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ABE production from corn: a recent economic evaluation
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This anticle detalls an economic assesement of butanof

production from corn using the newly developed hyper-

butanol-producing strain of Clostridium beiferinckli BA101. Butanol is Produced tn batch.reactore and recoverad by
distillation. For a plant-with 153,000 metric tons of acetone, butanol, and ethanal (ABE) production capacity, the
production equipment cost and total working capital cost Is US$33.47x10° and US$11 0.46x10°, respectively. Based

an a corn price (Cp) of US$79.23ton ' (US$2.01 bushel™
projected to be US$0.34 kg ', An improved yiald of 0.50 w
by-product credit for gases and complete ¢conversion of co
been takenh into consideration. aAn Increased price of cor
US$0.47 kg ~". A grass-raoted plant would resuit In a buta

'), an ABE yleld of 0.42 (g ABE/g glucosa) butanol price is
1 reduce this price to L1S$0,29 kg ~". Assumptions, such as
rm steep liquor (CSL) tofermentation by-products, hava

n to US$197.10 ton” * would result in a butano| price of |
nol price of US$0.73 kg ' (C, US$70.23 ton - ). In a worst

case scanario, the price of butanol would inoresse to US$1.07 kg ' (C, 197.101ton 'fora grass-rooted plant and
assuming no credit for gases). This is based on the assumption that corn price would not Increase to more than
US$197.10 ton . Journal of Industrial Microbiology & Blotechnolagy {2001} 27, 292297,
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Introduction

Butanol is an important industral chemical which is curretitly
produced by eithcr ihe oxo procoss starting from prapylence (wilh
H; and €O over u rhodium catalyst) oc the aldol process starting
from acclaldehyde [24]. Acetone, a co-product of butunol
formentation, is produced chemically cither by the cumenc
hydroperoxidc process or the catalytic delydrogenation of
isupropanol [ 12]. In ejther casc, these synthetic routes have proven
to be cconomically advantapeous in comparison o the fennenta-
tion-bascd processes, For (his Teason, all butanol/acctone
fermentation facilitics around the world have ceased. This
happened aficr World War I when rapid development of the
wetrochemizal industey took place.

In 1996, the worldwide annual procuction of butanol and
acetone was 2.49x10” and 2.10x10° kg, respectively. The total
production of acetone and butano] was achicved by chemicat
process using pefroleum-based mw  malerialy, Since 1990,
production of butanal hus been constant in the United Siates at
1.17%10° kg, while worldwide butanol proditction has fuciuaked
slightly. Acetone and butanol production by regions of the world is
shown in Table | {4].

Butanol has several applications in the chemical indurtry and as a
Tuel (‘Tuble 2). Butsnol contributes to clem air by reducing
cmissions and unbumed hydrocarbons in the tail pipe exhaust,
Butanol has rescarch and motor octane numbcrs of 113 and 94
compared 1o 111 and 92 fux cthanol [6 ]. Some of the advantages of
butanol as a fuel have been reported in the literature [6] including »
vapar pressure for pure butanol of 0.63 psi as colupared to 2.25 psi
forethanol, anda heat of vaporization of 141.3 keal kg~ forbutane!
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compared to 204.1 keal kg ~* for cthanol, Additionally, the high
bofling point (118°C) zud lower vapor pressure for butanol may
affect cold starting. It is more misciblc with gasoline and diesel fiicl,
has a lower vapor pressurc, and is loss miscible with water. It is
currently used us a feedstock chemisel i the plestic industry and as
food grade extractant in the food and flavor industry (Table 2},
Becausc of the potentia) for carzinogen carryover, the use of the
petroleum- derived butanol is net desirable for food applications 3.

A recent decision of Oil and Petrolenm Exporting Countrics
(OPEC) to reduce oil owdprt has resulted in dramatic fluctuations in
oil prices, which have soarcd to aver US$30 a barrel. Qccasional
price hikes (since 1973) and instability in the oil supply region
have threatened its supply, As a result of g 1973 price increase,
research has beon focused on developing technology to produce
fuels and chemicals from renewuble resources, Since then, now
microbial cuitures, which can produce fuels more efficiently, have
been developed. Additionally, various problems associated with the
production of fucls and chemicals from natural resources have been
solved. New mothods of production and scparation have been
developed. We have reached & fime when fermentation - derived
chemicals can compete economically with petrolewin-based and
chemically manufactured fuels and chemieals,

Butanol can be produced fiom various commereigl raw
mafterials including molusses, whey permente, and comn {5
Clostridium acetobiplicum or C. bejjertnekii can be used in this
fermentation. In a typical butanol fermentation, acetonc and ethanol
are also produced along with butanol, The typical ratio of acetone,
butanal, and ethang] {ABE}is 3:6:1 with muximum concentration
of total solvents being 20 217 when using traditional strain /s and
waditional butch Fermentarion processes. C. bejjerinckii BA101, a
byper- butanol - producing steain which is able to producc upto 33 ¢
1" total solvents, was developed [2). This culture is tinique
relative to other culfures in that it can produce and toleratc higher
cancentration of butanol and its use resuits in higher ARE yiclds.
Additionally, C. beijerinckii BA10] stans produring butanal during
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Table 1 World produstion of acetone and butanol by rogion (1996 daln)

Region Butanol (kg) Acctone (k)
North America (Total) LI7x10° 1.21x10°
Nonh America (USA only} LI17x 10" 1.20%10°
South Anserice S.a2x1p? B.52x 10’
Asia 4.30x10° 4.76x10°
Burope BAIx10¥ 3.31x10%
Tofal 249x%10" 210x1p°

the active growih phuse, which results in improveyd productivity,
C beiferinchkit BAIOI has been siudicd exlensively for its
fermentation characteriaticg amd has been used in pilot plant
reactors [ 13 ),

The mw materials mentioned above may require upsiream
pracessing depending upon the process being used for fermentation
{22]. Molasses require ditution und removal of sediments in ordgr
to remove mincrals, whoy permeste requires concentration possihly
by reverse osmosis, while com tequircs de-hranning, de-germing/
de-oiling, milling, sieving, centrifugation, and saccharification
{26], Our cultarg, ¢ heiferinckil BA10I, i hyper-amytolytic and
can hydrolyze starch efficiently to release glucose for fermentation
to ABE, Com containg 13—/ 4% moisiyre, 4.5% 0il, and 75% starch
in addition to fiber, protein and ask [ 10] (EckhofT and Ping Yang,
personal communication ).

The objcetive of the present paper was 1o report on the cost
estimation of butanoi production from com using traditional
technology and the hyper- butanol-praducing ¢, belferincki
BA1DL. Unless stated, the fermentation facility would be annexcd
to an existing corn milling plant,

Materlals and methods

Fermentation, substrale, plant size, and
product recovery
Batch fermentation was considered for the present studies. The
medium and process used for fenmentation have been reporicd
previously [13,14). The medium contained com steep ligquor
(CSL), which is an incxpensive nutrient souree, In order to prepare
maentation medium, 1 vo) of CSL containing 100 g I ! galids
+4% added to 5 vol of starch solution. The culture, ¢ beijerinckii
BAICL, end CGSL. have been tested in our pilot plunt reactors, For
the purpose of this model, ARE wotlld be recovered by distilation
and four distillation colymng would be required. It is assumed that
recovered water will be reeycled to the fermentation plant for
medium prepazation, After Termentation is complete, cells will be

Table 2 Applications of acotone and hutanol
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included, Similarly, cost for the storage of by - products has nat becn
included in this exerise, Figare | shows a schemaic diagram of
butanol fermentation and recovery by distillation. The substrate
(cem) would be purchased at US$$79.23 1on-! (US$2.01
bushel ') and processed in the willing section of the plant, A
plant size of 153,000 metris 1ons of total ABE is heing considercd
here of whicl: butane] represents 121,596 metric tons, Unless stafed
otherwise, un ABE yicld (¥,;,) of 0.42 (based on glucose) heg
been considered for this cxercise,

Financial Investment and assumptions
Standard clhiemical enginecring texts wore used for design purposes
[1527]. The equipment list has been adapted from a previous
publication [16] and cost has been updsied to July 2008 per the
Chemical Rugiucering Index. It is asswumed that capital iy borrowed
at nn interest mte of 9%, Feders] taxcs are paid at 35% on profit, and
the rate of retum on investment is 20%. The Termentors and alkali
tank ( for pH adjustment } arc construcicd of- stainlcss steel while the
renainder of the plant i composed of carbon ateol, The warking
iift: of the plant is 15 years with a straight line depteciation. A lung
factor (a factor which is multiplicd to the equipment cost to gel tomt
cupital investment) of 3, which s an eppropriste faclor for an
annexed plant, has been wsed unlesg stated. ABE productivity on
the order of 0.38-8.39 g 1 ' h~" has been assumed for this
exereise, Our typical bateh reactors resylt in reactor productivitics
of 0.35-050 g 1I° ' h~'. The number of working days is
considered to be 350 days year™ !, Fermentation gases (CO, and
112) will be sold for by - product credit, CSL hay boen assumed 1o ba
B no-cost nutricnt source, This plant, being an cxtenision of the
exirting com milling plant, would noi tequire site dovelopment, AJ]
the prices are factory gate prices and do not include transporiation
costr, It has been assumed tha ¢S], would be utilized completely

Results and discussion

The total cquipment cost for batch fermentation and distillative
recovery was estitmated fo be US$33.47x 10° (Table 3). A base
casc price for butanol bas boen calenlated 1o bo U530.34 kg~!
{Table 4). The corrent reported prieo for pettochemically derived
butanol is USS1.21 kg™ '[1 ], For the Present plant, the total annual
butanol production was calculated to be 121,596,230 kg for & total

Acetone

Manufuciore of: meihyl isobutyl ketone, methacrylates, methyl butanol, bisp)

enyl A, metly] isobutylearbinal, isaphorone, and diacetone aleohol

Solvent for; paints, liwquers, vesing, nitrocetlulosc, varnishes, varioug processing, wid ccltuloss nectate

Attanot
Manufacture of: dibuty] phthalaro (as o precursor}, bulyl acelate {ay a precumsor), bulyl acrylate (s n latex), Elycol cthers, and amine resins

Cther uses: iz an excellent fuel (it is miseibic with gisuline and diescl fisel, hyg high ealorific value, has a lowar ¥apor pressure, and is less miscibic wiflh
waler); wsed in plagtic indualry us a feedsiock chomical; food grade eximctant;
a solvency enfhuncer in [he formation of nitracellylose lacguers

& solvent in the menufcture of 0il, pharmaceationis, frerfumes {25 ; und as

&
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Figure 1 A schematic dingram of butanol production by fermentation of corn (corn sterch ) und recovery by distillation. $trewmm (1) containing
dissolved solida is directed 10 membrane seefion Lo recover solids and recyele water (o the plant.

production cosl of US$106.1 x 10°, For the plant, total fixed capitat
investent was calenlated io he USS10042% 10%, while the totai
capifai. investment would be USS110.46x 10°. Toial direct and
indirect expenses were enlculated 1o be (US559.353 108 and
U$5$23.00x 105, fespectively. The general crpenses were calcalated
to be US$23.74x10% which inciuded adminisiration, profit, and
federal taxes. At & com price ( Cp}of US$7923 ton *!, eredit for

Table 3 Major equipment for ABE fermentation and Tecavery

uss

Corn wet uillfng

Com stornge 216,762
Steeping tank 352,858
Grinding mil] 248,923
Sicving (to remove (iber) 10,082
Cenirifuge {to separate gluten) 1,133,513
Starch 1ank 250,536
Panipa (threz) 65,734
ABE formentation

Sced vessels (three) 354,280
Medium preparation wigk 449 655
Fermentors 2,359,175
Cell centrifuge 1,624,403
Pamps ( five) 96,283
ABE wecovery

Reboiler { four) E1,065,755
Heat exchanger (four) 6,212,394
Distillation column (four) 8,116,068
Storage tank (threa) 648,075
fump (12) 166,655
Total 33,472,061

by-products was caloutated to be US$64.555% 105, A frer by-produet
credit; net yearly production expenscs were US$41.54 x 105,

Table 5 shows matetial input and outpnt for the butanol
fermentation plant. Yor the plant, 5.14x10% ky corn containing
14% moisture would be bought st US$79.23 ton ', unless otherwisc
stated, This xmount of com would result in the production of
3.65% 10" kgofglucose following hydralysis. During processing and
fermentation, 5.75% 10® kg of feed material (including CSL solids)
would be fed to the system. The total amount of produet (butanol
121,596,230 kg) and by-products (446,707,210 kg ) wounld amount
1a 5.68% 10" kg, Approximately. 7x 10° kg of raw materizl would be
lost during processing, which is 1:22% of the lotal feed material. it
should. be noted thal 2 significant amount off by-products credit
(US$64.55 % 10°) would be received. The smount of by- products is
approximately (oor times that of the procluct ( butanol ),

In etder to caleulate by-products credit, acetone and cthano!
prices were obtained from Chesmical Marketing Reporter [ | ]. These
prices were US30.38 und USS0.28 kg °, respectively, Prices for
cell mass, fiber/protein, and recovered polysaccharide werg
assumcd 1o be US30.18 kg ™' (Ping Yang, personal communics.
tion). The credit that would be obtained from the plant is shown in
Table 6. The above price of butenol s based on the assumption that
USS1x10° would be required for wastewatcr treatnent { W) and
water recycle (16). However, if this assumption is increesed to
USE3x 105, butanol price would increase to US$0.36 kg™l if
gases arc not recovered, then the butanol price would increase 1o
US$0.53 kg ™' (W, USS1x10%), '

It has been aur prior experience that the cost of sybstmte has the
greatest cffect on  fuel/butanal price [8,20~22]. Prices of
agricubtural commodities oftcn fluctrate and it would not be a
sutprise if e com price incrensed in the fature. An increased corn
price of USSI97.10 ton~' (USS5 bushel” ') has also boen
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Tablo 4 Total manufacturing expenses and capital investment for a butanol
plant (121.6%10° kp yoar ')

Capital favestment uss
Tots] punchased cquipmant eost 33,472,061
Pixcd eapitat 100,416,184
Warking eapital 10,041,618
Total capital investment 110,457,803
Mumufacturing expenses
Direct expenses
Raw naterinls 40,724,220
Openting lshor 1,500,000
Supervisery and clesical labor 225,600
Unitities "
Steam 6,232,000
Electricity 4,655,000
Water 172,500
Wastc water ireatment 1,000,000
Malntepgnce and repair 4,016,647
Openating supplies 602,497
Laboratory charges 225,000
Total dircet cxpensos 59,352,864
ludireet expenses
Laocel taxes 1,004,162
Insurutce 5,020,800
Depreciation 7,029,133
Interest 9,941,202
Totul indircet expenyes 22,995,306
General expenses
Administration 140,600
Rosearch und develapmient 500,000
Annual profit after tax [5,048,517
Federal tax 8,054,279
Total general expeiscs 23,741,796
Tolal manu faciuring expenses 106,084,946
By -producis ereliy 64,550,206
Wet manufacturing expenses 41,539,761
Tutal butano] production (kg) 121,596,230
Putanal production cost (USS kg ') 034

considered. It has been assimed fhat the prices of by -products such
e$ fiber and protein, germ/oil, polysacchatide, and cell mass will
increase in the same proportion as the price of com. T'his nppranch
appenrs to be more realistic than using the increased price of comn
alone. With an incrensed com price of US$197.10 ton™™", by-
products eredit would be 1US$109.71 % 10% resulting in butanal price
of USSD47 kg ! (W, US$1x10%),

ABE yield and ratio of ABE arc the importart charaeteristics of
the mutant simin: €. bejferinckii BAIDL. We have consistently
achicved ABE yields ranging from 0.40 10 0.50 [3], which is
much higher than that reported for C, actobutylleren [9]. At this
stage, we do nol know where the alfterations have accurred in the
melabolic pathways of C, belferinckit BA101, However, it iy
interesting to note thal amounts and ratios of fermentation product
and by - products, such as acclenc, cthanol, and pascs, are different
than for other clostridial strains. Assoming a yield of 0.50 togother
with the typical selvent mtias we observed for this strain, the
amount of ABE this culiure would produce would be on the order
af 182,240 tons year ™' (Tuble 7). In addition to 144,618 tons of
butanal per year, 28,470 tons of acetone pee year und 9,160 tons off
cthanol per year would be produced. The amount of butano!
€. beiferinckli BA10L produces is much higher than the smount
produced by C. wcatobutylicum. C. acetobutylicum produces more

estimation of ABE production from comn
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guscs and less solvents, The amounts of the product and by-
praducts (and by -product credit) which these two culinres would
produce are shown in Table 7, It is interesting o note that butanol
produced by C. befjerinckit BA10) js projected o cost US$0.20
k""", while butanol produeed by C. acetobutylicum is projected to
cost USS0.50 ky” ' (C,, US$79.23 ton ', ¥,, 0.42, und W,
US§1x10%).

A grusy-rooted plant would be more expensive fo start because
of expenses involved with development of site, offiite facilities, and
auxiliacy buildings. For such a plamt, the tatal capital investment
would be five times that of the tofal cquipment cost. This would
increase the prico of butanol denmatically from US$0.34 kg ' to
USS0.73 kg™' (€, USSTO.23 ton’ !, Wy, USSIXI™). A
combination of grass-woted plant and US$197.10 ton™' com
would result in a butano! price of USS0.88 ke~ (.., USS3x 1 0"y,
In a warst case scenario, il no credit for gases is taken, then this
price would inerease 1o US$1.07 kg ',

The by-product prices are given in Tuble 6. Cell mass and com
fiber would be sold as a cattle feed at US$0,18 kg~ L. 1t should be
noted that if CO, and I, arc separated economically and sold s
pure gascs, then the price of butnnol wonld be reduced significantly.
A price of US$0.50 Ib~' for pure H; has been reported in the
literature [ 4. Moreira [ 11] discussed the cheigical conversion of
fermeatation offgascs to methanol snd stated that a discounted cash
flow rate of retum of 25-30% is likely to be achieved for realistic
operating conditians of & mothanol synthesis plant co- located next
16 un acctone—bilanal fermentation facility capuble of producing
1.00x 10* kg solvents yesr "', The capacity of the plant described
herein is 25% larger than sugpusted by this author.

Another inportant factor in the ABT fermentation is the
ceonomical tecovery of solvents. Among soveral techniques
investigated {7], pervaporation is nore attmctive because it
separates ABE sclectively from the broth and does not harm the
culture. Pervaporation esn be used with batch, fed-batehy, as well a
contintous culture operations, We have studied pervaporation
extensively in our reactors in order to scpamte ABE [17-19 ), The
fmpact of using pervaporative recovery on butanol price for a
similar capacity plant will be examined in future studies.

Carbon source (substrate ) iz converted into butanol and a nunther
of by - products such os acetone, cthanol, cell mass, polysaccharide,
and guses, For the material bulancecaleulations, it has been assuned
{unless otherwise stated) thal 42% (Yors 0.42) of the carbon is

Tuble § Matcrial halance for the butanol fecmentation plant { 121,63 10° kg
1
year ')

Mautcrinl balancs

foed

Comn 5.14x10* kg {moistura 14%) (this amount of corn will
result in 332 16% kg starch or 3.65x 16* ky plucose)

FeSO-TH,O 569 kg

NaOH 92,865 kp,

Watcr 5x10° 1 (total fermentation breth volume is 6 16% 13
(most of the water is recycled wator)

Produets

Rutanal 121,596,230 kg

fy-products® 446,707,210 kg

*Sea Table 6
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“Table 6 Annual by -product eredit for a bulano! production plant from com using C. bejjurinekil BAIOI

Hy-produets By - product amount (kg)

Corn price US379.23 ton ™'

Com pricc US$197,10 o "

Ly ~praduct price Credit
(USSkg™")

By-prxhict price Credit
{USs) (uss kg™ ") (USS)

Acctone 23,934,054 0.38
Fihanol 7,464,200 0.28
Gascs 232,581,500 0.10
Fiber smd protein 88,408,000 048
Germ/ail 19,891,800 (.40
Cell mass 42,130,000 018
Polysaccharide 32,293,660 0.18
Total 446,707,210

9,096,461 0.38 5046461
2,089,976 0.28 2,089,976
23,258,150 .10 23,258,150
15,913,440 0.45 39,743,600
7,956,720 1.00 19,891,800
7,583,400 045 18,958,500
5,812,859 0.45 14,532,147
64,550,206 109,708,634

converted into ABE, 50% to gases, 5% to ccll mass, 1% to
maintcnance energy, und 2% to other products such as acids and
polysaccharidcs. These assumptions are based on previous findings
thal the cclis require maintenance encrgy for metabolic agtivities
[237]. 1t is also well known thal the ABE farmentation process is a
complicated process and several by-products appear in the
fermentation broth which require some carbon for their production.

Production of butanol is a biological proccss. It should be noted
ihat in a biological process, the concentration of praducts may vary
from batch to butch. This tay aceur under identical frmentation
conditions. The calculations for the present plant arc based on a
batch fermentation which produced more acetone and ethano] than
previously reported | 16]; hence, solvenis produced in this process
arc mora by 3,000 tons year” ' It should be noted that 110 Lol
CSL containing 10% (100g 1 ) dry weight volids would be used.
The total amount of solids added to the formentation medium would
be 1%§0* kg, which is & significamt umount as compared to corn
(5.14x 10 kg). 1t has been essumed that all of the CSL solids
would be converted into cell mass and by- products (50x 10° kg
gases, 25 10° kg cell mass, and 25 10° kg polysaccharidc ), This
is in addition to the conversion of com starch to various products
mentioned above. Since CSI. contalns only limited amounls of
sugar, thoir conversion into ABE has not been considercd.

Conclusion

Butanol can be produced at US$0.34 kg™ ' from corn at US$79.23
ton . This price is based on u yield of'0.42 und an assummnption that

Table 7 A comparison of amounts of fermentation producis derived by C.
beijerinckii BAIDT versus C. acetohutylicnn

C. beijerinckil BAIGH, ABE yleld .50

Rutanol (kg) 144,610,000 )

Acetone (kg) 28,470,000 by - product eredil
US3$63,805,619

Ethanol {kg) 9,160,000  bulanal price US50.29 kg™

Cinses (kg 203,166,000

(50x10° kg from CSL}

C. acetolnrylicim, ABE yield .30

Butanol (kg) 65,640,000

Acetone (kg) 32,820,000 by - produes credit
L8373,254,565

Fthanot (kg) 10,943,000  butanol price US50.50 kg '

Geses (kg 276,103,460

(50 m'? kg from CSL.)

gases witl be captured, compressed, ancd xold for by -product credit.
For a butanol plant of 121,596,230 kg year™ ' capacity, by- product
credit would be US$64.55x10% The total capiml investment for
this plant would be US$110.46x 105, If gases are nol capturcd, then
the butano] price would increase to USS0.53 kg ~". Increasing the
com price to US$197.10 tun ™! would increase the butanol price to
US$0.47 kg~ A gmss-rooted plant would result in a price of
US$0.73 kg~ . For this exercise, a ratc of retum and foderal taxes
have been assumed to be 20% and 35%, respectively. In a worst
case seenario, the butanol price would increase to USSLOT kg ',
In such a case, pases would not be captured, com would be
purchased at US$197.10 ton™", and the plant would be prass-
rooted. Throughout this exercise, it has been assmmned that the CSL
would be fully utilized end would be converted to cel mass, gases,
and vther by - products.
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