first place. 
However, there are additional considerations in the production of transportation fitels, 
Specifically, due to our current infrastructure, liquid transl~rtation fuels are more desirable than 
electricity or hydrogen because of fuel storage and transportation considerations, .However, as 
pointed out in the M.I.'I./DOE report, the efficiency loss is probably too large a pr:.ce to pay 
u;;it~ pre~nt technology, This provides an oppommity for catalytic research for nv3re 
economical and e~.,ergy efficient,conversion of CO: to fuels. 

7.4 RF~EARCH RECOMMENDATIONS 

Technology objectives for catalytic research relating to the generation of electric.~t-: 

D. to achieve pollution abatement, not only by removing pollutants I~t also by devi~ing 
catalytic processes which prevent pollution formation 

,, to achieve higher energy efficiency in electricity generation 

to achieve more economical generation (lower plant operating and particularly p!am 
investment costs) 

to make available economical processes for use of abundant national fuel re.+,ources --  
coal, gas, and biomass. 

Improved Manufacture of Electricity (* indicat,:s highest rating) 

* IGCC. Research is proposed to provide synthesis catalysts for advanced processes which 
cembine Integrated Gasification Combined Cycle generation of electricity and ~hvis]chemicals 
~na~ufacmre. Synthesis catalysts arc needed, specifically designed fez load-following; for a 
"once-through" synthesis operation; for slurry-catalyst systems. Synthesis cata,'ysts of interest 
include those for manufacture of m,:thano[, of methanol/di-nethyl ethe~" mixture.% of ammonia, 
ar~! of hydrogen. Particular consideration should be given to hydrogen co-pn~uction because 
of its growing critical reqmrements. 

* IGCC Coai + Biomass. Processes using a combination of these two fuel substances can 
provide speclal opportunities to prevent or lessen C02 emissions. Variot+s process flow sheets 
have been proposed, Calalysts are needed to meet the conditions of projected applications. 

Research is meded to improve :mergy utilization efficiency for methanol and/or dimefl~yl ether 
synthesis by developing systems for their catalytic conversion to a fuel gas of increased fuel 
content, using waste heat. Manufacturing synthesis gas by direct selective catalytic oxidaUon 
appears to be a promising new target. Research is recommende~ 

Research is recommended for integral gasification/fuel synthesis, utilizing opportunities 
prese, ued by recent advances in ca'alytic gasification. 
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..RGT (Chemical Recuperated Ga~ Turbine). 

t has been concluded tlmt a combination of existing catalysts couid fu~tion undvr t_~ proposed 
:ondiP.ons of temperature, pressure, and contact times. Howe.ver, it is believed that research 
:ould provide specifically designed catalyst modifications which wo~dd improve the prtx:~ss. 
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