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SUMMARY 

As   part   of   the   Naval   Weapons   Center's   Total   IZnergy   Community   (TFC) 
Program,  the solid waste conversion effort involv d exploring processor recovlrina 

F:pTlsls
ro:)s

sop,,fedwaste which woi,id be practlca, ^^o^r^^zz:. 
mobt poZ £t use    ^^ 0' ^ WaSte and deVe,0pment * ^ ^ls for 

Two    promising    fuels    were    identified     polymer     gasdine    and    methanol 
Prelmunary process fiow sheets for these fuels were deve« ,.,.    Thcs   inlaJthaTan 

rifhier"10" ^"^ 0f ^ f0r PO,ymer gaSOli"e ^ ^ fo;methll could 

Preliminary  cost   analyses  were   made   for conversion   facilities consistine  of •. 

^t::; TZ for rerval of metais and ^ * ^^ ^ fo z Ln« synthesis gas and a synthesis module for conversion to fuel. Effects of population and 
energy market value on fuel costs were studied. Population and 

operating   TT' t
10-pound-Per-hour P^olysis system  was constructed  and  put  into 

ZdZur rUnS Were made USing a shredd^Paper feed at feed rate's to ,0 

INTRODUCTION AND BACKGROUND 

problemlof both wast    r   ^ ■    "1 SOlld WaSte iS attraCtive because ^ addresses the 
a7racfiv    ff r r      waste disposal and energy shortages.  Energy recover is particularly 

oS fuel  cL Tn ^ '^ Where tr^0^on costs add significantly to the 
om  f"     '      ,       r8yKreTery   ir0m  SO,ld   Waste has been exploited in its simplest 

wat"-wa ,c    mc ne^to   t   ^ ^ ^^ "^ ^ ^ trash is b—d ' wdicr waucu incinerator to produce steam. 

Incineration  of solid  waste  for steam   production  is  a viable option  for some 

Tr    r^ir r'r and "" beCre attraCtiVe t0 m0'-e ^ aS old 0iI a^KlXs fired bZ 
are   retired   from   service.   Package  boilers  designed   for  solid   waste  combustion   are 
becoming     available    and     should     be    considered     in    moderation    pits    for 
steam-generating plants on military bases. P 

hi.h.r »"T^r', thiS particular sludy was aimed at conversion of solid waste to a 
higher-grade fuel, i.e.. gasoline or a suitable substitute. The objectives of tl s work 
were to (I) identify candidate fuels obtainable from solid waste ' de e^ne the 
process required for conversion to the candidate fuels, (3) establish   he reSc yiefd 

l 
-. 

.„    -. ..   .v ^....^ ; 
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SOLID WASTE CHARACTERIZATION 

>a"ve   or  the  IT^L^TZ ^tt ^ ^ '^ IO bC ^"^" 
Table I. Imt-    n,ls     average"   composition   is   listed   in 

chien, t":L,:r:noL:;;;i^^rdo^rvs^^,^^cardrrd which ,s 
waste,    made    ^ the   ^ureau ^of _M^    Ä^^:'1^::1^-;^ 
C6Hft.l03 iN,- c Ti y^'u^u    an    empirical     formula    of 

■^082 pounds'caS^V^^mcK hTdro   tlle ^1 0rg:lmC ^ ^ SOlid Waste -^'i- 
and 7 pounds sulfur.      U6 POUndS  hydro^n'   748 pounds  oxygen.   27 pounds nitrogen. 

seasonally ^J^ir Cl^T ^ ' P'T "^ h;,SiS ^ ™™ ^oth 
Per person per'day v^ Lled milXliV™^ ^^ ^ 0f 5J P0Unds 

local    Indian   Wells   Valley   in   Ken.   r ^T CorresPond t(' estimates for the 
Population of 23,000) they faUwith^'' ^f™ ^ (61 to'ls/di,y ^ ^ 
literature for othe   par s of'h     otm tv 2 rf "f,0f «e"era^"   rates  quoted   in   the 

begin .ith the deteLination fC ^t.on ratf.nr.:"' T^- ^^ Md 
that specific area. generation rates and  composition of solid waste for 

I 

ENERGY IMPACT 

»y NWr and the ou.,yi„g ^T^l^ f^ f ^"r0"0 WaS,e 8e""al", 

RI-7428 
=8. W.^; onhelntS:^ orSfÄ"?  ,ndUS,^ia,  ReftlSe ,"to ^ ^ri,,. by Pyrolysis 

^eorge. Pa.Hcia C. "So.id Waste A.er.ca's Nested PCutan.", Nation's Cit.es  iu 
nc 1970. Ande  -—■■'  , i.diiunsLii 

■■■■.«mm 

I      "'    i ^ 'WWilPH "'HOBt'n^f I - wnm—» 
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TABLE I. Characterization of Solid Waste 

Constituent Weight, % 

Moisture 27,0 
Ferrous 5.5 
Aluminum 0.5 
Non-ferrous 0.2 
Glass 6.6 
Organics 60.2 

Value, $/ton 

40 
300 
120 

7 

NOTE:     Total    revenue from    inorganic 
fraction    ls    $4.40/ton for   raw   refuse 
hnergy   content  of raw solid  waste is 9 
MBtu/ton. 

TABLE 2. Potential Impact of Solid Wa 

Energy use at NWC 
(1972) 

ste as an Energy Source at NWC. 

Interruptible natural 
gas and No. 6 
fuel oil 

Firm natural gas 
and propane 

Gasoline and diesel 
(military only) 

Electricity 

Total 

Energy quantity, 
MBtua 

511,000 

487,000 

127,000 

l,239,000c 

2,364,000 

h. 

i 

Energy in solid 
waste,6 MBtua 

192,600 

Mill on British thermal units. 

Based on 4,500 Btu/lb of raw solid waste and 100% 

Energy fraction 
available from 
solid waste6 

0,38 

0.40 

1.52 

0.16 

0.08 

solid waste.  '"" "— "a3lc iUIU 1UU^ conversion of energy in 
c33% conversion efficiency from KW   to KW 

mm^/l»mx^'umM,a«l^i^»^f^mmimm 

- 

~?—*—>■—:—'—~r- 
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CANDIDATE FUELS 

A brief review of any standard chemical engineering handbook reveals that   in 
d.t.on to gasohne,  the fuels that should be considered  for mobile power plant   a 

Ltr tt r0   rrhaPS  benZene  and  SOme  0f ltS  derivatives   U 's »^tLtive to 
Sols   Pil ^   • T ?] fT,S f*™^ ^ SOlid WaSte' namc|y Mrocarbons and Rohöls.   Figure 1  i    a plot of volumetric energy content versus molecular weight for 

weiJbaS a,COh0lS't
a,

)
ld. Te ar0matiC COmpOUndS- The — comparison on a 

we.ght basis ,S presented in Figure 2. The boiling point range of these compounds is 
shown m Figures, along with the boiling range for gasoline. compounds is 

The use of methyl and ethyl alcohol as gasoline blending stocks is discussed in 

hsfof se       ,    meriCan Petr0,eUm ,nStitUte-4 Tab'c3' based P^ly on   h      epor a  list  o    several  propert.es  for  these alcohols plus isooctane and benzene   The main 
arguments aganm  the  use  of alcohols are  based  on  unfavorable econom cs   but th 
r cent    apid escalation  of gasoline prices may invalidate this argument   Benzen    i 

raelhvTl   H     CCaUSe it Can ^ "^  t0 inCreaSl! the -tane ^ ofga olne Vhen 
en      7 .rtvTf'5  T^  tü  ^^  POlkltiC'1  Sta"dards-   P^   methanol 

benzene also have a cons^erable value as petrochemical feedstocks. An upper limit on 

a ed on""! 'v   ^ that ^ be 0btained from so,ld ™* ™ ^ '       I h d 
fr three ^fp

COmPOSltl°n.of ** ^ganic material. This information is listed in Table 4 
fr three d.fferent constraints placed upon the conversion process. If yields are based 
on the hydrogen content of the solid waste, the amounts obtamable for the   our 1 e 

sWft're   7"  1 the ^^ rOW' The Carb0n-limit Va,UeS are b-d 0" uSte" 
mtsid Pr0dL1Ce   additi0na,   hydr08Cn   fr0m   excess carbon.   However    1     o 
outside   energy   source   .s   available,   the   maximum   yields   are   determined   by   energy 

consiH     r   ^ S,h0Wn   '"   the  ^^  rOW-   Fr0m   these  rudimentary mass and en   gy 
onsiderations alone,  one  can  obtain  upper limits on the amount of fuels obtaiS 

^m :^vre-^rer- r^r^constra,nts in the <— ^-X ine     achevdblt    yields    well     below     the    theoretical    maximum     These    Dnctu-' 
considerat.ons are discussed in a later section of this report. P 

GENERAL CONCEPTS IN CONVERSION 

Thus far, estimates of quantities of fuels based on elementary' mass and enercv 
onsiderations have been made. The practical problem of how to ef?ecr he conver on 

rhol f mate^a,' ^ " Prinian,y CeUul0Se' t0 either a »^ hydrocLbon o "n 
alcohol fuel remains to be discussed. It is helpful at this point to categorize available 
methods for extracting and converting the o^anic material into more useful (orms 

PubLcatt^ No. 4J082G(Auegus; Sn). ^ ^"^  '"  ^  ^^    A   ^^  America"   Pet^«m   ta.titute. 

T*   i.. '*'*,*w'1*^^^'*n&.:ji'i'-j..mt,mm-•—-r-- '-*--.^    .. 



NWC TP 5797 

BENZENE 0—I2ii!fm-dETHYL BENZENE 

HEXAN 

PROPANE 

OCTANE 

nmrns,,-^-^-''       HEPTANE 

BUTANES       ^OBUTANOL 

*OPANOL 

DECANE 

1METHANOL 

GASEOUS COMBUSTION PRC DUCTS 
(LHV) 

20 40 M 80 w 
MOLECULAR WEIGHT 

120 140 

FIGURE 1.   Volumetric Heat of Combustion Ve 
rsus Molecular Weight 

160 

^ 
^ y *r J? J   J>   * 

TOLUENE 

1-BUTANOL 

1-PROPANOL 

ETHANOL 

>ETHYL BENZENE 

METHANOL 

GASEOUS COMBUSTION PRODUCTS 
(LHV) 

-i.  L_ 
« n IM 

MOLECULAR WEIGHT 
120 140 100 

FIGURE 2.   Gravimetric Heat of Combustion Ve 

7 

rsus Molecular Weight. 
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260 

NAPTHALENE OCHM.P. mfiC) 

20 40 «» 80 100 
MOLECULAR WEIGHT 

120 140 160 

FIGURE 3.   Boiling Point V' -sus Molecular Weight (Ref.: Lange's). 

■A tr .0Ur . 1C processes (Physical, thermal, chemical, and biological) have been 
identified and are sufficiently distinct to permit differentiation as separate entities 
These processes can be arranged in modular fashion, as shown in Figure 4, to show the 
sequence required to produce various fuel forms from solid waste. 

A physical process can be simple (coarse shredding) or complex (separation of 
raw trash mto various fractions of metals, glass, and org.mcs with perhaps secondary 
and tertiary shredding of the organic material). 

A thermal process involves addition of heat to bring about decomposition 
(pyrolysis) or combination  (polymerization) reactions.  U an intermediate chemical or 

lÄ   1 .t0 A
COnVert ,"r0m 0ne comPositi^    ^ -'other, the process is arbitrarily 

lab led   chemical.   An  example   of a  chemical   process  is  the  catalytic  synthesis  o" 
methanol from a mixture of hydrogen and carbon monoxide. 

A biological process involves the action of enzymes or bacteria in converting 
from one chemical form to another. For example, the enzyme cellulase converts 
cellulose to glucose. 

Of course, only a few of the many possible combinations of processes are 
shown in F,gure 4, but many of the solid waste systems proposed and currently under 
development can be traced on this simplified chart. 

8 

i 
St 
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TABLt 3, Properties of Candidate Fuels. 

■ 

TABLE 4. Theoretical Maximum Quantity of Fuels 
from Cne Ton of Dry Organic Solid Waste. 

Hydrogen limitation 
Carbon limitation 
Energy limitation0 

Fuel, gal 

Octane 
C H c8nl8 

147 
194 
135 

Methanol 
CH3OH 

164 
299 
261 

Ethanol 
C2H5OH 

157 
246 
197 

Iso-octane Methyl 
alcohol 

Ethyl 
alcohol Benzene 

Chemical formula C8H18 CH3OH C2H5OH C6H6 

Molecular weight 114 32 46 78 
Carbon %, by weight 84.0 37.5 52.0 92 0 
Hydrogen %, by weight !6.0 12.5 13.0 8 0 
Oxygen %, by weight Nil 50.0 35.0 Nil 
Heating value 

Higher, Btu/lb 20,600 9,600 12,800 18,200 
Lower, Btu/lb 19,100 8,650 11,500 17,470 
Btu/gal (lower) 

Latent heat of 
II0,9U0 57,400 76,150 128,950 

vaporization, Btu/lb 141 474 361 169 
Specific gravity, 60°F 0.696 0.796 0,794 0 885 
Stoichiometric mass A/F ratio 15.1 6.45 9.0 13 2 
Boiling temperature, 0F 211 149 172 176 
Octane No., research 100 106 106 
Octane No., motor 100 92 89 110 
Density, lb/gal 5.8 6.6 6.6 7.4 

Energy-Btu/lb air 1,265 1,340 1,280 1,320 
Relative mileage 100%(ref.) 51% 68% 116% 

(based on Btu/gal) 

Benzene 
C6H6 

240' 
159 
116 

100% energy conversion. 
Additional   carbon   is   required   to   use   all   of   the   available 

hydrogen. 

Assumptions: Dry     organic     fraction     has     empirical     formula: 
C6H9.1O3.1N0.13S0.0I4 
Lower heating value of organic fraction is 7,500 B/lb 

—*- - - ■. 

X 

'"■■^"■~-^^ir,: 
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*■  METMANI 

INtTITUTf   FOB 
GAS   TfOWOLOGV 

IBKXiAiC?] 
CHICAGO,  ILL. 

ui.  ARMY 

NATICK   LABS 
INATICK. MASS.I 

UNION  ELfCTRIC   1ST    LOUIS,  MO I 
COMBUSTION  POWtn   IMtNLO PAHr    CA 
COMBUSTION  EOUIPMENT  ASSOCIA , vs 

INEW   VOftK. N,VJ 

SEATTLE, WA 

«JLVMtfl 
GASOLINE        Nwc 

DISTILLATE    (CHINA   LAKE    CA.I 
BENZENE 

POLYMEB ARIZONA 
GASOLINE       ""C  "NIV, 

ITEM«, A2.I 

FIGURE 4.   Process Routes to Alternate Fuels from Solid Waste. 

PYROLYSIS 

The liquid fuels being considered by this study all require a pyrolysis stage to 
convert the organic solid waste to either synthesis gas or hydrocarbon gases 

the .Jyrf0,ySiS 0f
5ToniCipal and WOOd WasteS has received considerable attention in 

the last few years5 '» (see also the report referenced as footnote I) Very slow 
pyrolysts   processes,   using  a   large   particle  size   (about   1-inch)   feed,   yield  pLuct^ 

UboraiÄI k:^^!™ SO,id WaS,eS hV ^o.ysis-.ncin^ion", Batteü. Padflc Northwe. 

• ores, ^^Z^^^rZ^r^0' ^ ^^ Üf ^ PyrolyS,S•' ™*** ^fornla 

Patent ^^^0.^^ oS^^Str^^i ^ '^ "* ^^ C—' 

so.. wÄ^rN^
MÄ^^^ -—-'— - 

10 
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::rc:;;isrirn,Ka;:;r;^:r:,s
f ral;i:t

a7un,s rr ™- ™™- 
produc.     larger amounts of l.vH        K ?      P     Cle S,Ze feed (Iess than  ]'8in^ 
and hycirogc'/r r e of J orT ^^ .thC ^^ ^ ^ Carbof1 m°no**e 
the fJed to supply Ln^cessLE of ' T^ ^^ t0 Partia,Iy ()xidize 

hydrocarbon p-oduction   f   i.   n   . 5 w.     P1
Vr0lyS1S'  appears  to  resu,t  in  educed 

on the meth^td Toni tl nf " d, ' ^ Pr0dl,CtS iomed are more dePend-f 
Table 5. "  0f Pyr0lySIS  tllan  on  feed  composition,  as shown  in 

Table JlL^1 on tL^H rri0t,S COinp0nents of ^ 0^nic solid waste are shown in 
lable 6   Based on th,s data, more realistk estimates were made on the upper limits of 

Tste Thet «t f ethan0.1' 8;,S0]ine' " ^^ that ™ ^ "^ ^M wate.   These   estimates  are   shown   in   the   last   four  columns  of Table 6    Yields of 

—«u^thf rthe amoi,nts of hydrogen and carbon —^ -it,: assuming use of the water-gas reaction to obtain more hydrogen as necessary Fthanol 
y.elds were based on the acid hydrolysis of ethylene. necessary, hthanol 

mH ^^T/
6
"

1
' ^ baSed 0n  the Wtlt™ of all hydrocarbon compounds   C. 

d h.gher.   The constraint in  this case was the hydrogen/carbon ratio and the am^n 

slikr   mleT   I? ^ T^^  Yields for benzene were obta-d ^ « similar   manner    It   -s   apparent   that    the   constraint   of   using   pyrolysis   products 
considerably reduces the amount of liquid fuels that can be realiLaHy Stained Im 

SYNTHliSIS 

Based on the above estimated yields, the two most promising solid waste fuel 
, dTw"" f. m

)
et,hano, a"d ^^ Coline. The processes for aversion   o thes 

fuels were studied in more detail and some of the findings are presented below. 

Methanol 

Mass and energy  balances of two processes for making meth. nol were carried 

nocJes6     7   ?      ^   ^rl^   ^   ^^   ^   Sh0Wn   in   Fi^res   5   a"d 6-   Both processes    use    Imperial    Chemical    Industries    low-pressure    (750   psi)    process    to 
catalytically   fonn   methanol.   However,   they   differ   radically   in   th^pyrolysis   and 
synthesis gas preparation steps. The low-pressure process was chosen for study because 
it has a lower compression energy requirement than high-pressure processes. 

The amount of methanol in the synthesizer gas output is on the order of 2 5% 

r .hirT^'T. r ACyCling a lar8e amount of synthesis gas Per Pound of methanol foiled 
decrease   hn^'i ,nert ^ T^  aS ^^ OT nitr0^ slowly ^cumulate and decrease the partial pressure of the reacting gases, thus decreasing methanol formation 

II 

—.-♦ ■ -rrr^mnyry „, ^jr<-,-~r fr- 
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FIGURE 5.   Methanol Flow Sheet No. 1. 

Consequently,   ,t   ts  very   important   to   minimize  the   amount  of inert gases in  the 
yn hests gas stream   The inert gases are mamtained at an acceptable level by p'rgit 

Side reactions are minimized by the presence of excess hydrogen." 

^    ?e   0Vuera11   ChemiCa,   reaction   in   the   inversion   of  cellulosic   materials  to methanol can be represented as »«aicnais   to 

or 
C6Hl0O5 + 3H20(ß) "* 4CH3OH(e) + 2 C02 (endothermic) 

C6Hio05 + 9/4 02 - 2 1/2 CH30H(ß) + 3 1/2 CO. (exothermic) 

(1) 

(2) 

ii, 

Series. VofTNoVÄ^'  reC/'"0/^ ^ ECOn0mkS' ^^ ^^^ 1>ro*"" ^nposium 
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_,«'">   (MINI 

7 90 LB OFF GAS 

00107 hptii STEAM ENGINE 

METHANOL   (»3» ENERGY CONVERSION  -   LHV) 

FIGURE 6.   Methanol Flow Sheet No. 2. 

There is a shortage of hydrogen in the process since cellulose has a hydrogen-to-carbon 
molar ratio of 1.67:1, while that of methanol is 4:1. Assuming the process must 
supply the hydrogen from water, carbon is consumed by the water-gas reaction 

C + 2 H20 -*■ C02 + 2H2 (3) 

These considerations lead to the conclusion that there will be excess carbon dioxide 
which, if not removed from the synthesis gas stream, will accumulate in the methanol 
synthesizer where it will promote side reactions. Accumulation of carbon dioxide will 
also decrease the methanol yield, since the equilibrium methanol composition increajes 
with the cube of the hydrogen partial pressure, but only linearly with the carbon 
dioxide partial pressure. Since the compression of the synthesis gas consumes a very 
large amount of energy, it is imperative that the - cess carbon dioxide be removed at 
the lowest economically feasible pressure. The major difference between the two 
methanol How sheets is the method used to remove this excess carbon dioxide 
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In  flowsheet   1   (Figure 5), the eellulosic materials are pyrolyzed in the presence 

IZllZT^ "T 0f tWO ^^ 0rCarbon ^o^eforC four ^Sr 
w   er      e.      ^e.Pyr0lrS gaSCS are COoled to  100OF to condense out some o 

me water,  then  split  into  three streams: (l)pyrolysis reactor fuel M9'/>   r^Yntl 

leer,», ;inr«' A ^Lz^ri,:". If psi6 h
and ,.pass", ,,"ou';"a 

W   oVIS 0 o',^ POl,"dS Per POl'nd 0f -"-' The -ycle comp^ co„»l if~ f=- *"- ^.XL^J;'r 
lX,cm   T     rit

ln   ,,g"rC5
k

ii"d   th,:   sub-l-"'   '"Eher   compreJ„Pp„^ 

The second methanol tlow sheet (Figure 6) uses a novel twostage pyrolvsis to 
effect a carbon d.oxide separation The overall chemical reaction can S Siz d n 
Eq. . Ihe eellulosic feed is dried and ground to a very fine P.r2^^*Z 
pyroysts .s then accomplished at a relatively low temTeratureTWF) wi^ a vl 
short restdence t.me. This has been shown to produce a large amount of char c.rbc n 
dtoxtde and pyrolytic oil, but only small amounts of water, hydo, nd bo 
monoxide^ (see also the report referenced as footnote 7). ' 

The   char   is   removed   from   the   gas   stream   via   a   cyclone   separator    71 ■ 
pyrolyttcally formed oil and water are condensed from the gas 'tream and ToS  Th 
on-condensable gas stream is recombmed with  the char and useHo clc^   'e cha 

pyroiys. z :^:i:;\:zsj ; t tt™:^^~^ 
atmosphere pressure. seconds at about one 

1963.    I2perry'   RübCrl  "•  <ed■)• Chemia" **&"*'' f***"**. «th  Edition.   New York, McGraw-HHl, p.  24-68, 

co.pan^s ^ ^^rz:^.'^:0^.^Solid Was,es"'Garrett Rmh "* D-to^ 
: 

•f 
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The  heat transfer medium in the second-stage pyrolysis unit is molten sodxu... 
carbonate,  winch  catalyzes  the required water-gas reaction and chemically reacts with 
and   removes   any   hydrogen   sulfide   present   in   the   synthesis  gas  stream.   Since   the 
pyrolytic   o.l   has  a  very   low  ash  content,   the  immense  carbonate  recovery  problem 
encountered    with    pyroly/.ing    high-ash-content    raw    cellulose    is    eliminated    (see 
footnote 9). Although it would be tempting to operate this second-stage pyrolysis unit 
at  elevated   pressures  to  avoid  compression  of synthesis gases, higher pressures would 
lavor   the   formation   of  some   methane   rather   than   the   desired   synthesis  gas    Any 
methane gases formed by the second-stage pyrolysis of the pyrolytic oil and water  are 
compressed to 750 psi and passed into the methanol synthesizer. Methanol is formed 
as   previously   discussed   (see   Figure 5).   The   hot   stack   gases   and   the   second-stage 
pyrolytic^ases are passed through heat exchangers to make steam. This 100 psig steam 
with  100 F superheat (435°F steam) is used to run small steam engines operating at a 
20% conversion of thermal energy to shaft energy. Steam  rather than turbine engines 
were chosen because of the low efficiencies of turbine engines using steam at pressures 
below 300 psig (see pp.  24-74 of the report referenced as footnote 12). Again   waste 
heat could be utilized as hot air for space heating and/or cooling. 

The 200oF stack gases are used to dry the feed. Feed containing as much as 
58% by weight moisture can be dried in this manner. A small portion of the synthesis 
gas (0.06 pounds per pound of dry feed) is burned to provide additional process 
energy. For every pound of dry cellulosic material, 0.43 pound of methanol is 
produced. The energy conversion of this process is 53%. based on the LHV. 

Polymer Gasoline 

Nearly all research in pyrolysis has shown that unsaturated hydrocarbons 
(olefins) are present to some extent in the pyrolysis gases. The amount of all 
hydrocarbons, other than methane (€.,+), is calculated to vary from 13 (see 
footnote 5) to 600 (see footnote 10) pounds per ton of dry organic material Very 
rapid pyrolysis at atmospheric pressure and high temperatures favors the formation of 
low molecular weight hydrocarbons and carbon dioxide, while at the same time 
decreasmg the formation of hydrogen, carbon and water. Detailed chemical analysis of 
the C2+ hydrocarbons formed by pyrolysis shows them to be 84% by weight olefins 
(see footnote 1). This high degree of unsaturation is predicted from the relatively 
higher thermal stability of unsaturated compared to saturated hydrocarbons.'4 

This large olefin content in the hydrocarbon fraction of the pyrolysis gases 
could be utilized to make what the petroleum industry refers to as polymer gasoline 
The basic research of polymerizing low molecular weight hydrocarbons to gasolines was 
performed in the 1930s. This research led to the successful commercial utilization of 
the low molecular weight unsaturated hydrocarbons formed as a by-product in the 
pyrolysis (cracking) of crude oil to gasolines. 

14 
Nelson. W. L., Petroleum Refinery Engineering, 4th Edition, New York, McGraw-Hill, p. 628, 1958. 
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The two major commercial processes for polymerizing the low molecular weight 

^7:ZmTk
t 

(thern;al! and Cata,ytiC ^h-Phoric acid,. The h« S 
process has the advantages of lower pressure and lower temperature producing a 
gasoline having a motor octane of 84 and a blending octane value ,BOV, oM Ibu 

ifncuT- T, T "l'^ t0 merCaPtanS aild PO,yme-es *hl™ with -'ative 
Dolvm L lv, 1™ rCeSS I5 m0re t0lerant of hydrogen suIfide' Preferentially 
oc a Ö 78 " «ov T?11' Pr0dUCeS gaS0,ine having ;1 ^t[y lower ^otor 
TZ h .    fu   u0' 87 (See P- 725 0f report refer^ced ^ footnote 14), but 

mnorrn ! ^  '^^  0i   the PTOC™  to  P^ymerize  ethylene  is quite 

by'pyrotis oCfet^hS      "^ that Cthy,ene COmpriseS 65-83% of the M™ ^ 

at  ^^ ^^ 8aSeS
1
ffmed at  1.650OF. ^+ saturated hydrocarbons were ethane 

at  2 2.  and  butane at   13.6^   by  weight  of the hydrocarbon fraction (see p   10 of 
report referenced as footnote I). These saturated gases will tend to accumulate in th 
polymenzer,  although  varying amounts  of the  butane  are  acceptable  in   the gasolm 
product   depending on    .e season.  The  saturated hydrocarbons may be conver   d to 
olefms  by   pyrolyS)s   at   atmospheric   pressure   and   about   1,550°F,  and   a  very  short 

rr^the^oletytld.0"^  "  ^  ^  4 ^^  ^^ * ^  ~ 

The pyrolysis of ethane can result in a 90% by weight yield of ethvlene h.^H 

Zt^mtZT*^ T reactlons durin8 L ^of:^ZoZ' methane  (8%) and,  to a lesser degree, acetylene (2%). The yield of olefms from the 
pyrolysis  of butane   at  one  atmosphere  and   l,300oF  is also about  90%  by  weight 
although the olefm yield is considerably less at higher temperatures.18 

The   polymerization   of  olefins   can   proceed   at  atmospheric   pressure   and   at 

nTabi: Ind T* ^ T* ^ ,'500OF•,9 At ^ temperatUre' the ^T* formed a unstable and rap.dly decompose to form naphthenic tars and char by the elimination 
of hydrogen.  Polymerization under these conditions results in a product that is about 
half   aromat^   gasoline   with   a   boilmg   point   below   3920F   (75%   benzene)   and   a 

Vol. 27!Nr;?i.To7N7:iSt1(1i350;ymCriZa,,ün' A ^ S0UICe 0f GaSOline',' ,ndust"al and ******** Chemistry. 

Vol. 2?! No^H 'oU-'im a9l5)'.'Pyr0,ySiS and P0lymeriZati0n 0f 0lefins". ^«^ -a Engineering Chemistry. 

Chemis,Iy
7WvrkCNoR-8. p^ nWS)0'  G8SüUne   ^   P0,ymeriZatiOn   of  0lefins"-   '""»^   and   Engineering 
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higher-boiling-point tar fraction containing large amounts of naplifhenic hydrocarbons. 
It is recommended that hydrogen sulfidc levels be kept below 17r to minimize the 
formation of rubbery by-products.20 

Lower temperatures may be used to reduce the formation of tars, but higher 
pressures are needed to maintain the reaction rates. At 850'F and 500 psi, both 
ethylenc and propylene polymerize to form liquids that are H07, gasoline with a C'FR 
Research octane rating of about 80. The rate of ethylene polymerization is roughly 
twice that of propylene at these conditions. Increasing the pressure greatly increases 
the rate of polymerization, at the expense of gasoline fraction and octane rating. For 
example, with ethylene, by increasing the pressure from 500 to 3,000 psi, the rate of 
liquid formation at 850°F is increased by a factor of about 10. However, the gasoline 
in the liquid product drops from about 75% to about 65%, and the octane rating 
drops from 78 to 63. The major advantage of the high pressure is a large reduction in 
the size of the polymerize unit (see p. 1076 of report referenced as footnote 16). 
With a mixture of two parts ethylene to one part propylene, a single-pass conversion 
of 787 of the olefins to liquids was achieved at 600 psi and 750oF. These liquids all 
boiled below 4370F (see p. 1059 of report referenced as footnote 18). The 10-90% 
boiling range is about 115-350oF for gasolines and about 385-4750F for JP-5 (see p. 
34-49 of report referenced as footnote 14). 

The trash pyrolysis gases containing the highest reported hydrocarbon content 
were chosen to evaluate the feasibility of making polymer gasoline. Although this flow 
sheet is not complete, some preliminary findings are worth discussing. Based on the 
C2+ hydrocarbons being separated from the pyrolysis gases at high pressure and low 
temperature, it was calculated that more than sufficient energy was obtainable from 
combustion of the remaining gases to provide the heat of pyrolysis at a stack 
temperature of I,800oF. In addition, there was more than sufficient fuel to use IC 
engines to power the shredder and to compress all the pyrolysis gases to 750 psi. The 
compression power requirements are considerably less for making polymer gasoline than 
methanol, since the energy required to compress the gases is roughly proportional to 
the volume or moles of gases compressed per weight of product. Compressing 1 mole 
of ethylene produces 28 pounds of polymer gasoline; compressing 1 mole of synthesis 
gas yields only 11 pounds of methanol. 

The methanol flow sheets involved a tradeoff between the amounts of synthesis 
gas used to meet process energy requirements and to produce methanol. However the 
polymer gasoline process apparently has a relatively lower power requirement and 
production will be constrained by the quantity of hydrocarbons in the pyrolysis gases. 
Based on this, at a 90% conversion of paraffins to olefins and olefins to polymers (see 

Cadman, W. A., "Thermal Treatment of Gaseous Hydrocarbons, II. Semi-Industrial Production of Aromatic 
Hydrocarbons from Natural Gas in Persia", Industrial and Engineering Chemistry, Vol. 26, Nu 3 p 315-320 
(1934). 
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p. 1059 of report referenced as footnote 18), the prediction for poiymer gasoline 
production is 0.18 pound of gasoline and 0.06 pound of fuel oils per pound of dry 
organic material (or 62 and 19 gallons per ton, respectively). This represents an energy 
conversion of 66r/ based on the LUV. 

FLOW SHFET COMPARISON 

The major difference between the two methanol flow sheets is the method of 
rejecting excess carbon dioxide from the synthesis gas. Both now sheets resulted in 
nearly the same energy conversion, 58% versus 52%. This small difference is probably 
not significant in view of some of the uncertainties in the assumptions, eg the 
pyrolysis assumptions need further experimental verification. Major factors in the 
methanol pro-ess inefficiency cire (1) the highly endothermic heat of pyrolysis that is 
not recoverable as process heat in the exothermic methanol synthesis step, and (2) the 
very large power requirement for compression of the synthesis gases. At this time it 
appears the single-stage pyrolysis with scrubbing to remove excess carbon dioxide is 
more straightforward than the two-stage pyrolysis process. 

In contrast to the methanol flow sheet, the preliminary polymer gasoline flow 
sheet shows that (I ) the desired pyrolysis to a large percentage of hydrocarbons 
requires less energy input than the pyrolysis to the minimal percentages desired for the 
methanol synthesis, and (2) less compression power is needed for polymer gasoline. For 
the assumed pyrolysis gases, the polymer gasoline process is limited by the C2 + 
hydrocarbons content and not by process energy requirements (assuming that pyrolysis 
and compression are the major energy sinks as they were for the methanol process) 
The polymer gasoline process, although not finalized, appears to have an eneray 
conversion of 66%. 

The preliminary polymer gasoline flow sheet is more promising than methanol 
in that a 14-25% better energy conversion is predicted. Since polymer gasoline is a 
mixture of hydrocarbons, it would introduce no new corrosion problems and would be 
unquestionably interchangable with other gasolines. However, it should be pointed out 
that in engines with low efficiencies (about 14%), up to 30% methanol may be added 
to gasoline with no decrease in miles per gallon (MPG) of fuel,21 although other 
research has shown that a decrease in mileage can occur with certain engines as the 
alcohol content is increased22 (see also footnotes 3 and 4). In a blending application of 
the synthetic product, a gallon of methanol may give as many miles as a gallon of 
gasoline.   On   a   volume   basis,   81   gallons  of polymer gasoline  per  ton   are   to  be 

L 

22 
Wigg, E. E., "Methanol as a Gasoline Extended: A Critique". Science, 186. 785-790 (1974). 
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compared to .bout 136 gallons of methanol per ton, or 68% more gallons of methanol 
than  Po ymer gasoline.   It   becomes very clear that  if capital and oper   ing a stTfo 
methanol and po^mer gasoline are comparable, then selection of one p o ■ s "v    Z 

w^d   b 
eto      ."V'" irtended "^ 0f the fUel  F0r methano1 ^e m     dec 

by Pro      t fu I nil .H  gaS   ■,:ie   S,JPPlieS   ^   blendil1g-   FoIyiller  ^^   and   the 
ori-ion ntn ""r ^ OVeral, fUeI ^^ ^^^ with no question 01 sep. n Hon nto gasoline and aqueous alcohol phases and would unquestionably 
maximiz. vehicle range per pound of fuel. unquestionably 

The  synthesis of both methanol and polymer gasoline is :m accomplished and 
commercialized   fact,   although   from   other  synthesis  gas sources.  HowevTSe flow 

molysr^r"   ^   ^   ^   ^^   ^   ^   *   ^   ^in   r^^ 

PRELIMINARY ECONOMIC ANALYSIS 

ma  fr^
,'ni,"ary t

econ°m,c
u

a"aly^" were performed for a solid waste facility having 
a  front-end  system  tor the separation of iron, aluminum, heavy metals, and glass 

(2)a  pyrolysis system   to gasify the organic fraction of the trash, and (3) a syntlesh 
system   to produce  methanol  suitable  for use as a fuel. The chemical    nd p trlum 

Stehst irisTb     H^ that'  '" ^^^"^ ^^ a'iaiy-S' P'^iction of n "J 
n an    sizes    n^    n Z ^^ ^ 0f S,milar plants adjllsted for difkKnces in 
S is auli tonfh / rr1 rule of thumb is that the ratio of -rio- p^t costs is equal  to  the  ratio  of plant sizes raised to an exponent of 0.5-0 9 23,24   . 

xZen Idts .n^fM?"';^ Plant C0St extraP"latio"- ^e use of too small an exponent results in slightly higher estimated costs when extrapolating down to the 
smaller plant sizes of interest.  As with all extrapolations, theri is Z poTble erlo 

T   d "sLd^U P   'H0
'

1
- ^"i effeCt 0f inflatl0n 0n the COSt 0f b-ld^ ch'micJ Zt is   adjusted   through   special   cost   indices   developed   for   just   such  a   purpose   The 

r "rM riT Plant I"?" T USed- (The NdsU'1 Refin^ ConstLZ Index or he M and S Equipment Cost Index could have been selected instead with verv 
small changes in the resalts of the analysis.) ^ 

The front-end system chosen for extrapolation was developed by a current 
state-of-the-art review and does not actually exist at this time. The hypothetical system 
would  process 500 tons of raw trash per day."  The value of reclled materfals " 

23 

(1968) 
24 

Peters, M. S., et.al., Plant De^n and Economics for Chemical Engineers. New York, McGraw-Hill. p. 107. 

5, P. TiAwi) C" A" "C,lrre^, COnCeP,S '" Capital C0St r;oiecasti"S"- Chemtod Engmeering Progress, Vol. 69, No. 

P. 1052210A5b8er,(l577 G■■ e,al" "T"e F'COn0mitS ^ ReSOUrCe ReC0Very fr0m MuniClpal So,id W"te". Scie"-. »83. 
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skyrocketing due to shortages of raw materials and fuel, but for this analysis the 
fol.owmg values were assumed: the raw trash is 5.5% iron valued at $40 per ton- 0 5% 
alummum at $300 per ton; 6.69? glass at $7 per ton; 0.2% other nonferrous metals at 
$120 per ton; and 27% moisture. No credit was taken for dumping fees, since this is 
extremely variable fron site to site. (The reader can easily take a specific dump fee 
into account, as will be discussed later.) 

The pyrolysis system chosen for extrapolation is '^ased on a Stanford Research 
Institute analysis26 of West Virginia university's pyrolysis system (see footnote 6) 
Their analysis was for a plant size capable of processing 1,358 tons of raw trash per 
day (1,000 tons dry raw trash per day). The methanol synthesis section is based on 
the construction and operating cost of a plant capable of producing 500 tons of 
methanol per day, with an adjustment made for not needing a methane reformer nor a 
distillation column due to the relatively pure methanol product. This methanol 
synthesis section uses the ICI methanol technology and cost data.27 

The results of the economic analyses are shown graphically in Figures 7-13 
while the detailed tabulated bases are shown in Table 7. The plant site is assumed to 
operate 350 days per year. The effect of population size on the operating costs of a 
complete trash-to-methanol plant is shown in Figure 7 for various i-ethanol values As 
would be expected, the larger the population base (plant size), the lower the operating 
costs (or the greater the profit). The operating costs become much more sensitive for 
population sizes below about 60,000 since the minimum personnel force that can 
operate the plant has been reached. The operating costs take credit for the assumed 
values of recovered iron, aluminum, heavy metals, and glass and for the methanol 
produced, but do not take credit for a dumping fee. If the plant is paid a dumping 
fee of two dollars per ton to dispose of the trash for 25,000 people, the break-even 
point (or zero cost) would be adjusted upward and result in the methanol costing 
$ü.38/gallon, ratiier than $0 40/gallon without the dumping fee. 

In Figure 8, operating costs are plotted using the energy value of the methanol 
as a parameter. For comparison, the delivered cost of gasoline to NWC in August 1974 
was S0.42/gallon or about $3.65/MBtu. 

Due to the inherently higher yield per pass and smaller compressor loads of the 
thermal polymerization process used in the polymer gasoline flow sheet, the capital 
costs are expected to be about 20% lower than for the methanol system. Operating 
costs for the polymer gasoline process (Figures 9 and 10) were based on this 
assumption. 

f 

26 

... ,.   M!.Pe
i
r,'pSYB;e.t^"'o"Pyr0lySiS 0f Süiid WaS,e: A TechniCal and Economic Assessmen-, Stanford Reseaicl Institut^ Menlo Park, Calif., September 1972. iwiiraiw; 

m.     ■   , I^"'1"1'   *■   ■'•,  etal"   "Presen,   Methanol   Manufacturing  Costs  and  Economics  Using  the  ICI  Process" 
Chemical tngmeenng Progress Symposium Series No. 98, Vol. 66, AIChE, p. 47-53. (1970) 
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FIGURE 9.   Net Operating Costs of Solid Waste Facility with Material Recovery 
and Coi.v.-sio . of Organic Fraction to Polymer Gasoline. 
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FIGURE 11.   Net Operating Costs of Solid Waste Facility with Material Recovery 
and Use oi Organic Fraction as Substitute Coal. 
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FIGURE 12.   Net    grating Costs of Solid Waste Facility with Material Recovery 
and Conversion of Organic Fraction to Oil or Gas. 

25 

■       :. .. -.-.■■■. v^ 

^T—fFf. 



NWC TP 5797 

10.000 100,000 

POPULATION 

1,000,000 

FIGURE 13.   Effea of Population on Total Capital Costs 
of Solid Waste Conversion Facilities. 
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TABLE 7. Hxplanation of Plant-Size Scaling Bases 

Item front-end system" Pyrolysis unit 
Imperial Chemical 

Industries' methanol 
synthesis'' 

Total capital investment (TCI), 

7.34 millions of dollars 2.42 7.49 

Capacity (raw trash), tons/day 500 1,358 1,812 
•    (SOOMeOH) 

Cost basis year 1974 1972 1970 
Operating days per year 312 312 350 
Annual operating costs, % of TCI 

0.12 
0.013 
0.03 1 
0.075 

0.096 
0.0022 
0.029 
0.0625 

0.02 
0.0027 
0.032 
0.026 

l-abor, 1 
Utilities, U 
Materials, M 
General overhoad = l/2(l.+M) 

Fixed costs 

Amortization of TCI over 25 years 
at 6.5f/? interest 0.082 0.082 0.082 

Total operating costs/TCI 0.321 0.272 0.163 
aSec footnote 25. 

Sec footnote 26. 
'See footnote 27. 

As expected, methano] has a lower net operating cost than polymer gasoline on 
a volume basis, while polymer gasoline appears more attractive on an energy basis. This 
type of comparison highlights the need to determine the overall system feasibility of 
using methanol   m extending gasoline supplies. 

The net operating costs for a substitute coal fuel are shown in Figure 11. This 
system consists of only a front-end system to separate the organic fraction from the 
metals and glass and shred to a particle size that can be conveniently fed into a boiler 
Combustion Equipment Associates, Inc. of New York markets a confetti-type solid 
waste called HCO-I (TM) fuel and a powdered solid waste fuel called ECO-I1 (TM) 
Both fuels are sold for $2.00/MBtu FOB Connecticut. This high cost is justifiable as a 
substitute coal because of its low sulfur content. It is obvious from Figure 11 that if 
coal-fired equipment is available, this option is economically attractive for smaller 
military installations. 

Figure 12 presents the effect of population size on the operating costs for 
production of pyrolysis products. In preparing this graph, it was assumed that 80% of 
the energy in the solid waste was reclaimed in the fuel. However, CJarret achieved only 
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60% conversion for the pyrolytic oil. Therefore, the energy value for No 6 fuel oil 
(currently $2.10/MBtu at NWC) must be reduced by a factor of 0.75. Point A on the 
graph indicates the break-even population required (assuming no credit for dumping 

^["n^1^ the Pyrolytic oil as a substitute for No. 6 fuel oil (at current prices to 
NWC ). Points B and C likewise correspond to the populations necessary to economically 
substitute high and low Btu gas, respectively, for natural gas, again using current NWC 
prices for non-interruptible gas ($0.98/MBtu) and interruptible gas ($0.69/MBtu). 

The capital investments required for each of the processes discussed above are 
plotted against population in Figure 13. 

LABORATORY SCALE PYROLYS1S UNIT 

A pyrolysis system was designed and fabricated to process a nominal 10 
pounds/hour of organic feed in a continuous mode at atmospheric pressure. A diagram 
of the system is shown in Figure 14, and a photograph of the system is presented in 
Mgure 15. The upper limit on pyrolysis temperature is about 950oC (about 1 750oF) 
depending upon mass flow rates through the reactor. The stainless steel vessel'internal 
diameter is 3.75 inches and its internal length is 29 inches (0.2 ft3) The head is 
secured with eight 5/16-inch bolts and is sealed with a copper gasket 
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FIGURE 14.   Pyrolysis Schematic. 
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FIGURE 15. Photograph ot Lab-Scale Pyrolysis Unit lor 
Solid Waste Conversion. 

• 

The solids feeding system is built around a 1-inch Vibra Screw unit. To ensure 
continuous feeding of shredded organic material, a rotating auger with tines is 
employed to force the material into the horizontal 1-inch auger. To ensure that the 
material will fall off the auger into the feeder head, a small bar was attached to the 
auger shaft. This system ha« fed up to 18 pounds/hour of 1/4-inch shredded paper. A 
set of four thin olades revolve at high speed to delump the material as it falls from 
the auger. The solids are then pumped into the reactor by the ejector action of the 
pressurized carrier gas. The carrier gas may be easily changed from the control room as 
desired. The solids are transported to the bottom of the reactor through a 1/2-inch 
stainless steel pipe. A significant amount of heat transfer into the feed will or .ir 
within this pipe. The solids then emerge into the heat transfer medium which m. / be 
fluidized particles of char or "sand", or molten salts. The pyrolysis gases and entrained 
particles of ash, char, and/or fluidizing medium leave the top of the reactor and pass 
through a short section of stainless steel pipe to a 15-inch diameter stainless steel 
cyclone separator having a volume of approximately 1 ft3. The solids are retained in a 
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vc Ö       Zl 0tt0m. 0f the Cyd0ne- After Spendi"*-' —' ^conds in the cyclone, the gases emerge at the top and pass through a series of air, ice water  and 
dry .ce cooled condensers.  Liquid condensate is collected a. each of [Je condensed 

The non-condensible gases then pass through an orifice meter providing 
nstantaneous quahtattve now rates and on through to a Rockwell positive-disZ^ "t 

fuel gas meter which is used to provide true volume How rate and total vo um    He w 

massZw'rat'e o8faSthmeterS ^ "f rgether " that ^ aVerage moleCuIar w^t and mass now rate of the gases may be determined during the run by the use of a simple 
nomograph, even though the composition of the gases is unknown 

An air ejector is used to pump the non-condensible gases. This helps to 
m.mm.ze the earner gas How rate. The partially pre-mixed gases are then flared off o 
P   vent  any posstble  hazardous accumulation  of flammable and toxic pyrolysis gases 

wJ^Z'Zr   '""" Wiil ^ reni0Ved When the Sy,1thesis moduIe -'^ to  he 
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