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ABSTRACT 
 
Hemicellulose can be extracted from loblolly pine by 
dilute acid hydrolysis, and the remaining wood mass can 
be delignified to produce cellulose fiber. This paper 
contains an assessment of the technical and economic 
feasibility of co-producing ethanol and bleached cellulose 
fiber from loblolly pine, for a mill producing 1398 
ODT/day of unbleached fiber. Ethanol is produced by 
extracting between 6% and 18% of the dry wood mass 
prior to pulping. The extracted wood mass, which contains 
about 70% carbohydrate (primarily sugars from 
hemicellulose) is conditioned and fermented to ethanol.  
Our analysis indicates that ethanol can be produced at a 
break-even cost between $1.50/gal and $2.67/gal, 
depending upon process conditions and selectivity of 
hemicellulose removal. For comparison, the break-even 
cost for ethanol produced by complete hydrolysis of the 
carbohydrates in loblolly pine is between $1.47/gal when 
75% of wood carbohydrates are recovered for ethanol 
production, and $1.19/gal when 95% are recovered. 
Neither biofuel subsidies nor credits for co-products such 
as acetic acid and for sale or sequestration of CO2 were 
considered in this study.  
 
INTRODUCTION 

With the recent increases in energy costs, recovery and 
more efficient utilization of energy has become 
increasingly important to the pulp and paper industry. Of 
the wood that the U.S. pulp and paper industry harvests to 
produce cellulose fiber, only about 30% is converted to 
fiber. The remainder is either utilized as low value fuel 
(black liquor or hog fuel), or is left behind in forests. The 
pulp and paper industry has a great opportunity to utilize 
more effectively the rest of the tree – black liquor, hog 
fuel, harvesting residues – for fuels and energy. 

Ethanol from lignocellulosic biomass has the potential to 
contribute substantially to bioethanol for transportation (1-
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5). Current estimates of biomass available in the U.S. as 
bioenergy feedstock on a sustainable basis are 368 million 
t/yr of forest-derived biomass and 194 million t/yr of 
agricultural residue (6). One projection is that, nationwide, 
the amount of lignocellulosic biomass available from 
agriculture could increase to between 540 million and 900 
million dry metric tons/yr by 2050, while the amount of 
forest-derived biomass available would remain nearly 
constant (6). 

In this paper, we consider options for co-producing 
ethanol, cellulose fiber, and power from a single 
biorefinery processing loblolly pine. The analysis is based 
on the assumptions that (a) an ethanol plant is built on the 
site of an existing kraft pulp mill, and that (b) it is fully 
integrated with the pulp mill with regard to mass and 
energy. We examine some of the technical issues of 
integrating production facilities, and estimate the cost of 
producing ethanol, fiber, and power. Results from two 
baseline cases, stand-alone production of cellulose fiber 
only, and stand-alone production of ethanol in a greenfield 
plant are also considered.  
 
BASIS 
 
The basis for this study is a biorefinery complex that 
processes loblolly pine to produce ethanol, cellulose fiber, 
and power. The biorefinery consists of an ethanol plant 
fully integrated with a kraft pulp mill. In the biorefinery, 
wood is debarked and chipped to produce 3-5 mm thick 
chips. Wood mass is extracted from the chips, and 
carbohydrates in the extract are converted to ethanol.  
 
The scenario considered in this work is one in which the 
pulp mill produces the same amount of pulp at the same 
unbleached kappa number4  and the same brightness after 
bleaching regardless of how much ethanol is produced.  
The brownstock production rate is 1398 ODT/day. The 
pulp is subsequently bleached. 
 
Part of the wood mass is extracted from chips before they 
are pulped (pre-extraction). The amount of wood 
processed by the biorefinery depends upon how much 
wood mass is extracted prior to pulping for ethanol 
production. 
 
As the fraction of wood removed during pre-extraction 
increases the severity of the pulping conditions to reach a 
given kappa number decreases. 
 
All capital equipment needed for pre-extraction and 
production of ethanol are purchased as new process 
                                                 
4 Kappa number is an indicator of the lignin remaining in 
fiber produced by chemical pulping of lignocellulosic 
biomass. Wt-% lignin = 0.15 kappa a good approximation 
of the relationship. 
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equipment. None of the existing equipment in the pulp 
mill is used for pre-extraction or ethanol production. 
 
Some of the biomass input to the biorefinery is converted 
to waste, either from the acid prehydrolysis operations and 
fermentation (as ethanol plant residues) or from 
delignification (as black liquor). These wastes represent 
significant energy streams.  The energy value of the 
ethanol plant residues is approximately equivalent to the 
ethanol product. The energy value of the black liquor is 10 
to 20 times that of the ethanol produced, in part due to the 
higher mass flows. From the mass of wood extracted for 
ethanol production, approximately one third forms 
ethanol, one third carbon dioxide and the remaining third 
is residues that can be subsequently burned or gasified. 
The fermentation residue and black liquor streams are 
dewatered and burned to generate high pressure steam. An 
extraction turbine is used to generate power. Process 
steam is extracted from the turbine at three pressures. The 
steam supply and demand for the entire plant are balanced 
by utilizing purchased biomass as fuel to generate steam 
and power, or by exporting excess biomass as fuel. The 
power demand for the biorefinery is balanced by either 
purchasing power from the grid or by selling excess 
power. 
 
ETHANOL PLANT 
 
 The conceptual process evaluated here follows 
qualitatively the process schemes outlined by Wooley et 
al. (7) and Hamelinck et al. (8) until the stage where 
cellulose would be hydrolyzed completely. In the 
conceptual process evaluated here, cellulose is recovered 
mainly as fiber via alkaline delignification instead of 
being hydrolyzed to sugars. Figure 1 shows the 
components of the ethanol plant as integrated with a kraft 
pulp mill. Mass and energy flows between the ethanol 
plant and pulp mill are indicated. 
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Figure 1. Conceptual Diagram of an Ethanol Plant Integrated with a 
Kraft Pulp Mill. 

 

ACID PREHYDROLYSIS 
 
Loblolly pine is nearly 65% cellulose and hemicellulose, 
that can be converted to sugars, 27% lignin, with the 
remainder being other constituents as shown in Table 1.  
   
Prehydrolysis with dilute sulfuric acid was selected as the 
means of extracting hemicellulose from debarked wood 
chips because the technology is well-established. It 
provides higher hemicellulose yields and produces less 
fermentation inhibitors than do other methods, although it 
produces gypsum as a low value by-product. There is a 
significant body of literature on the relationship between 
pre-hydrolysis conditions, extraction time, and the amount 
and composition of wood mass extracted from loblolly 
pine (9-12). 
 

TABLE 1. CHEMICAL CONSTITUENTS OF 
LOBLOLLY PINE. 

 
Cellulose  43.6% 
Hemicellulose convertible to sugars  

Mannan 10.8% 
Galactan 2.2% 
Xylan 6.6% 
Arabinan 1.6% 

Acetal 1.1% 
Uronic anhydride 3.7% 
Lignin 26.8% 
Extractives 3.2% 
Ash 0.4% 
Total 100.0% 

 
Dilute acid extraction of hemicellulose from loblolly pine 
yields soluble sugars (xylose, mannose, arabinose, and 
galactose). It also converts some of the cellulose to 
glucose, and part of the lignin is solubilized. Acetic acid is 
produced by cleavage of acetyl groups from the 
hemicellulose. Some of the pentose and hexose sugars are 
degraded to furfural, hydroxymethyl furfural, and other 
compounds. 
 
In this study, we considered a biorefinery in which 
between 6% and 18% of the debarked wood mass was 
extracted with dilute (1.0%) sulfuric acid in water at 
135oC, using a 3.0 acid solution/wood mass ratio. The 
duration of acid prehydrolysis was from 29 to 166 min, 
depending upon the mass fraction of wood removed. A 
proprietary model for the yield of wood mass removed 
versus acid concentration, temperature, and time, was 
developed, using data from several sources (9-12), to 
calculate the time required for prehydrolysis in each case. 
Figure 2 shows some results obtained from this model for 
a pre-extraction solution with an H2SO4 concentration of 
1%. 
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Figure 2. The Relationship Between Wood Mass Removed, 
Prehydrolysis Temperature, and Prehydrolysis Time with 1% 
Sulfuric Acid Applied Based on Dry Wood Mass, 3:1 Liquor to 
Wood Ratio.  
 
HYDROLYZATE CONDITIONING 
 
Degradation products of pentose and hexose sugars 
(primarily furfural and hydroxyl methyl furfural), acetic 
acid produced from cleavage of acetyl groups on 
hemicellulose, and other contaminants (terpenes, resin 
acids, etc.) are fermentation inhibitors. They must be 
removed from the hydrolyzate prior to fermentation. The 
contents of the prehydrolysis reactor are flashed to 
separate water, some of the acetic acid produced, most of 
the furfural and hydroxyl methyl furfural produced, 
terpenes and other volatile matter from wood. The flashed 
vapor is condensed to provide process heat.  The organic 
matter in the condensate is used as a process fuel. The 
remaining hydrolyzate solution is separated from the wood 
chips by gravitation. The remaining acetic and sulfuric 
acids are removed by continuous ion exchange, using 
ammonia as regenerant. The purified product stream is 
neutralized with excess lime. This generates gypsum as a 
low value by-product.  
 
FERMENTATION 
 
Fermentation is carried out after inhibiting contaminants 
have been removed from the hydrolyzate. Table 2 contains 
the stoichiometric factors and conversion efficiencies that 
were used in calculating the yield of ethanol produced 
from extracted carbohydrates. The relatively high 
conversion efficiency used for pentose sugars is an 
optimistic estimate that assumes that on-going research 
(e.g. 13-15) will make it possible to ferment most of the 
pentose sugars together with glucose.  
 
 
 
 
 

TABLE 2. STOICHIOMETRIC FACTORS AND 
CONVERSION EFFICIENCIES FOR 
CARBOHYDRATES TO ETHANOL. 

Stoichiometric factors 
   C5 carbohydrates to pentoses 1.136  
   C6 carbohydrates to hexoses 1.110  
   Pentoses to ethanol 0.511 
   Hexoses to ethanol 0.511 

Conversion efficiencies 
   Pentoses to ethanol 85% 
   Hexoses to ethanol 92% 

 
ETHANOL RECOVERY 
 
The products from fermentation are an ethanol-water 
stream that contains unreacted sugars and suspended 
biomass, and carbon dioxide. Ethanol and water are steam 
stripped from the aqueous fermentation product to produce 
a 35 wt-% ethanol/65 wt-% water overhead product which 
is then distilled to 92.5 wt-% ethanol and dehydrated by 
passing through a bed of molecular sieves.   
 
The bottoms from the steam stripper are concentrated by 
multiple-effect evaporation to 50 wt-% solids and burned 
to generate steam.  

Extraction of hemicellulose and ethanol production 
generates a significant quantity of aqueous waste. The 
ethanol plant wastes would normally be burned with other 
fuel in a biomass boiler, but could be burned in a recovery 
boiler if it had the capacity to process additional fuel 
input.  
 
DELIGNIFICATION OF ACID-EXTRACTED 
WOOD CHIPS 
 
Ragauskas et al. (12) conducted a series of experiments in 
which wood mass was extracted from loblolly pine wood 
chips by dilute acid hydrolysis, and the wood chips were 
subsequently delignified to produce cellulose fiber. The 
results from that work are summarized here:  

• Wood chips prehydrolyzed with dilute sulfuric acid to 
extract at least 12% of the dry wood mass can 
subsequently be delignified to produce cellulose fiber.  

• Delignification of prehydrolyzed wood chips yields 
fiber with a lower lignin content than fiber from 
untreated wood chips delignified at the same 
conditions.  

• During delignification, the lignin content of cellulose 
fiber decreases more rapidly with wood chips that 
have been prehydrolyzed with dilute sulfuric acid 
than with non-prehydrolyzed wood chips.  

• The strength of handsheets made from fiber from 
prehydrolyzed wood was between 83 and 100% of the 
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strength of handsheets made from fiber from 
untreated wood chips. 

 
One important implication of these results is that shorter 
processing times would be required to achieve the same 
degree of delignification for wood chips prehydrolyzed 
with dilute sulfuric acid. This equates to a higher wood 
throughput for the digesters.  

A proprietary model for yield and kappa number versus 
delignification conditions was developed for 
prehydrolyzed loblolly pine chips using published data 
from three sources (9-12). A correlation developed 
previously by McDonough (16) was used to predict the 
yield of fiber and the carbohydrate-lignin selectivity when 
wood was delignified after acid prehydrolysis.  
 
Table 3 shows the experimental conditions employed 
during dilute acid prehydrolysis and kraft delignification. 
Table 4 compares the measured wood mass extracted and 
kappa numbers for the fiber produced in these experiments 
with values predicted by the proprietary extraction and 
delignification model in BioRefinOpt™.5 The 
agreement between the data and predicted values is 
sufficient for use of the model in preliminary process 
design calculations. 
 

TABLE 3. ACID PREHYDROLYSIS AND KRAFT 
DELIGNIFICATION CONDITIONS EMPLOYED. 

Acid Prehydrolysis Conditions 
Temperature; 150oC  
Time, hr: 0.5, 1.0 
H2SO4, wt-% of dry wood  0, 0.2, 0.5% 
Liquor/Wood Ratio 5:1 
Post Extraction Washing? yes 

Kraft Delignification Conditions 
Maximum temperature:  165oC 
H-factor:  1294 
Sulfidity:  30% 
Effective alkali charge, wt-% of dry wood 16% 
Ratio of liquor to wood  4:1 

 
 
RESULTS FOR THE CONSTANT PULP 
PRODUCTION SCENARIO 
 
Distribution of Wood Mass 
 
Prehydrolyis of loblolly pine chips with dilute H2SO4 
removes hemicellulose from wood, but it also degrades 
part of the cellulose to glucose and removes acid-soluble 
lignin and some of the extractives (17).  
 
                                                 
5 BioRefinOpt™ is a proprietary software package 
developed by Jim Frederick and Steve Lien. 

After acid prehydrolysis, the extent of alkaline hydrolysis 
of cellulose increases during kraft delignification (18). 
This is indicated by the decreasing fraction of cellulose in 
wood that is retained in the fiber mass as well as the 
increasing amount of cellulose degradation products in 
black liquor (see Figure 3). The amount of hemicellulose 
retained as fiber also decreases, albeit more slowly, with 
increasing wood mass extracted.  
 
Utilization of Pulp Mill Equipment 
 
In the Constant Pulp Production scenario, the brownstock 
yield based on pre-extracted chips (the digester yield) 
actually decreases with increasing extent of wood pre-
extraction from the chips prior to pulping (see Table 5) 
because of the increased susceptibility of hemicellulose 
and cellulose to be extracted during pulping as shown in 
Figure 3. This means that the mass of black liquor solids 
generated per ton of brownstock produced increases with 
extent of pre-extraction. Also, the wood after pre-
extraction contains more water than wood prior to pre-
extraction. This means that more water must be 
evaporated in the black liquor evaporators when wood is 
pre-extracted. These factors and others with more minor 
impacts can increase, or sometimes decrease, the 
throughput rate requirements for various operations within 
the pulp mill.   
Table 6 shows how the capacity utilization of existing 
pulp mill and recovery cycle equipment changes with the 
extent of wood extraction prior to pulping for the Constant 
Pulp Production scenario. Clearly the digesters will not be 
fully utilized when wood is pre-extracted prior to pulping. 
However, there will be a significant increase in 
evaporation capacity required at all levels of wood mass 
pre-extraction, an increasing requirement for recovery 
boiler capacity, and a smaller one for recaust and kiln 
capacity.   
 

TABLE 5. DIGESTER YIELD AT CONSTANT 
BROWNSTOCK KAPPA NUMBER VERSUS 

EXTENT OF WOOD MASS PRE-EXTRACTION. 
 

Wood mass extracted 
prior to pulping, % 

Digester yield 
% 

0 46.6 
6 46.1 

10 44.5 
14 42.4 
18 40.0 

 
 
Production Capacity for Ethanol and Fiber 
 
Table 7 shows the wood consumed and the products 
resulting from the various cases analyzed. At a constant 
rate of pulp production, the rate of wood consumption 
increases more rapidly than does the rate of ethanol 
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production. This is because the yield of fiber from the pre-
extracted chips decreases with increasing percent of wood 
mass extracted prior to pulping as indicated in Table 5.  
The left and right columns in Table 7 contain results 
respectively for production of cellulose fiber but no 
ethanol, and ethanol but no fiber. These two cases serve as 
bounds with which to compare the cases where both 
ethanol and cellulose fiber are produced.   
 
Economic Assessment 
 
In the Constant Pulp Production scenario, the revenue 
from pulp sales is the same in all cases because the pulp 
production is the same. The break-even cost for ethanol is 
defined as the cost of producing ethanol and fiber minus 
the cost of producing only fiber, per unit of ethanol 
produced. With this approach, ethanol revenues have to 
pay for the ethanol plant, its operating costs, the net 
increase in pulp mill operating costs resulting from pre-
extraction and ethanol production, and any additional 
capital cost for pulp mill equipment.  
 
The revenues and costs for each scenario and the cost of 
production for ethanol determined under these 
assumptions are shown in Table 8. The cost of production 
for ethanol ranges from $2.45/gal to $2.92/gal under the 
conditions imposed in this study. The cost of production 
of ethanol depends strongly on the cost of wood, the value 
of exportable power, and the capital cost for pre-
extraction, ethanol production, and steam and power 
generation.  
 

IMPACT OF INCREASING CELLULOSE LOSS 
DURING PULPING WITH INCREASING DEGREE 
OF PRE-EXTRACTION 

The results in Figure 3 show that the loss of cellulose to 
the hydrolyzate and black liquor increases with increasing 
extent of pre-extraction prior to pulping. The loss of 
cellulose increases the break-even cost of ethanol for two 
reasons. One is that, as cellulose is lost from fiber, the 
total amount of wood purchased must increase to produce 
the same amount of fiber. The second is that the resulting 
lower yield of fiber from pre-extracted wood means an 
increase in the processing capacity of the recovery boiler 
and pulping liquor regeneration operations (see Table 6). 
This translates directly to increased capital costs unless a 
mill has excess recovery boiler and white liquor 
preparation capacity. 
 
We evaluated the impact of reducing or eliminating the 
loss of cellulose from fiber on the break-even cost of 
ethanol. Table 9 shows the break-even costs versus extent 
of wood extracted prior to pulping when no additional 
cellulose is lost from fiber during pre-extraction and 
pulping. Eliminating the loss of cellulose from fiber 
during pre-extraction results in a decrease in the break-

even cost of producing ethanol by $0.40/gal to $0.90/gal. 
The decrease in break-even cost is attributable mainly to a 
decrease in wood required per unit of fiber produced, an 
increase in ethanol produced, and reduction in capital 
costs for pre-extraction, additional recovery boiler 
capacity, and additional pulping liquor regeneration 
capacity.  
 
These results point clearly to the need to reduce or 
eliminate cellulose loss from fiber pre-extraction and 
pulping. Significant progress has been made toward this 
end for hardwoods, but it remains a challenge for 
softwoods. 
 
Comparison with Ethanol from Other Feedstock 
 
The estimated production cost for fuel-grade ethanol by 
fermentation of sugars from various feedstock and the 
capital investment required have been reported by a 
number of investigators. Table 10 compares our results for 
loblolly pine as feedstock with recent results from other 
studies in which the feedstock was corn, corn stover, or 
yellow poplar. Because each of these studies used a 
different base year for cost and revenue estimates, they 
were not directly comparable. We adjusted the costs of 
producing ethanol in each of the studies to account for 
changes in feedstock, capital, and operating costs between 
the year in which the various studies were performed and 
the costs or values in 2006. The adjustments used are 
included in Tables 11 and 12.  
 
The results in Table 10 indicate that ethanol produced 
from carbohydrates from loblolly pine is comparable with 
ethanol from other feedstock including corn when 
compared on a basis of production costs. The capital 
investment required per unit of ethanol produced is higher 
for any of the lignocellulosic ethanol plants than for corn 
ethanol. Part of the reason for this is that the utilities 
required by the corn ethanol plant were estimated as 
purchased from a co-located industrial facility, so that 
neither CHP plant nor cooling tower were included in the 
capital cost for that plant. They were included in all of the 
other three ethanol plants. The CHP plant was the most 
expensive capital cost in each of those other plants, 
accounting for between 28% and 42% of the total capital 
cost.   
 

SUMMARY 
 
At the current state of technology, ethanol from loblolly 
pine may not be competitive with ethanol from other 
lignocellulosic sources when it is co-produced with 
cellulose fiber. 
 
To achieve a reasonable level of costs for producing 
ethanol, the loss of cellulose from fiber that is currently 
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experienced for pine and other softwoods during pre-
extraction and subsequent pulping must be eliminated. 
 
Our results indicate that the cost of producing ethanol 
from loblolly pine when co-produced with cellulose fiber 
exceeds the cost of producing ethanol only from loblolly 
pine.  
 
The conditions used in this study are not necessarily 
optimal with regard to profitability.  
 
The cost of wood is the variable with the greatest impact 
on the cost of ethanol co-produced with cellulose fiber. 
 
The cost of capital for pre-extraction equipment and an 
ethanol plant are high per unit of ethanol produced when 
compared with ethanol plants based on either corn or 
lignocellulosic feedstock. This is a result of several 
factors, including (a) the small scale of ethanol production 
from pre-extracted wood mass, (b) the relatively large size 
for pre-extraction equipment because all of the wood to be 
pulped must be processed, and (c) the high cost for an 
integrated CHP plant. 
 
At this point, the case for pre-extraction of hemicellulose 
for ethanol production prior to pulping would not likely be 
an attractive investment except at a mill where excess 
recovery boiler and CHP capacity were available. It could 
become attractive if the loss of cellulose that occurs as a 
result of prehydrolysis and subsequent kraft pulping can 
be eliminated. 
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Figure 3. Distribution of wood components between prehydrolyzed, fiber mass, and black liquor for loblolly pine subjected to partial 
carbohydrate extraction and subsequent kraft delignification. 
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TABLE 4. COMPARISON OF MEASURED AND PREDICTED WOOD EXTRACTED BY PREHYDROLYSIS 
AND KAPPA NUMBER OF CELLULOSE FIBER PRODUCED BY DELIGNIFYING THE WOOD AFTER 
PREHYDROLYSIS. THE PREHYDROLYSIS AND DELIGNIFICATION CONDITIONS ARE THOSE IN 

TABLE 3. 

Mass % Wood Extracted Kappa Numbera Duration of 
Prehydrolysis, hr 

H2SO4 charge, 
wt-% dry wood Measured Predicted Measured Predicted 

0.5 hr 0.0% 5% 4.5% 24.4 23.5 
0.5 hr 0.2% 5% 6.0% 21.0 22.0 
0.5 hr 0.5% 8% 6.7% 19.7 21.4 
1.0 hr 0.0% 8% 7.5% 21.4 20.7 
1.0 hr 0.2% 10% 10.0% 16.8 18.9 
1.0 hr 0.5% 12% 11.1% 17.5 18.2 

a kappa number unit is equivalent to approximately 0.15 wt-% lignin in the fiber produced. 
 

 
TABLE 6. CAPACITY UTILIZATION OF EXISTING PULP MILL EQUIPMENT FOR THE CONSTANT PULP 

PRODUCTION SCENARIO. 
 

Capacity utilization of existing pulp mill and recovery cycle equipment Wood extracted prior to 
pulping, wt-% 0% 6% 10% 14% 18% 
Digesters  100% 72.0% 69.9% 69.1% 68.9% 
Brownstock washers 100% 100.0% 100.0% 100.0% 100.0% 
Evaporators 100% 116.1% 119.1% 123.0% 128.2% 
Recovery Boiler 100% 102.9% 110.0% 119.1% 130.8% 
Recaust 100% 101.0% 104.8% 109.9% 116.5% 
Lime Kiln 100% 101.0% 104.8% 109.9% 116.5% 

 
TABLE 7. WOOD CONSUMED AND PRODUCTS GENERATED FROM THE VARIOUS CASES ANALYZED 

IN THE CONSTANT PULP PRODUCTION SCENARIO. 

Bark-free wood extracted for 
ethanol production 0% 6% 10% 14% 18% 

 
71.2% 

Wood purchased (dry, bark-free 
basis), t/a 

 
915,818 983,691 1,066,425 

 
1,169,122 

 
1,302,899 

 
915,818 

Ethanol produced, t/a 0 18,930 34,377 52,571 74,881 219,918 
Unbleached fiber produced, t/a 426,640 426,640 426,640 426,640 426,640 0 
Gypsum produced, t/a 0 8,297 8,995 9,870 10,975 83,680 
Exportable power, MWe 19.4 30.3 32.4 34.8 38.0 -7.0 
Exportable biomass fuel, t/a 88,060 1,691 36,660 83,245 144,147 209,622 
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TABLE 8. INCREMENTAL COSTS AND INCOME BY ITEM FOR THE VARIOUS CASES IN TABLE 7 
(CONSTANT PULP PRODUCTION SCENARIO). THE VALUES SHOWN ARE DIFFERENCES BETWEEN 
THOSE FOR AN ETHANOL PLANT INTEGRATED WITH A KRAFT PULP MILL AND A STAND-ALONE 

KRAFT PULP MILL. 

Wood Extracted Prior to Pulping 6%  10% 14% 18% 
Annual Ethanol Production, gal/yr 6,360,263 11,529,460 17,601,704 25,071,488 
Cost of Production of Ethanol, $/gal $2.92 $2.57 $2.45 $2.45 
          
Incremental Variable Operating Costs, $/gal 
Wood ($63.80/ODt) $0.766 $0.936 $1.028 $1.103 
Fuel oil ($65/bbl) $0.011 $0.030 $0.040 $0.047 
Chemicals         
   Bleaching -$0.067 -$0.037 -$0.024 -$0.017 
   Ethanol plant $0.234 $0.146 $0.108 $0.088 
Total Variable Costs, $/gal $0.944 $1.074 $1.153 $1.221 
          
Incremental Fixed Operating Costs (for ethanol plant), $/gal 
   Pulp mill total $0.000 $0.000 $0.000 $0.000 
   Ethanol plant $0.152 $0.152 $0.152 $0.152 
Total Incremental Fixed Costs, $/gal $0.152 $0.152 $0.152 $0.152 
          
Incremental Capital Recovery Costs (10%/yr), $/gal 
   Pulp mill and chemical recovery $0.242 $0.272 $0.268 $0.259 
   Steam & Power $0.729 $0.471 $0.359 $0.298 
   Extractors and ethanol plant $1.342 $1.062 $0.970 $0.982 
Total Capital Recovery Costs, $/gal $2.313 $1.805 $1.597 $1.539 
          
Total Incremental Costs, $/gal $3.409 $3.031 $2.902 $2.893 
          
Incremental Revenues, $/gal         
   Excess biomass fuel ($29.70/ODt) -$0.371 -$0.113 $0.005 $0.077 
   Exportable power ($60.00/MWh) $0.836 $0.551 $0.427 $0.364 

 

TABLE 9. ETHANOL PRODUCTION RATE AND COST OF PRODUCTION FOR CO-PRODUCTION OF 
ETHANOL AND FIBER WHEN NO CELLULOSE IS LOST FROM FIBER DURING PRE-EXTRACTION AND 

PULPING. UNBLEACHED FIBER PRODUCTION RATE IS 426,640 T/A. 

Wood Extracted Prior to Pulping 6%  10% 14% 18% 
Annual Ethanol Production, gal/yr 7,872,801 13,704,505 20,069,903 27,088,236 
Cost of Production for Ethanol, $/gal $2.24 $1.73 $1.53 $1.48 
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TABLE 10. COMPARISON OF RESULTS OF THIS AND OTHER STUDIES FOR PRODUCTION OF 

ETHANOL BY FERMENTATION USING VARIOUS FEEDSTOCKS. 
 

Feedstock 
Dry Milled 

Corn Corn Stover 
Yellow 
Poplar 

Loblolly Pine 
75%  

Loblolly 
Pine 95% 

Source 
McAloon et 

al., 2000 
McAloon et 

al., 2000 
Wooley et 
al., 1999 This study This study 

Ethanol product, million gal/yr 25 25 52 74 93 
Ethanol yield, gal/t biomass 114 72 68 80 102 
      
Production Costs      
  Feedstock $1.33 $0.65 $0.55 $0.86 $0.68 
  Variable costs 0.33 0.13 0.26 0.23 0.19 
  Labor, supplies, Overhead 0.16 0.47 0.20 0.20 0.17 

  Capital recovery (10%/yr) 0.12 0.61 0.52 0.45 0.39 
  Co-products -0.38 -0.12 -0.07 -0.08 -0.02 
Total Production Costs, $/gal $1.56 $1.74 $1.47 $1.66 $1.41 
      
Total Capital Investment, millions $31.4a $153 $319 $329 $363 
Capital intensity, $/(gal/yr) $1.26 $6.13 $6.13 $4.45  $3.90 

a The cost of utilities required by the corn ethanol plant were estimated as purchased from a co-located 
industrial facility; a CHP plant and cooling tower were not included in the capital cost. 

 

TABLE 11. COST OF FEEDSTOCK IN THE YEAR IN WHICH THE VARIOUS STUDIES WERE 
PERFORMED AND IN 2006. 

Feedstock Cost in Year of Study 2006 Cost Reference 
Corn $1.94/bu $3.80/bu CBOT Corn Monthly Price Chart, Nov-

Dec, 2006 (24) 
Corn Stover $35.00/ODT $47.35/ODT Perlack & Turhollow (25) 
Yellow poplar $28.00/ODT $41.68/ODT J. Siry et al. (26) 
Loblolly pine - $58.00/ODT  

 

 
TABLE 12. OTHER ADJUSTMENTS TO ETHANOL PRODUCTION COSTS BETWEEN THE YEAR IN 

WHICH THE VARIOUS STUDIES WERE PERFORMED AND 2006. 

Fixed costs 4%/year increase 
Variable costs 4%/year increase 
Distillers dried grains and solubles (DDGS) 
from dry milling of corn 

Increased from $86/ODT to $125/ODT 

Capital recovery rate Changed to 10%/year where different 
 


