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Summary

Wide commercial production of cellulosic ethanol has been impeded because of both high

capital investment, and scarcity of low cost biomass feedstock. Both issues can be mitigated by
Repurposing an existing kraft pulp mill to ethanol production, and attractive financial returns

can be earned. "#$%&'($)*+"),-$&,./&01/232*/245&)**.31/2+"*6&4)12/)-&4+*|&%$7 .2%IH#&/+&
produce ethanol from Forest Biomass can be reduced by 40-50% (compared to Greenfield

Dilute Acid Process), and cash costs of $1.60 per gallon can be achieved.

We have prepared a rigorous process simulation model of a 6-step ethanol production process
that includes: (1) hot water pre-cooking of the wood to extract hemicellulosic material; (2) high
yield kraft pulping to reduce lignin content and physically open up the fiber structure; (3)
enzymatic hydrolysis of the pulp stream using a cocktail of cellulose enzymes found in our lab to
efficiently convert hardwood cellulosic material to simple sugars; (4) fermentation of the
streams produced in Steps (1) and (3); (5) distillation of the ethanol produced in Step (4) to 95%
(V/V) in water; (6) dehydration of the ethanol solution to 99% + concentration using molecular
sieves.

A number of cases were simulated and financial "#$%#"&'§alysis was prepared on each case.
The financial outcomes are most significantly impacted by assumptions for ethanol revenues
per gallon and less so by fiber cost or cost of hydrolysis enzymes.

We conclude that our technical approach has significant financial merit, with only minor
compromises for re-using existing mill equipment. Repurposing takes advantage of proven
manufacturing equipment and skilled operating personnel in place, and, perhaps most
important, takes advantage of existing supply chain of growth, harvesting and delivery of forest
biomass, without creating new demand. Further simplification of the process is currently under
study, along with opportunities to Repurpose the Forest as well as the conversion plant.
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Introduction

While forest biomass is fully competitive with other Feedstocks 8 including corn 8 with respect

to carbohydrate content and cost and annual growth, essentially all Bioethanol currently

produced in the United States is from corn, and none from woody biomass.

The United States National Renewable Energy Laboratory (NREL) has compared actual corn 8 to

8 ethanol manufacturing costs with an aspirational analysis of wood 8 to 8 ethanol cost

analysis, illustrating that capital cost required to produce ethanol from wood is 2 8 3 X per

Annual Liter produced, compared to corn grain as feedstock'.

A robust, efficient, process for ethanol production from wood has not yet been defined,

outside conceptional analysis and small pilot scale by NREL. Escalating existing capital studies

to 2009 construction and materials cost, shows a capital investment requirement of $1.50 per

liter of annual ethanol capacity ($6.00 per annual Gallon), largely due to expensive

pretreatment capital, non 8 hydrolysables recovery, and larger fermentation and distillation

investment due to relatively dilute sugar and aqueous ethanol streams, all compared to a corn

8 to 8 ethanol plant.
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Figure 1. Capital cost and Biomass Cost combinations required to achieve

Internal Rate of Return reasonable for investment.
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Figuredl is based on
updating the NREL capital
cost estimates to 2009
dollars, and explores the
envelope of Internal Rate
of Return possible at
different combinations of
Capital Cost per Annual
Gallon and Biomass Cost.
Clearly, lower capital
effective solutions must
be found if widespread
industrial scale production
of woody biomass is to
make an impact in the
transportation fuel arena.

Moreover, the sensitivity to biomass cost points to the second major issue 8 availability and

cost of biomass to fuel plants. To a large extent, Repurposing Kraft Pulp mills to ethanol

mitigates a number of these problems.
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The Current Integrated Forest — Solid Wood Products — Kraft Pulp and Paper Mill System

Process Description

Integrated Forest — Wood Products - (Figure 2). Biomass from
Kraft Pulp and Paper Mill both privately-owned and
industrial forests is
@ == PowerSales /Purchases typically part of an
Forest | Power Plant . .
= @ Fossil Fuels integrated supply chain
O, ‘ ‘ f@ © that revolves around (1)
IR Qp PulpMill  jp T2/ Ol 1%+#.4/2+"&+9&:;<5&
Plywood Mill Turpentine . .
* 0 ‘ ® diameter loblolly pine
Lumber sawtimber that
umber .
Plywood Sales el preferentially goes to a
; sawmill to be processed
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Figure 2. Current concept for integrated forest products economy The conversion process is

relatively in efficient,
leaving a residue of 25-30% of slabs that are converted to wood chips (2) that are sent to a pulp
32--=&&>"&)##2/2+"6&1.-1?++#&@/A124)--A&BC58&#2)3%/$%D&9%+3&,+/E&12"$&1-)"/)[2+"* & @/EZ
age 8-10) and unmanaged natural hardwood stands are sent directly to the kraft pulp mill (3).
Logging residues typically constitute 15-20% of the pine pulpwood cut, and 30-40% of the
hardwood cut, and are transported directly to the kraft pulp mill (4).

The kraft pulp and paper mill is typically an integrated complex that includes a pulp mill to
produce pulp fibers for the papermachine; a power plant that includes a chemical recovery
boiler to recapture the pulping chemicals; a power boiler to provide additional steam by
burning purchased logging residuals (4); internally generated wood waste (5), as well as
significant quantities of fossil fuel (6). Internally generated kraft black liquor and wood waste
can account for 60 8 90% of the total, depending on the paper product, the age, and the
technology employed in the pulp mill. Power is co-generated on site (7a), and mills typically
purchase power, but also may sell excess power (7b). Kraft pulp (8) (may be bleached or
unbleached).

Salable products from this integrated system can include chemical by-products in the form of
tall oil and turpentine (9), market pulp, paper, paperboard (10), lumber and plywood (11).
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Total value of products from different forms of this system was $70.0 Billion from pulp and
paper primary manufacturing, and $89.1 Billion from solid wood products reported in the last
Census of Manufacturers (2002)", about 4% of U.S. Manufacturing output, and over 1 Million
jobs.

Current issues with profitability of the Forest Products Industry. Demand for solid wood
products has historically been pegged to the demand for new homes. Market pulp is sold
worldwide as a commodity product, and United States producers have competed somewhat
favorably for many years against the Canadians and Scandinavians in the 1970-1990 period in
softwood pulp, but in recent years have lost share to Chile and Russia. Hardwood market pulp
is rapidly losing share to very low cash cost producers in Brazil and Indonesia. Printing papers
have also competed against Scandinavia, but product demand is declining as a result of
electronic communications (uncoated freesheet), and changes in reading habits (modestly in
the case of coated publication papers, drastically in the case of newsprint).

As a result, more than 7 million tons of paper and board production have been closed in the
United States since 2001". While many of the facilities have been smaller, non-integrated
paper mills, and partially 8 integrated newsprint mills, more than 10 large pulp mills have been
closed as well during the same timeframe.

The Repurposed Kraft Pulp Mill

Many of the capital issues associated with wood 8 to 8 ethanol production could be mitigated
A& ($1.%1+*2"F5&"€tonomical kraft pulp mills to the production of ethanol only, taking
advantage of in-place assets for biomass handling, chemical pretreatment, power generation
and wastewater treatment. In further consideration of this approach, at least 7 major potential
advantages were identified:

1. Closed kraft pulp mills have assets that are largely re-usable with little modification
(woodyard, power plant, waste treatment) and other assets that may require some
modification to be suitable for repurposed operation.

2. The owners might prefer to sell or redeploy those assets to production of a higher value
product, rather than sell the equipment for scrap, pay severance costs to workers, and
spend millions of dollars to remediate landfills, sludge ponds, and waste treatment plants.

3. Even modest sized kraft pulp mills are part of an in-place supply chain to grow, harvest and
deliver competitively priced biomass to the mill in quantities on the order of 500,000 to
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1,000,000 million bone dry tonnes per year. In contrast, a Greenfield wood 8 to 8 ethanol
plant would necessarily compete with existing consumers of wood, and inevitably drive up
the raw material cost for all.

4. In addition to current supply, a Repurposed Kraft Mill can potentially accept all the
E)%G$*/2"F&%$*2#.$*&/E)/&) %0 $&3+*/-A&-$9/ &, SE2"#&2" &/+#) AH*&9+%$*/*6&#.$&/+&1.-1&A2S
quality constraints.

5. A skilled workforce is in place, and likely more incented to make concessions to
management on flexibility on work rules than may have existed as an operating pulp and
paper mill.

6. Environmental permitting should be relatively quick and easy, given that both air and water
emissions should be lower than typical in a pulp and paper mill.

7. Much of the process equipment in place has been operated for many years, so no new
equipment development or learning curve is required.

Figure 3 shows a general
Kraft Pulp and Paper Mill schematic of how the

Total Repurpose to Ethanol Integrated Forest Products

ey Power Sales / Purchases system looks in this
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addition to part of the
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roundwood previous

Figure 3. Concept for Kraft Pulp Mill Repurposed to Ethanol Production. used. Residuals are high
in cellulose content, low in

cost, and are more
valuable as ethanol feedstock than as boiler fuel. The part of the residuals not converted to
ethanol (high heat value lignin, for example) is still recovered and used for burning.
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(Figure 4) The prehydrolyzed wood/forest residuals are mixed and prehydrolyzed with water in
a new pressure vessel. Time and temperature requirements are approximately 1 hour at 170

o}

C. The water extract from prehydrolysis is rich in hemicellulosic material", though some
significant part is in oligomeric versus monomeric form, and must be further hydrolyzed.
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Figure 5. Reuse of kraft pulp mill equipment to Repurpose the mill to ethanol production.

The prehydrolyzed chips are then cooked to a high (say 65%) pulp yield (Figure 5), so that the

cellulosic material in the combined hydrolysate and wood pulp is recovered to approximate
70% of the material in the original wood. Part of the loss is alkaline degradation that takes
place as normal loss in kraft pulping. Further work to recover a greater percentage of the
original cellulosic material is in progress.
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Figure 6. Difficulty of enzymatic hydrolysis of prehydrolysis — high yield

kraft softwood pulp.
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Figure 7. Ease of enzyme hydrolysis of prehydrolysis — high yield

hardwood kraft pulp.

Both fiber and hydrolysate
are mixed and hydrolyzed
with enzymes to convert
all oligomeric and
polymeric anhydroglucose
units to monomeric
sugars: we found in
hardwood approximately
90% of the material could
be hydrolyzed; while
softwood pulp was
substantially more difficult
(Figure 6,7). All further

work focused on
evaluating the economics
of the process based on a
feedstock of 100%
hardwood + hardwood
residuals.

Methodology

The methodology
employed in this study will
be discussed in three
sections:

1. Base Case for the
Repurposed Mill:
1+"#$%+%)&I1.-1&)"#&
1)1$%56&)&;J<KH*&
vintage uncoated
freesheet mill, not
capable of long term
financial success;

2. The Base Case mill, repurposed to produce ethanol, considering a large number of fiber and

process options;
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3. Financial analysis of several instructional scenarios.

1. “Ponderosa Pulp and Paper Mill”: As a Base Case for subsequent analysis, we created a
[+1)--A&924/2/2+.*&PBL2*/2"F&M%)9/&1.-1&)"#&1)1$%&32--& @ I+"#$%+*)&I.-1&)"#&I) 1$%&N2--D6 &)
vintage, 2-machine uncoated freesheet mill, producing 400,000 metric tons of uncoated

freesheet in 2006 - the Base Year, where the decision is made to permanently close the mill in

October, 2009.

2. Repurpose Cases. Based on our laboratory findings with hardwood vs softwood, only
hardwood results will be presented. We prepared WinGEMS" simulation of the Base Case and
the proposed case processes, along with economic modeling as explained later. The cases
presented here are:

a. [+"#$%+*)H*&SL2*/2"F&G+-.3$&+9&E ) Wt didels supplemented with forest
residuals, and processed according to the method described earlier; since the critical
process areas of the mill are not loaded to the extent as in the Base Case, we increased
overall wood volume by a conservative 10% (Repurpose B4).

b. To test our assumption that the capital cost and operating impacts of the Prehydrolysis step
were warranted, we ran a case with no Prehydrolysis (Repurpose B7).

c. The economic analysis of Repurpose B4 illustrated an energy deficit due to processing the
9+%%$*/&%$*2#.)-*&/+&S/E)"+-6&-$) G2"F&-2//-$&3)/$%2)-&/+&,.%"&2"&/E$&32--H*&E+F&9.$-&,+
deficit in B4 was made up from high cost gas. To compensate, we modeled procurement of
SL1F"*2GS&E+F&9.$-&9%+38&+./*2#$&/E$& 32--H*RefS0)A0S9BS \EitHBark.

Using our own, plus pretreatment data developed by Amidon", van Heiningen"", and
Frederick"™ and enzyme hydrolysis and ethanol fermentation conversion efficiencies from
Wooleyix, all chemicals and chemical conversions were tracked throughout the entire process
simulation. Existing power plant equipment from the Base Case was converted to generating
steam and power for the ethanol production process.

3. Financial analysis. Evaluation of the simulation model results considering the main financial

drivers:

A. Long Term ethanol pricing, assuming that ethanol will sell (without impact of subsidies)
over the long term for a 34% discount over the price of gasoline. Since ethanol revenue
per unit volume will be shown to have the greatest impact on the financial returns, special
attention must be given to this parameter. We elected to show financial investment
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results as a function of ethanol revenue per gallon, rather than guess at what the long term
price trend will be. As a central assumption, we used $2.50 per gallon (corresponding to
~$4.00 per gallon gasoline.

B. Volumetric subsidies for cellulosic ethanol were not considered; instead a range of discrete
G)-.$*&9+%&'($GP".$&1$%&P)--+"5&7)*&2"1./&/+&IE$&92")"'42)-&3+#$-=&&

C. Cellulosic ethanol production facilities may depreciate 50% of capital in Year 1, with the 7-
year Modified Accelerated Cumulative Recovery System (MACRS)*.

D. Sensitivity of the main financial results to the extremes in the assumptions:
I. Ethanol revenue from $2.00 - $3.00 per Gallon
Il. Capital Cost 80/ +25%
Ill.  Enzyme Cost $0.15 80.45 per Gallon
IV. Biomass Cost +25% from the values in our base analysis.

Results

Ponderosa Pulp and Paper Company - the Base Case. All financial comparisons require a

' * *
120% $120 Q) $&R) $5ﬁ§.ure 8, and
conclusions can be skewed
. 100% i $100 '
X s by the analyst choosing
£ 80% $80 2 L
] s overly pessimistic (or
E 60% $60 o, o .
% J 2 optimistic) assumptions
g 40% \ A 540 2 around performance of
[=
S 20% | v\u/\ $20 G | the Base Case. To avoid
- o
*3 0% w $0 o invidious comparisons, a
= -20% Y $20 fictitious kraft pulp and
'40% rrrrrrrrrrrrrerrrerrrerrererrerrrerrrrerrrrerrrrerrrrrrrrorT '$40 paper mill Was deSigned in
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 detail, modeled rigorously
in winGEMS, with results
=——Return on Investment,% =—Free Cash Flow . .
modeled financially by

preparing "#$%#"&'
analysis. Actual historical

Figure 8. Financial performance of a 1960's vintage kraft pulp and paper

mill producing Uncoated Freesheet: "Ponderosa Pulp and Paper".
paper pricing was

assumed for all years up to
2006, and a Trendline Price forecast was prepared for future years. Inflation indices for all raw
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materials were assumed, along with reasonable, industry standard, productivity improvement
indices. Due to poor financial prospects, Ponderosa Corporate Management announced a plan
to permanently close the mill in October, 2009. As part of the Base Case Financials, we
assumed the assets would be transferred to a new company for $1, in order for Ponderosa to
avoid $30 million in mill shutdown, severance and environmental remediation costs.

Figure 8 plots the Mill Return on Investment (ROI) and Free Cash Flow™. The curve is
4E)%)4/$%2*/248&+9&3)"A&32--*&,.2-/1&2"&IES&; J<KH*S&F++#&92")"42)-&1$%9+%3)"4$&9%+3&*/)'
year 2000, at which time, the mill input costs escalate rapidly without corresponding increase in

price. Record earnings were recorded in 1995, when prices were at record level. Beginningin

1980, depreciation from the original mill investment begins to negatively influence Free Cash

Flow. Beginningin 1996, Ponderosa Pulp and Paper Mill begins a path towards long term

financial decline, and without major new capital investment, the decline cannot be reversed.
R+%1+%)/$&N)")F$3$"/&,$F2"&)&'T)%G$*/5&U/%)/SFAS &' 0aBiBa "R 3nvested, and

when Free Cash Flow goes negative in 2009, the mill will be permanently closed.

Woodbasket. Wood cost in the United States is highly variable across the major woodbaskets,
and can vary within a woodbasket over time, depending on forest density, supply-demand,
weather, labor cost and availability. In addition, composition of biomass is highly variable,
certainly between hardwood and softwood, but with species as well. Natural variation can be
reduced through clonal forestry 8 well established with loblolly pine, along with substantial
work in progress on fast-growing, frost-hardy eucalyptus"“, as well as transgenic aspen with
only 11% lignin content.

10
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Figure 9. Typical curve of Biomass Cost vs Distance. Harvesting residues subject to same cost, except

stumpage component estimated at $1 per Green Ton.

Figure 9 illustrates the drain area around Ponderosa Pulp and Paper Company, showing the
three separate components of delivered roundwood cost: (1) Stumpage 8 the price paid to the
landowner for the right to cut timber; (2) harvesting 8 the cost of equipment and labor to cut
wood; (3) transportation 8 the delivery of logs and/or chips from the harvest site to the mill
site. Ponderosa has an average wood cost, $34.73 per Green Short Ton in 2006. The same
costs (with escalation) are used in the Repurposing cases.

Labor Force. A staffing plan for the Ponderosa Mill was developed, identifying each
management, operating, maintenance, and staff position in the mill, specific to each piece of
equipment. Salaries and wage rates typical of the USA South were applied, to determine total
mill personnel costs of $116 per Short Ton for 2006.

Overall Cost. Fiber costs are midpoint among USA uncoated freesheet mills, while labor and
energy cost is higher than average. Estimated 2006 before tax profit of $53 Million overstates
the ability of Ponderosa Pulp and Paper to withstand the next downturn in paper pricing, given
the expectation for increased cost of fiber, energy and labor.

The main point of developing such a detailed analysis of the Base Case is to insure that the
additional cases to be developed stand against a highly plausible real life enterprise decision:
Continue to run? Shut down permanently? Sell? Reconfigure? In this study we compare only
shutdown vs reconfigure to produce ethanol.
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Repurposing the Ponderosa Pulp and Paper Mill

Asset Re-Use. One of the principal benefits of the Repurposed Kraft Pulp Mill is re-use of
existing mill assets. We estimated 44% overall asset reuse on a Replacement Asset Value™

basis. Outside the papermachine area, asset re-use is virtually 100%. Maximum Asset Re-use,
of course, is not the goal, since typical re-use of asset also means additional maintenance and

people. Major equipment repurpose considerations are discussed below:

Woodyard. The analysis was based on Base Case wood receipts + 10%, and therefore the
existing woodyard is re-used in its entirety, with no additional investment. In some cases, the
Base Case wood volume is supplemented with an amount of forest residuals corresponding to
the species-specific volume of roundwood, in which case additional handling equipment is
accounted for.

Pretreatment. Considerable thought was given to the opportunity to use or modify the existing
hardwood continuous digester and pine batch digester systems. We concluded:

a. Animpregnation vessel must be added ahead of the continuous digester, in order to

$99%$4/2G$-A&'?)/$%&4++MS&/ES&E)Y%o# ?++#H&AE21*&) " #&%0$4+CI%&/ES&KEA#HY+-A*)/$&?E 24

the dissolved sugars from hemicellulose. An 85% recovery of the hemicelluloses was
estimated from the modeling.

b. No easy way to re-use a direct steam batch digester was found. As a result, two new batch
digester units were added, along with outfitting the existing units with extraction screens
for hydrolysate removal. The water cook was followed with an in-digester dilution wash
system. In all cases, hydrolysate contains acetic acid, furfural and other prohibitives, and
must be cleaned up with steam stripping and membrane filtration.

Cooking. Rather than cooking to current unbleached pulp levels, the pre-treated wood chips
are cooked to higher yield: 70 kappa number for hardwood, or about 10% lignin content.
While no changes (other than those discussed above) were required, a blow line refining
system was added to the hardwood line, and hot stock refining to pine. Additional power
consumption was accounted for.

Washing. The existing brownstock washing equipment was re-used to remove black liquor
from the pulp.

12
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Evaporation, Recovery, Power Generation, Recausticizing, and Calcination. All areas were
used without modification. Recovery boiler was considered the process bottleneck before
Repurposing, but no Repurpose case approached the actual recovery thermal limit.

Enzyme Treatment. Enzymes were added and mixed with pulp fiber at the brownstock washer
discharge. Existing bleaching and high density storage towers were estimated to provide 20
hours of fiber retention, and 28 hours additional capacity was added.

Fermentation. An entirely new system was provided, sized for the volume of sugar solution
created by adding the hydrolysate with the enzymatically degraded cellulose.

Distillation. An entirely new system was provided, sized for the ethanol solution produced
from step (7), creating a 95% aqueous ethanol solution.

Dehydration. A molecular sieve system was provided to dehydrate the ethanol to the required
99%+ solution.

[ Repurpose B4 | Repurpose B7 Capital Requirements.
Ethanol, Liters 274,062,729 169,866,484 Each Repurposed Mill

case resulted in different

Ethanol, Gallons 72,399,939 44,874,118
volumes of ethanol

Batch Digester Modifications $ - $ - produced from different

Continous Digester Modifications $  32,564000 $ 5475960 | wood types, and, in

addition, resulted in

Hydrolysate Cleanup $ 1,879,000 $ 1,611,522 different sugar solution

Additional Hydrolysis Retention $ 5,350,000 $ 3,290,436 | concentrations. The

Cases considered were
Alcohol Plant $ 165,459,000 $ 109,847,934

described earlier.
Lignin Separation and Burning $ 17,212,000 $ 12,857,326

Earlier, we spoke of
Bleach Plant Modifications $ 3,480,000 $ 3,480,000 .
literature references on

Total[$ 225943999 | $§ 136,563,177 | corn 8to 8 ethanol plants

and conceptual designs

Capital Cost per Gallon Ethanol $ 312 § 3.04
Table 1. Capital Effectiveness of Repurposing a Kraft Mill to ethanol. for dilute acid hydrolysis
Approximately 50% reduction compared to Greenfield Dilute Acid wood 8 to 8 ethanol

plants at $2.50 and $6.00
per annual gallon capital
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cost, respectively. Compared to existing wood 8 to 8 ethanol plant designs, repurposing can
reduce capital requirement by approximately 50% (Table 1).

Compared to corn grain 8 to 8 ethanol plants, however, two factors lead to higher capital: (1)
the additional plant modifications; and (2) the concentration of sugars from prehydrolysis and
(to a lesser extent) from enzyme hydrolysis are on the order of 2-4% going into fermentation
(vs 10% for corn plants). The more dilute solutions lead to larger tankage requirements for
fermentation and a larger beer column for distillation.

Simulation Model. The simulation model was first prepared:

I All compositional and total pulp yields are based on standard kraft pulping/bleaching and
carbohydrate losses at each step, taken from the literature and lab work. Table 2 shows an
example of how pulp, carbohydrate and ethanol yields were calculated in the simulation
model. It should be stressed that the pulping and compositional yield analyses are
composited based on literature data, and not the result of actual laboratory or other data.
This approach undoubtedly leaves room for error, though not necessarily a large error, nor
error that skews the results in either direction.

Hardwood Repupose A High Yield Pulp per Tonne of Wood

Repurposed|Equal Wood Input as Base Case |

Screenings = 0.0%
Pulp Lignin = 10.0%
Pulp Yield =|52.6% ] Hydrolysate Yield =|85.0% Yield on Hydrolyzed Wood|61.8%
Hardwood Extracted Hardwood Chips Unbleached Hardwood Pulp
Lignin 24.0% 240 27.4% 233 10.0% 53
a - Cellulose 45.6% 456 52.5% 448 78.1% 410
Hexoses B8.2% 82 5.8% 49 3.8% 20
Pentoses 19.2% 192 11.3% 96 7.6% 40
Extractives 3.0% 30 3.1% 26 0.6% 3
100.0% | 1,000] 100.0% | 850] 100.0%] 526

Screenings =[0.0% |

Screenings Hydrolysate to Enzyme Hydrolysis To Recovery

Lignin 4.0% 0 4.7% 7 55.6% 181

o - Cellulose 88.0% 0 6.7% 10 11.1% 36
Hexoses 2.0% 0 22.0% 33 8.9% 29
Pentoses 4.0% 0 64.0% 96 17.3% 56
Extractives 2.0% 0 2.7% 4 7.1% 23
100.0% 0 100.0% 150 100.0% 325

Table 2. Typical Simulation model results on Prehydrolysis - High Yield Hardwood Pulping.

Enzyme Hydrolysis and Fermentation Yields. The pulps produced must be hydrolyzed using
enzymes to breakdown the cellulosic material to sugars. Chief among assumptions was the use
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of 90-95% hydrolysis efficiency for all cellulosic materials in both hydrolysate and fiber.
Because the enzyme hydrolysis assumptions are not well-documented in the literature,

additional laboratory work was carried out on the high yield kraft pulps cited earlier.

Converting Hardwood Fiber to Ethanol

Component Hydrolysis Efficiency Fermentation Efficiency Stoichiometric Yield
Y Kag Yo Kg % Kg

grams/CC

Lignin 0.0% 0 0.0% 0 0.0% 0
a - Cellulose 90.0% 369 95.0% 351 51.0%
Hexose 90.0% 18 90.0% 16 51.0%
Pentose 90.0% 36 80.0% 29 51.0%
Extractives 0.0% 0 0.0% 0 0.0%
423 396

Converting Hardwood Hydrolysate to Ethanol

Component Stoichiometric Yield
% Kg % Kag % Kg grams/CC
Lignin 0.0% 0 0.0% 0 0.79

a - Cellulose 90.0% 9 95.0% 9 51.0% Liters per Tonne Pulp
Hexose 90.0% 30 90.0% 27 51.0%
Pentose 90.0% 86 80.0% 69 51.0%
Extractives 0.0% 0 0.0% 0 0.0%
125 104 53

Table 3. Conversion of hydrolysate and fiber to ethanol: hydrolysis and fermentation efficiencies.

With respect to fermentation efficiencies, we assumed 90% conversion of 6-carbon sugars and
80% for 5-carbon sugars (Table 3). These efficiencies are different, but generally more
conservative from those used by Saddler, et al*” in a 1991 economic study. The yeast systems
to convert 5-Carbon sugars to ethanol have not yet been commercially demonstrated. While
laboratory processes have shown the technical feasibility, the first large scale applications
will likely take place in concert with the Department of Energy co-funded demonstration
plants announced in 2007,

Financial Analysis

For each of the cases simulated technically, !"#$%#"&cash flow investment analyses were
prepared.

Effect of Ethanol Revenue on Internal Rate of Return. Figure 10 shows the dominant effect of
Ethanol Revenue per Gallon on Internal Rate of Return, Cases B4 (100% Hardwood Roundwood
+ 40% Residues), and B4 with Bark (same as B4 except energy cost is reduced by importing
waste wood fuel from outside the wood drain area), and Case B7 (same as B4, but no
prehydrolysis.

At $2.00 per Gallon, only B4 with Bark has a positive IRR. At $2.50 per Gallon, B4 achieves 15%
IRR; at $3.00 per Gallon, all cases would look attractive, for a risk-free investment.
15
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Manufacturing Cost. Considering Fiber, Chemicals (including enzymes, Energy, and Indirect

Costs (less Depreciation), several key points stand out (Figure 11):

35%
30%
25%
20%
15% -
10% -
5% -
0% -

Internal Rate of Return, %

B4 B4B B7

m $2.00 m $2.50 m $3.00

Figure 10. Internal Rate of Return of Hardwood Repurposing cases as

function of ethanol revenue.

$2.50

$2.00

$1.50 -

$1.00 -

Cash Costs, 5 perGallon

$0.50 -

5
Repurpose B4 Repurpose Bdb Repurpose B7

B Fiber M Chemicals WEnergy B Indirect Cost

Figure 11. Repurpose B4 with Bark (B4b) shows lowest manufacturing
cost. Better than B4 due to energy; better than B7 due to production

volume covering fixed costs.

While fiber cost is
not surprisingly the
single large cost
component,
Indirect costs stand
out as an
opportunity for
additional
improvement;

Energy costis a
large penalty when
all the biomass is
converted to
ethanol and only
by-product lignin is
available for boiler
fuel (B4 versus B4
with Bark);

Energy cost can be
offset by using the
in-place wood
waste boiler to
burn biomass
imported to the
mill (at $20 per
Green Ton)

The prehydrolysis
step is
economically
justified 8 as
shown in Figure 9 8
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on the basis of manufacturing cost.

5. Overall cash costs are quite attractive for Case B4 with Bark (B4B) at $1.60 per gallon.

Fiber cost depends on both Biomass feedstock cost, and initial carbohydrate content and yield.
Purchased Energy, on the other hand, depends on biomass initial lignin content, and residual
lignin burned for steam and power generation. Several cases actually exports power and uses

fossil fuel only in the lime kiln.

Fixed costs (Figure 12) are

$3.00 largely a function of
_ 5250 ethanol production
s volume; Total cost adds
)
9 $2.00 - depreciation back to the
,E $1.50 - cash costs, and reflects
g the capital cost per unit of
y: 51.00 - ethanol produced.
=]
T %050 - ) )
Discussion
5_
Repurpose B4 Repurpose B4h Repurpose BY The objective of this study
was to determine if
B Cash Cost M Depreciation . A
repurposing an existing
Figure 12. Total Costs, including Cash Costs (Figure 10) + Depreciation kraft pulp and paper mill

was technically and
financially attractive.

Clearly there are many unanswered technical questions left open, though further
development work in progress will answer them. In the absence of specific data, we have
3+#$-$#&)--&IES&A%2/24)-&)**.31/2+"*&?2/E&' ($)*+"),-$&,./&01/232*/245&2" 1./ &T36) 3$/$%0*=
address the status of the /$4E"+-+FA6&2/&2*&,$*/&/+&)*M&) "#&)"*?$%&/ES&T .$*/2+"S&'VE)/&?+.-#&
A+.&E)GH&/+&,$-23CB&/+&A+"4- #PB&($1.%1+*2"F&)&W%)I/&N2--&/+&SB/E)"+-&1%+#.4/2+"&2*&)//%
The most straightforward way to answer that key question is through sensitivity analysis (Table
4 and Figure 13).
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-25% Central 25%
Revenue S per Gallon S 2.00| S 250 S 3.00
Capital S per Gallon S 2.34 | S 3.12 | S 3.90
Biomass Cost $ per BDT S 41.18 | S 54,90 | S 68.63
Enzyme Cost| $ per Gallon ETOH | S 0.225 | S 0.300 | S 0.375

Table 4. Central Assumptions for financial analysis, with +/- 25% bounds.

35%
30%
25%
20%
15%
10%

5%

Internal Rate of Return, 2%

0%

-

/

-25%

0

% of Central Assumption

—+—Capital —+—Biomass Cost —4=—Enzyme Cost

25%

——Revenue

Figure 13. Sensitivity of Internal Rate of Return to the changes in major

input costs as shown in Table 4.

Figure 13 presents a
logical progression of
sensitivities of Internal
Rate of Return to the main
input variables.

Ethanol Price. If one
believes the future price
of ethanol will follow a
gasoline trendline price,
and that gasoline price
will continue to climb its
current trajectory towards
$11 per gallon in 2020,
then all repurpose cases
look attractive and
warrant additional study.

Using Case B4 with Bark as a reference, $2,50 per Gallon ethanol revenue can tolerate +25%

increase in any one of the major input cost parameters, but not all three. Ethanol revenue at

$3.00 per Gallon can tolerate capital spending 25% higher than the central analysis, as well as

enzyme cost $0.375 per gallon, and biomass cost of $68 per Bone Dry Ton. If one believes that

Ethanol will sell long term at $2.00 per gallon (presumes gasoline price will go down and remain

at $3.00 per gallon [$0.80 per liter]), then Repurposing likely has little promise, nor does any

other wood 8 to ethanol fermentation / hydrolysis process.

Capital Cost. There seems little question that repurposed kraft mill assets represent a deep

discount on a Greenfield Dilute Acid process installation. Preliminary estimates developed here

are likely to go up upon detail design, but even at Capital cost of $3.90 per Annual Gallon,
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returns are attractive if ethanol sells for >52.50 per gallon. Additional development work will
more likely identify additional process steps required to produce the ethanol product, rather
than show the current estimate as inadequate.

Ethanol Yield. One would have to believe the biomass conversion efficiencies assumed here.
Two dilemmas stand out:

1. Hardwood seems favored by (a) the higher cellulose content compared to softwood; (b) the
demonstrated ease with which hardwood breaks down enzymatically. Visually, hardwood
pulp at 12% consistency turns watery in a few hours. However, 5-Carbon sugars are the
more important hemicellulosic material in hardwood, and no commercially demonstrated
yeast system exists.

2. Softwood use avoids much of the 5-Carbon sugar problem, but: (a) Softwood has less
starting carbohydrate material than hardwood; (b) enzymatic hydrolysis yields were poor;
(c) carbohydrate recovery in the Prehydrolysis 8 High Yield Kraft process is lowest of the
alternatives considered.

Enzyme Cost. Published information on cost of commercial enzyme systems is scarce, though
DOE has supported development work by Genencor and Novozyme with a goal to reduce cost
to $0.10 per Gallon. Much of the cost of enzyme systems rests in amortizing the development
costs over a short period of time, and ultimately depends on the volume sold. At the same
time, the producers are well armed with economic analyses that demonstrate how much
enzyme cost can be tolerated by the producer. Our analysis shows that $0.45 per Gallon could
be tolerated financially, with ethanol revenues at $2.50 per Gallon; but if ethanol revenue is
$2.00 per gallon, capital is +25%, then $0.45 per gallon for enzyme would not encourage
economic development.

Fiber Cost. Biomass Cost. The Repurposing concept succeeds because it is assumed that the
roundwood previously consumed by the Ponderosa Pulp and Paper Company is available in the
same form, quantity and cost as was the case for paper operations. Pup and paper
manufacture requires high quality woody biomass to reach market-standard quality
specifications; ethanol production does not. Thus, it is not a stretch to assume all of the
harvesting residuals are available to the ethanol plant, if collected at the time of harvest. With
natural, unmanaged hardwood stands, 40% of the harvested tree is typically available to the
logging crew if collected at the same time. We visualize logging operations as combined
harvesting / chipping in the future.
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Fiber costs will likely escalate in the future largely due to transportation fuel cost and rising
labor rates and increased competition for available supply as a biofuel (even if for pellet or
power generation applications). In reality, fiber availability and cost, along with the cost of
residue collection, is the main advantage of kraft mill repurposing, but is also the most location-
specific parameter in all the analysis.

Outlook for Repurposing Kraft Pulp Mill

Originally conceived as a means to bridge shrinking demand for paper products and declining
industry profitability, Repurposing Kraft pulp mills seemed to have application only to the
extent the pulp industry continued decline. While the advantages as asset repurposing are
significant, the concept suffers from: (1) over-complexity, leading to high labor manning
requirements and maintenance cost; (2) reliance on natural gas as lime kiln fuel; (3)
inapplicable to Greenfield application due to the high cost of kraft pulp mill construction; (4)
once-through use of enzymes for hydrolysis of cellulosic material to monomeric sugars.

In todayH environment, kraft pulp mills may decline even more rapidly, for reasons other than
slackening demand for paper products. Bioenergy applications threaten to take away low cost
wood and residuals that have kept the U.S. paper industry competitive with foreign operations.

In addition, we have devised and are currently in process of evaluating a number of
improvements to the process evaluated here. Simplification could include elimination of both
capital and operating penalties for prehydrolysis; enzyme recycle; in-process concentration of
sugar streams to reduce the size and cost of distillation investment.

1W001ey, Robert, Ruth, M., Sheehan, J, Ibsen, K, Lignocellulosic Biomass to Ethanol Process Design and
Economics Utilizing Co-Current Dilute Acid Prehydrolysis and Enzymatic Hydrolysis: Current and Futuristic
Scenarios

"U.S. Census Bureau, NAICS 321 and 322, 2002.
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* IRS Publication 946, 2006, p. 29.
* Return on Investment (ROI) = Net After Tax Income/Capital Employed.

Free Cash Flow = Net After Tax Income + Depreciation — New Fixed Capital Investment. Free Cash Flow is a
direct measure of Mill cash earnings including the capital investment required to sustain operation.

xii

xiil

Replacement Asset Value is the estimated capital cost to replace existing equipment with a newly constructed
plant of the same capacity and technology, but in current (or in this study, $2009).

*¥ Nguyen, Q.A. and J.N. Saddler, “An Integrated Model of the Technical and Economic Evaluation of an
Enzymatic Biomass Conversion Process”, Bioresource Technology 35 (1991) 275-282.

* http://www.energy.gov/news/4827 . htm
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