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Tkhndogy Brief 
Ethanol from Biomass: The Five-Carbon Solution 
NREL Breakthrough on Xylose Fermentation Greatly Improves Prospects for 
“Homegrown” Fud  

US.  Department of Energy (DOE) 
scientists a t  the National Renewable 
Energy Laboratory (NREL) are 
making major progress on meeting 
the challenge presented by x y l o s e  
the five-carbon sugar prevalent in the 
hemicellulosic fraction of biomass. 
NREL scientists are developing a 
new approach to conversion of cellu- 
lose and hemicellulose to ethand, a 
technology with potential for great 
economic and environmental benefit. 

Unlike glucose, the familiar six- 
carbon s u p r  in cellulose, xylose is 
not readily fermentable by common 
industrial yeasts. One solution to this 
problem uses special microorgan- 
isms-a genetically modified bac- 
terium or a yeast in carefully 
controlled conditi(itis-tliat can 
ferment xylose directly to  ctlimol. 

Another exciting solution uses a 
metabolically engineered bacterium 
specifically tailored to coferment 
both glucose and xylose. This new 
biocatalyst is a major breakthrough 
for the economics of biomass-to- 
ethanol technology because cofer- 
mentation greatly simplifies the 
bioinass fermentation process- 
reducing both capital equipment 
requirements and operating costs. 

Lignocellulosic biomass, such as 
wastepaper, agricultural and forestry 
residues, fast-growing grasses, and 
woody plant materials, consists 
primarily of ccllulosc, licmicellulosc, 
and lignin. NREL is developing the 
technology for economical conver- 
sion of the carbohydrates cellulose 
mid lirmicdlulosr to (*thaiiol- 
ttdinology tha t  industry will use to 

produce ethanol as a clean-burning, 
“homegrown,” alternative trans- 
pnrtation fuel. While microorganisms 
can efficiently ferment glucose, tlie 
six-carbon sugar in cellulose, to 
ethanol, conversion of the five- 
carbon sugars in heniicellulnse 
mostly xylose-is more difficult. 
Because feedstock costs are nearly 
40% of total prncess costs, and 
because about onr-third of the sugars 
in biomass feedstocks are in tlie 
hemicellulose, tlie rapid and efficient 
fermentation of xylosc is essential for 
economical conversion of hioniass to 
ethanol. Recent estimates suggest 
that fermenting both xylose and 
glucose in a combined proccss can 
produce cthanol for substantially I t w  
than the previously projrctrd cost of 
$0.32 prr liter ($1.22 prr gallon). 
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NREL’s metabolically enginecrcd Zyrnomonns biocatalyst will allow cofermentation 01 both major components of biomass in a 
single set of tanks, greatly reducing capital equipment and operating costs. Thesc pilot-plant-size tanks are part of NRECs new 
Process Development Unit. 



Expanding the Ethanol 
Potential 
Ethanol can be used as a "neat" fuel 
substitute for gasoline; today, ethanol 
made from cane sugar provides 
about half of the fuel for passenger 
cars and light-duty vehicles in Brazil. 
It can also be used as an oxygenated 
fuel extender; ethanol made primar- 
ily from the starch in corn is now in 
about 9% of the gasoline sold in the 
United States. Using ethanol either as 
a neat fuel or as an oxygenated fuel 
extender provides energy security 
and diversity, improves global com- 
petitiveness, reduces oil imports, 
creates jobs, improves the economy, 
reduces the trade deficit, revitalizes 
agriculture and industry, and pro- 
motes energy competition. It also 
improves the environment by 
improving urban air quality, and by 
reducing the threat of global warm- 
ing. DOE and NREL see great 
potential for use of ethanol as a fuel, 
and are eager to expand the range of 
useful feedstocks to include trouble- 
some waste materials and non-food 

"energy crops" grown specifically for 
ethanol production. 

Cellulose and hemicellulose are 
polymers comprised of carbohy- 
drates; they make up  about one-half 
and one-quarter of most biomass, 
respectively. The trick to converting 
cellulose to ethanol is first breaking it 
down into its component sugar, 
glucose. Once that is done, the six- 
carbon glucose is readily fermented 
to ethanol by common yeasts. On the 
other hand, chemicals will break 
down hemicellulose into its compo- 
nent sugars relatively easily, but the 
five-carbon sugars prnduced- 
usually principally xylose-are much 
more difficult to ferment to ethanol. 
The common yeasts that ferment 
glucose and other six-carbon sugars 
are unable to ferment xylose. 

Early work on xylose fermentation 
focused on using a bacterial enzyme, 
called xylose isomerase, to convert 
xylose to another five-carbon sugar, 
xylulose--one that several common 
yeasts can ferment. Scientists devel- 
oped an innovative process that 

effectively combined the conversion 
of xylose to xylulose with fermenta- 
tion of xylulose to ethanol. NREL has 
patented a simultaneous fermentation 
and isomerization of xylose (SFIX) 
process based on this approach. 

Direct Fermentation 
Major Improvement 
Because converting xylose directly to 
ethanol would be efficient and cost 
effective, NREL scientists evaluated 
microorganisms that ferment xylose 
directly to ethanol and recently 
completed a comparative study of 
yeasts, fungi, and a recornbinant 
strain of bacteria-all promising 
candidates for direct xylose fermen- 
tation on an industrial scale. They 
found the wild-type yeast, Pichin 
sfipifis, and a recombinant Esclicricliin 
coli (E .  coli) bacterium to have the 
best performance characteristics. 
With a long history of use for indus- 
trial fermentation of six-carbon 
sugars and the potential of produc- 
ing an animal feed coproduct from 
their cell growth-a very important 
economic factor in corn ethanol 

Fermentation Process Development at NREL 

Process Development Using the Data Acquisition and Control System: 
The computer-controlled data acquisition and control system (DACS) is one of the first systems designed to track 
anaerobic, microaernphilic (very low oxygen level), and aerobic fermentation processes. It monitors, records, and 
analyzes process data, including gas emissions. The ability of the system to measure carbon dioxidr generation 
enables resrarchers to precisely determine how much sugsr has been convrrted to cthanol, confirm process pcrfnr- 
mancc data, and better understand the biochemical processes involved. The system is valuable to other NREL 
bioprocess engineers and is available tn outside researchers under cooperative arrangenicnts. 

Alternative Fuels User Facility and Process Development Unit : 
NRELs new Alternative Fuels User Facility (AFUF) includes a process development unit (PDU) that occupies 
743 square meters (8000 square feet) of space in the new building. The PDUs feedstock capacity of 900 kg (1 dry 
ton) per day will allow assessment of the biomass-to-ethanol prncess a t  the pilot-plant scale and testing of commer- 
cially available equipment. The I'DU has four Y01)0-liter (2378-gallon) fermentation tanks, a continiious-proct.ss 
pretreatment reactor, a 12-meter (39-foot) distillation column, inoculation tanks, centrifuges, and utilities. NliEL 
plans to add three additional fermentation tanks in 1995, bringing the PDU's capacity to 63,000 liters (16,643 gallons) 

Process Integration Unit: 
In addition to a number of other laboratories, the AFUF also contains two integrated process development laborato- . .  r."r .- ..,1.:,.1. ..,.c"*..*L,.** -^- -.."...&:-.." "...A --"-"""-" l:..tr,.rl ^^ r1.-.. ...,... 1.2 L^ :.. ̂̂ I..̂ , -"...,.."L:-.. 

Process integration studies ident 
identify candidate processes for 

J key chemical and biological interactions between the various steps and will 
lot-plant trials in the PDU. 



production-yeasts have many 
advantages. But when it comes to 
xylose fermentation, they have one 
major problem: natural yeasts that 
ferment xylose do not perform well 
under either fully anaerobic or 
aerobic conditions. These yeasts 
require low levels of oxygen that are 
difficult to maintain at  industrial 
scales. To better characterize the 
performance of one such yeast, 
P. slipifis, NREL researchers studied 
it in bench-scale fermentors with a 
powerful analytical tool developed at 
NREL-a bench-scale fermentation 
data acquisition and control system 
(DACS). With the DACS, NREL 
researchers fully analyzed the trade- 
off between the increase in the rate of 
ethanol production and the decrease 
in the yield per amount of xylose as 
aeration increases. This analysis 
confirmed the need for low aeration 
levels to achieve optimal perfor- 
mance with P. sfipitis. NREL 
researchers also used the DACS sys- 
tem to evaluate and understand the 
recombinant E .  coli's production of 
ethanol from lignocellulosic biomass. 

Metabolic Engineering 
Opens the Door to 
Cofermentation 
At the same time researchers have 
been working to identify the best 
available microorganisms to ferment 
xylose directly, they also have been 
pursuing a totally different approach 
with tremendous potential for 
improving biomass-to-ethanol 
teclinology-cofermentatioii. N R E L  
is now reporting an important 
breakthrough. 

NREL's current biomass-to-ethanol 
technology uses dilute-acid pretreat- 
ment to break down the hemicellu- 
lose to xylose. The soluble xylose can 
then be separated from the solid 
cellulose and lignin fractions and 
fermented in separate fermentation 
tanks. The separate fermentation 
tanks and associated equipment are a 
sizable portion of the capital cost of 
the process. What if a single organism 
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could effectively ferment both tive- 
and six-carbon sugars? With a major 
achievement in metabolic engincer- 
ing, NREL researchers have devel- 
oped such an organism, and they are 
now working to incorporate it into 
their biomass-to-ethanol process. 

NREL researchers started by con- 
ducting a survey of several microor- 
ganisms used in industrial processes 
and compared their known metabolic 
characteristics. This allowed them to 
select one with the best characteris- 
tics for an economical biomass-to- 
ethanol cofermentation process. 
Zyi i i iw i i i i f ls  i i i i~l i i l is ,  a bacterium used 
in Mexico to make the alcoholic 
beverage pulque from the juice of 
certain agave plants, proved very 
attractive. Z. miihilis, the only species 
of the %!/mninnims genus, displays 
many traits sought in an ideal 

NREL researcher 
works with an electro- 
porator to open pores 
in cell membranes to 
facilitate transfer of 
genes for desired 
metabolic capability 
into Zyrnomonas 
rnobjlis. 

biocatalyst for ethanol production. I t  
converts less of its food to its own 
body mass than other microorgaii- 
isms and produces mostly ethanol 
rather than other products, so its 
yield of ethanol is very high. In 
comparative glucose fermentation 
performance trials, %. innhilis 
achieved 5% to 10% higher yields 
and up to fivefold higher productivi- 
ties than traditional yeasts. Z. iiioliilis 
also has: high ethanol tolerance, 
allowing high final ethanol concen- 
tration; the ability to ferment s u g x s  
a t  low pH; and considerable tolcr- 
ance to the inhibitors found in 
pretreated biomass. In addition, the 
stillage from Z. ~iii i l~il is  fermcntation 
is generally recogni7ed as safe for iisc 
as an animal feed-a potentially 
important factor in ethanol produc- 
tion economics. 

metabolism through thc iisc of rtwmbinant DNA techniques. Thcsc 
techniqut~ ran: 

Amplify the concentration of rate-limiting enzymes to improve 

Inactivate comprting biochemical pathways to incrcase product yield 
Increase the substrate u(ilimtion range to permit the LISP of low-cost 

Introduce hiochernical pathways for novel products. 

Collectively, this approach provides a rational way to maximize fermenta- 
tion yields and productivity. NREL research teams are using their 
metabolic engineering expertise to develop effective ways to produce 
ethanol and other chemicals from biomass. 

productivity 

renewable fedstocks 
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But Z. nzohilis naturally ferments only 
glucose, sucrose, and fructose-not 
xylose. Turning Z. mobilis into a 
universal biocatalyst for making 
ethanol from biomass required some 
highly sophisticated metabolic 
engineering. NREL's molecular 
biologists simultaneously introduced 
four genes, representing two new 
biochemical pathways--one for 
xylose assimilation and one for 
pentose metabolism-into the 
bacterium. These genes were isolated 
from another bacterium and pre- 
cisely fused to strong promoters 
(control signals) from Z. mobilis that 
allow the genes to be turned on 
simultaneously, even in the presence 
of glucose. 

The engineered Z. mobilis now 
produces ethanol from xylose and 
continues to produce ethanol effi- 
ciently from glucose. Because it uses 
less energy for cell formation, the 
NREL strain produces more ethanol 
per unit of available xylose than 
other microorganisms. And, what is 
most important, the presence of 
glucose does not shut down the 
xylose fermentation capability, nor 
does xylose affect the glucose fer- 
mentation. The NREL strain of 
Z. nlobilis is an effective cofermenter 
and the result of a major metabolic- 
engineering breakthrough. 

Industrial Interest Welcome 
The new biocatalyst improves pro- 
ductivity and reduces fermentation 
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time. Efficient conversion of feed- 
stocks that contain xylose increases 
ethanol yield and revenue. In addi- 
tion, it provides the foundation for 
advanced process designs that signif- 
icantly reduce capital and operating 
costs. NREL scientists are currently 
working to further improve their 
new Z. mobilis strain and develop 
cofermentation process designs that 
take full advantage of it. But they 
also are already looking for appropri- 
ate cooperative partners or licensees 
to make it available for industrial 
use. NREL welcomes interest in 
using the SFIX process or the 
Laboratory's direct xylose fermenta- 
tion expertise as well as the DACS, 
process integration unit, pilot plant, 
and other ethanol research facilities. 

With the cofermentation biocatalyst, 
NREL fully expects to eliminate 
xylose fermentation as a separate 
process and dramatically reduce the 
cost of converting biomass to 
ethanol-and thereby take a key step 
toward generating a major new 
domestic industry that creates jobs 
and helps to alleviate U.S. petroleum 
dependence, trade deficit, pollution, 
and climate change problems. 
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