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Figure 2. Capital costs to install the technology options in the base case mills
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Figure 3.  Incremental operating costs (after-tax) to install the technology options in the base
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Figure 4. Total per-ton costs (after-tax) to install the technology options in the base case mills
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I. INTRODUCTION

This paper summarizes the research and findings of the Paper Task Force on an economic
comparison of bleached kraft pulp manufacturing processes.  This paper is one element of an
extensive research process in support of the task force’s work to develop recommendations for
purchasing “environmentally preferable paper”, paper that reduces environmental impacts while
meeting business needs.

The information presented in this paper has come from a range of sources including
articles in peer reviewed journals, the trade press, conference proceedings, reports of studies
commissioned by the pulp and paper industry, relevant documents from the U.S. Environmental
Protection Agency (EPA), information gathered during Paper Task Force technical visits and
presentations from experts.

As one step in the research process, on October 12, 1994 the Task Force assembled a
panel of experts to discuss an economic comparison of bleached kraft pulp manufacturing
technologies.  In preparation for this panel, the task force prepared an “issue paper” that
examined relevant issues and a range of perspectives.  The panelists addressed topics discussed
in this paper during the panel.  The issue paper was also reviewed by several expert reviewers
from companies and institutions not represented on the panel.  The panelists' and reviewers'
comments on the issue paper have been considered in drafting this White Paper.  Table A-1 of
the Appendix contains a list of the panelists and reviewers of the issue paper and the draft white
paper.

The Paper Task Force members endorse the broad principles set forth by the Task
Force’s final report.  The findings and research in this White Paper reflects the contribution of
Paper Task Force Working Groups and changes made in response to comments received from
expert reviewers through the White Paper review process.  The contents of this paper do not
reflect the policy of individual Task Force member organizations.

The research presented in this paper only addresses economic issues.  Other White Papers
address the environmental and functional issues relevant to the manufacture of paper.  We
present a complete list of the white papers in the beginning of the appendices.

A. Major Topics

This paper contains capital and operating cost estimates to install pollution-prevention
technologies at bleached kraft pulp mills.  The model has two parts:

• Capital cost scenarios based on mill-specific factors
• A detailed estimate of capital and operating costs for three model mills based on a mid-

range capital cost scenario

Paper companies routinely consider how much capital they should invest to reduce
operating costs.  Mills operate large pieces of equipment that have long, useful lives.  The need
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to fully utilize this equipment reduces paper manufacturers’ flexibility in investing in new pulp
manufacturing technologies.  Pollution-prevention investments also compete for capital funds
along with other projects that will improve the company’s profitability.  Moreover, making
investments in technologies that do not turn out to be competitive over their life-span can be very
costly.  Both internal and external factors affect the timing and investment in new pulp
manufacturing technologies at pulp and paper mills.  Internal factors include:

• the company philosophy toward capital investments
• the need for additional capacity
• the age of existing equipment
• site-specific equipment or space limitations

Shifts in customer demand and new environmental regulations are two external factors that
influence pulp and paper company capital investment decisions.  For example, both of these
external factors have influenced the industry’s commitment to eliminate elemental chlorine from
bleached kraft pulp mills.

Most mills experience a combination of the factors described above; as a result, the
timing and the range of capital costs to install pollution-prevention technologies will differ for
individual mills.  Section III of this paper includes a series of capital cost scenarios for bleached
kraft pulp mills that represents the highest to lowest costs to install currently available pollution
prevention technologies at bleached kraft pulp mills.

The Task Force developed detailed capital and operating cost estimates to install
pollution-prevention technologies at existing mills with traditional pulping and 50% chlorine
dioxide substitution for elemental chlorine in the first bleaching stage.  We used a capital cost
scenario that represents the middle of the range of capital costs experienced by individual mills.
Thus, the capital costs used in the detailed cost model will be higher for some mills and lower
for others.  Several experts recommended that we use this technology as the base case.1  Vice
notes that 41 U.S. mills have at least one bleach line with chlorine dioxide levels below 70%.2
As in White Paper No. 5, the pollution-prevention technologies evaluated include:

• traditional ECF
• enhanced ECF with oxygen delignification
• low-effluent ozone ECF, both medium (MC) and (HC) high consistency
• low-effluent ozone TCF
• enhanced ECF with chloride removal (Champion International’s Bleached Filtrate

Recycling process, BFR™)

We consider the costs to install these technologies at three model bleached kraft mills
which vary by capacity and wood species used.

• Mill 1 produces 1000 air-dried metric tons per day (ADMT/D) of softwood bleached kraft
pulp



3

• Mill 2 produces 500 air-dried metric tons per day (ADMT/D) of softwood bleached kraft
pulp

• Mill 3 produces 500 air-dried metric tons per day (ADMT/D) of hardwood bleached kraft
pulp

We have assumed that these mills produce bleached pulp with market pulp brightness
levels of 90 GE brightness.  In addition to market pulp mills, many integrated pulp and paper
mills in the U.S. produce some market pulp.  Even if integrated mills do not need 90 brightness
pulp to produce their own paper products, these mills have installed bleach plants that allow
them to do so.  We also examine the impact of reducing brightness on the cost of producing
bleached kraft pulp, and discuss the costs associated with upgrading an existing mill with oxygen
delignification and 100% chlorine dioxide substitution in the first bleaching stage.

B. Technology Options

We present a brief description of the technology options to upgrade the base case mill to
ECF or TCF bleaching processes and the current status of these technologies at existing bleached
kraft pulp mills.  Table 1 contains the abbreviations used herein to describe the pulping and
bleaching processes.

Table 1.  Abbreviations for pulping and bleaching processes

Symbol Pulping or bleaching process

C Elemental chlorine

D Chlorine dioxide

E Alkali extraction

(EO) Alkali extraction reinforced with oxygen

(EP) Alkali extraction reinforced with hydrogen peroxide

(EOP) Alkali extraction reinforced with oxygen and hydrogen peroxide

ED Extended delignification3

O Oxygen

P Hydrogen Peroxide

Q Chelating stage (removes metals)

S Sodium meta-bisulfite (a reducing agent that destroys residual hydrogen peroxide)

Z Ozone
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1. Traditional ECF Bleaching Processes

To move from the base case to this option, a mill replaces all of the elemental chlorine in
the first bleaching stage with chlorine dioxide.  This mill uses a conventional digester to produce
the pulp, so the amount of lignin in the unbleached pulp before it enters the bleach plant is the
same as that of the base case.

2. Enhanced ECF Bleaching Processes

In this option mills reduce the amount of lignin (i.e., lower the Kappa number of the pulp,
a measure of lignin content) in the unbleached pulp using extended delignification and/or oxygen
delignification (OD).  We have chosen to call this process “enhanced” ECF as a matter of
convenience in this presentation.  The unbleached pulp then undergoes ECF bleaching.

3. Low-effluent and Effluent-Free ECF and TCF Bleaching Processes

This option focuses on ECF and TCF bleaching technologies that allow the bleach plant
filtrate to be reused in the manufacturing process.  Low-effluent ECF and TCF bleaching
sequences build upon enhanced delignification to recirculate the filtrate from several bleaching
stages, including the first alkaline extraction stage, back to the chemical recovery system where
the organic waste is burned in the recovery boiler to generate energy.  These mills discharge the
filtrate from the final bleaching stage.  Effluent-free mills reuse all of the bleach plant filtrate.

As mills reduce the amount of bleach plant filtrates they have to manage a range of
metals and other non-process elements that may build up over time.  Both ECF and TCF
effluent-free systems must overcome these technical challenges.  Wood contains small quantities
of metals and chlorides that are traditionally discharged in very low concentrations in mill
effluent.  Mills with ozone ECF and TCF processes must control the concentrations of
manganese and iron to prevent the degradation of ozone and hydrogen peroxide.  Mills use
chelating agents to dissolve the metals and then wash the pulp to remove them.  Recirculating
the filtrate from the chelating stage poses some challenges because of its metal content and
acidity.

4. Current Status of Bleached Kraft Mill Manufacturing Technologies

a) Base case processes

Eighty-seven bleached kraft mills currently operate in the U.S.  84 of these mills produce
papergrade kraft pulp exclusively, while 3 mills produce dissolving pulp as well.4  These mills
used a combination of pulping and bleaching technologies to produce 27.1 million metric tons of
pulp in 1994.  Most mills have more than one fiber line where the manufacturing process is
tailored to the wood species and final product requirements.  U.S. bleached kraft mills, for
example, operate 164 bleaching lines and use 115 different sequences.5  Figure 1 illustrates the
range of manufacturing technologies used by U.S. mills in 1994.  Most mills used some chlorine
dioxide substitution to produce 20.8 million metric tons of pulp.  Initially, mills substituted a
small amount of chlorine dioxide for the chlorine in the first bleaching stage to improve pulp
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strength, but in response to the discovery of dioxins in bleached kraft mill effluent in 1985, many
mills have increased the chlorine dioxide substitution levels from 10 - 50% to 70% - 100%.
Mills also are eliminating sodium hypochlorite from the bleach plant as a control strategy for
chloroform, which EPA has identified as a hazardous air pollutant.  Chloroform also is a
probable human carcinogen.6

Figure 1.  Estimates of U.S. bleached kraft pulp production in 1994

1994 BLEACHED KRAFT PULP PRODUCTION

Traditional pulping 
and bleaching

43%

Oxygen 
delignif ication and 

traditional 
bleaching

9%

Extended 
delignif ication and 

traditional 
bleaching

18%

Enhanced ECF
13%

Oxygen and 
extended 

delignif ication and 
traditional 
bleaching

7%

Traditional ECF
8%

Ozone ECF
1%

TCF
1%

Total Production = 27.1 million metric tons

Notes: We based the estimates of annual production on 350 days of operation per year and a 95%
operating rate.

Sources: [1] U.S. EPA (Office of Pollution Prevention and Toxics), Pollution Prevention Technologies for the
Bleached Kraft Segment of the U.S. Pulp and Paper Industry (Washington, DC: EPA/600/R-
93/110, 1993), 4-18-21, 4-41.

[2] Paul Wiegand, letter to Ron Jordan, Office of Water, U.S. EPA, March 3, 1995
[3] Kelly H. Ferguson, "Union Camp Begins Ozone Era with New Kraft Bleaching Line at Franklin,

VA," Pulp & Paper, 66(11): 42 (1992).
[4] Anton Jaegel and Kirk Girard, “TCF Bleaching at Louisiana-Pacific Corp.’s Samoa Pulp Mill,

Calif.,” Proceedings of the 1995 International Non-Chlorine Bleaching Conference (San
Francisco: Miller Freeman Inc., March 1995).

[5] Trends in World Bleached Chemical Pulp Production: 1990-1995, (Washington, DC: Alliance for
Environmental Technology, April 1995), 4.
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b) Traditional and enhanced ECF processes

In 1994, 8 U.S. mills produced approximately 2.3 million metric tons of pulp using
traditional ECF manufacturing processes, while 10 U.S. mills produced approximately 3.5
million metric tons of bleached kraft pulp using enhanced ECF processes.  In 1994, of the 72
million metric tons of bleached chemical pulp produced worldwide, ECF pulps accounted for
23.5 million metric tons.7  In 1995, volumes of ECF pulp are projected to be 28.0 million metric
tons worldwide; 8 approximately 15.2 million metric tons of that total will be produced in North
America.9

c) Low-effluent ECF and TCF processes

Ozone bleaching is a new technology that a number of U.S. mills are evaluating.  Union
Camp has been operating a 900 ton per day ozone ECF bleach line at its Franklin, VA mill with
about 80% filtrate recycling since the fall of 1992.10  Since Union Camp announced the start-up
of its bleached southern pine line that includes an ozone bleaching stage, six ozone bleaching
stages have been installed in bleached kraft mills worldwide and four more will be installed by
1996.11  In the last year, SAPPI,12 SCA and Consolidated Papers Inc.13 have announced that they
are installing high consistency ozone systems at their mills in South Africa, Sweden and
Wisconsin Rapids respectively.  In June 1994, Champion announced that it was beginning an 18-
month mill-scale trial of its BFR™ technology at its Canton, NC mill.  Champion plans to start
this demonstration in the beginning of 1996.

The Alliance for Environmental Technology14, estimates that worldwide production of
TCF kraft pulps was 2.6 million metric tons in 1994 and will increase to 3.0 million metric tons
in 1995.15  Louisiana-Pacific’s Samoa, CA softwood TCF kraft pulp mill, for example, currently
recirculates 70% of the filtrate from its TCF bleach plant through oxygen and brownstock
washers to the recovery boiler.16  Lövblad reports that Södra Cell’s Värö mill recirculates 75% of
the filtrate from the bleach plant.17  Several Swedish mills have installed ozone bleaching stages
to make TCF pulp and to move toward the effluent-free bleach plant.  At the 1995 International
Non-Chlorine Bleaching Conference, Axegard reported that 9 pressurized peroxide systems are
currently being used in Scandinavian mills.18  Since January 1995, MoDo has operated the ozone
TCF hardwood bleach line at its kraft mill in Husum, Sweden in an effluent-free mode.19No
mills operate an effluent-free bleach plant on all of its fiber lines at this time.

As mill experience with TCF bleaching processes has increased, the quality of the pulp
produced has increased as well.  In 1993, Tibbling and Dillner reported that high brightness
pulps made with TCF processes, had about 10% lower tear and tensile strength than pulps
produced with ECF processes.20  At the 1995 International Non-Chlorine Bleaching Conference,
panelists producing TCF pulp reported no strength difference for 85 GE brightness TCF pulps
and a 5% decrease in tear strength for the 90 GE brightness TCF pulps.  The panelists reported
no other differences in the performance of the TCF pulps.21
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II. FINDINGS

The results of the cost model described in this paper illustrate general trends in the
changes in capital and operating costs associated with the installation of new technologies for a
mill with a specific technology base.  We make no attempt to estimate the costs for any existing
mill.  Mills differ by geographical location, age, process technology, and product selection to
name a few of the sources of variation.  Mills installing the same technologies may incur
different costs because the skill of the project managers and engineering staff.  Chemical costs
can vary from mill to mill based on the nature and timing of contracts.

A. Capital Cost Scenarios [Section III]

The timing and the range of capital costs to install pollution-prevention technologies will
differ for individual mills.

• Mills that produce more pulp than paper will probably add a paper machine before
they modify the pulp mill.

• Mills that have average to low capital costs to install pollution-prevention
technologies will do so to take advantage of lower operating costs

• Mills with higher capital costs will wait until the combination of factors improves the
economics of this investment.

B. Results from the Detailed Cost Model

We developed detailed estimates of capital, incremental operating and total costs to
install pollution-prevention technologies at base case mills with a capital costs in the middle of
the range described above.  In this scenario, mills have sufficient recovery boiler capacity to
handle any additional load with a small upgrade.  They also have no unique equipment
configuration or space limitations.  We compares estimates of the total cost to install traditional
ECF, enhanced ECF, low-effluent ECF and ozone TCF processes at mills with conventional
pulping and 50% chlorine dioxide substitution in the first bleaching stage.  We also briefly
examine the impact of changes in production costs on the price of pulp.  We also discuss the
results of two sensitivity analyses: lowering the target pulp brightness from 90 GE to 85 GE
brightness and shifting the base case to oxygen delignification and complete chlorine dioxide
substitution in the first bleaching stage.

In this section we examine the costs incurred by three model mills: a mill that produces
1000 air-dried metric tons per day (ADMT/D) of softwood bleached kraft pulp (Mill 1); a mill
that produces 500 ADMT/D of softwood bleached kraft pulp (Mill 2), and a mill that produces
500 ADMT/D of harwood bleached kraft pulp (Mill 3).  These model mills use conventional
pulping and 50% chlorine dioxide substitution in the first bleaching stage.  We have assumed
that the base case mills have made all of the low cost upgrades to their chlorine dioxide
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generator to reach 50% chlorine dioxide substitution in the first bleaching stage.  We have also
assumed that mills have enough recovery boiler capacity with a small upgrade.  We present the
capital costs, the incremental operating costs and the total costs to install the technology options
in the base case mills in Figure 2, Figure 3 and Figure 4, respectively.  We present these figures
at the beginning of the paper on pages 1-3.

1. Costs to Install Pollution-Prevention Technologies  [Sections V. A - V. E]

• The difference in total costs to install traditional ECF, enhanced ECF or low-effluent
ECF and TCF processes at the base case model mills is no more than $16.00 per
ADMT pulp.

• Total costs to upgrade the softwood base case model mills to an ECF process are
lowest for the enhanced ECF upgrade.

− Enhanced ECF processes achieve the lowest operating costs of the technology
options at the softwood mills in this study.  These operating cost savings more
than offset the higher capital costs associated with installing enhanced ECF
processes.

− The total cost of upgrading the softwood base case mills to ozone ECF is higher
than that of upgrading to an enhanced ECF upgrade.  While the operating costs
are about the same, the capital investment is higher for the ozone ECF upgrade.

• Total costs to upgrade the softwood base case model mills to an ECF process
generally are lower for the low-effluent ozone options than for the traditional ECF
process.  While the capital costs to upgrade the mills to ozone ECF processes are higher
than are those to upgrade the mills to traditional ECF processes, the operating cost savings
offset the increased capital investment for the large softwood mill.  The total costs to
install ozone ECF and traditional ECF processes at the smaller softwood mill differ by
about $1.00-$2.00.  In this case, the higher capital costs reduce the difference in total
costs to install the two processes.

• Total costs to upgrade the hardwood base case model mill to an ECF process are
similar for the traditional and the enhanced ECF options.  Upgrading the hardwood
mill to an enhanced ECF process results in about half the operating cost savings of the
500 ADMT/D softwood model mill.  The capital costs, however, depend on the capacity
of the mill, and thus, are about the same for these mills.

• The total cost to upgrade the hardwood base case mill to the low-effluent ozone ECF
process is higher than that to upgrade to the traditional or enhanced ECF processes..
As with the enhanced ECF option, the operating cost savings at hardwood mills are about
half those of the softwood mills while the capital costs are similar.
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• The proposed enhanced low-effluent ECF + BFR™ total costs are higher than any
other process option presented to upgrade any of the base case mills.

• The total cost to upgrade the softwood base case mills to a TCF process depends on
whether the mill uses a high (HC) or medium consistency (MC) ozone system.  The
total costs to install an HC ozone TCF process is about the same as the cost to install
an ozone ECF process.  The costs to install an MC ozone TCF process are higher.

2. Manufacturing Costs and Product Prices [Section V. F]

• To date, mills have not charged a price premium for pulp or paper produced with
traditional ECF, enhanced ECF or ozone ECF processes.  Given the small difference
in production costs and the number of producers of these products, it is unlikely that
there will be price premiums in the future.

• Mills have received price premiums for TCF pulps, but these premiums appear to
result from limited availability rather than high manufacturing costs.  As more mills
produce TCF pulp to meet anticipated demand, these pulps should no longer have a
price premium.

3. Sensitivity Aalyses

We consider the effect on total cost of two variations on the model in this section: one,
reducing the target pulp brightness from 90 to 85 GE brightness, and two, changing the base
technology from conventional pulping with 50% chlorine dioxide substitution to an enhanced
ECF process.

a) Reduce The Target Brightness fom 90 GE To 85 GE Brightness  [Section VI
A]

• The cost savings associated with reducing the brightness target depend on the
installed equipment at the mill.  We have assumed that the mill does not have to invest
in additional process control equipment.

• For mills with conventional and enhanced ECF processes, reducing the brightness
target results in a cost savings of $2 to $4 per ADMT pulp.  Mills designed to
produce 85 GE brightness pulp, however, would have to invest several million
dollars to upgrade their mill to produce 90 GE brightness pulp.

• Reducing the target brightness from 90 GE to 85 GE brightness at mills that
produce HC ozone ECF or TCF pulp without extended delignification would save
about $5 per ADMT pulp for the ECF process and $10 per ADMT pulp for the TCF
process.  Mills with extended delignification report savings of $1 and $5 per ADMT
pulp for ECF and TCF processes respectively.
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b) Changing the Base Case Technology  [Section VI. B]

Given that existing mills have installed a wide range of process technologies, the Task
Force wanted to see how a change in the base case technology might affect the total costs
associated with installing additional technology options.

• Based on the results from this model, changing the technology of the base case mill
from 50% chlorine dioxide substitution to oxygen delignification with complete
chlorine dioxide substitution reduces the total costs to install low-effluent ECF and
TCF processes at Mill 1 by about $8.00 to $9.00 per ADMT pulp.  The lower capital
costs for the mill with the enhanced ECF process offset slightly higher incremental
operating costs to achieve this savings.  The enhanced ECF process at this mill has the
lowest incremental operating costs of the technology options considered herein.
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III. CAPITAL COST SCENARIOS

Paper companies routinely consider how much capital they should invest to reduce
operating costs.  As discussed in Chapter 1, the trend of the last 20 years is toward increased
capital intensity in pulp and paper manufacturing, leading to lower operating costs and lower
total costs. Both internal and external factors affect the timing and investment in new pulp
manufacturing technologies at pulp and paper mills.

A. Factors That Affect Investment Decisions

Paper manufacturers generally weigh several internal and external factors in their capital-
allocation decisions.  Some of the major factors are set out below.

• The company philosophy toward environmental performance may have the largest effect
on capital-allocation decisions.  Some pulp and paper manufacturers strive to integrate
short- and long-term environmental goals along with cost, productivity and quality in
every investment decision.  For example, a company with a policy of increasing its margin
of environmental safety with each investment might expand the capacity of a recovery
boiler as part of a required renovation project to accommodate the additional load from an
improved pulping process.  Without this policy, the company might rebuild a recovery
boiler at a bleached kraft mill but not add any new capacity.

• Investing additional capital to reduce operating costs provides the largest economic
benefits when mills need additional pulp capacity.  In this case, the cost savings that
result from installing pollution-prevention technologies offset the additional capital
expenditure.

• When  a mill needs to replace worn-out equipment the company will invest capital in
order to continue operating.  The company philosophy and opportunities to expand
capacity play an important role in the choice of new equipment.

• Site-specific equipment or space limitations will increase the capital costs to install
pollution-prevention technologies.  Capacity limits on key equipment, such as a recovery
boiler at a bleached kraft pulp mill, increases the capital costs to install improved pulping
or low-effluent bleaching processes.  Mills may also have unique equipment arrangements
that increase the capital costs to install these processes.

• Shifts in customer demand and new environmental regulations are two external factors
that influence pulp and paper company capital investment decisions.  For example, both of
these external factors have influenced  the industry’s commitment to eliminate elemental
chlorine from bleached kraft pulp mills.

B. Capital Cost Scenarios

Most mills experience a combination of the factors described above; as a result, the
timing and the range of capital costs to install pollution-prevention technologies will differ for
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individual mills.  The Task Force has developed a series of capital cost scenarios for bleached
kraft pulp mills in different configurations that represent the highest to lowest costs to install
currently available pollution prevention technologies, such as oxygen delignification, at bleached
kraft pulp mills.

• Mills that produce more pulp than they use and have limited recovery boiler
capacity, space, equipment, or other limitations.
The next major investment at these mills generally balances pulp and final product
production by adding another paper machine at the mill.

• Existing mills with limited recovery boiler capacity
Installing enhanced ECF or low-effluent processes requires a major upgrade to the
recovery boiler and might require a replacement.  Recovery capacity limitations can add
from $20 to $75 million to the capital costs of these technology options.

• Existing mills with space or equipment limitations
These mills have available recovery boiler capacity, but must install additional equipment
to operate an enhanced ECF or low-effluent process.  These limitations are highly site-
specific and depend on the age and configuration of the mill.  A mill may need to replace
inefficient unbleached pulp washing systems rather than upgrade them.  Space limitations
may also require new buildings for the oxygen delignification system.

• Mills with incremental recovery boiler capacity available and no site-specific or
equipment limitations
The Paper Task Force cost model in White Paper No. 7 used this scenario as a base case.
As suggested by this list, individual mills may face costs that are higher or lower than
those analyzed in the model.  However, the model does provide a good basis for the
comparison of different technologies and the sensitivity of costs to other internal or
external factors.

• The mill must install new equipment to upgrade to a traditional ECF process
In some cases, in order to eliminate elemental chlorine from the bleach plant under a
traditional ECF approach, the mill must install new equipment.  This new equipment can
make the traditional ECF approach more expensive than enhanced ECF pulping and
bleaching.  For example, a mill may have to install new chlorine dioxide generators in
order to eliminate its use of elemental chlorine, rather than upgrading its existing
generators.  Thus, the basis for the comparison has changed because of the age and
configuration of the mill’s bleaching system.

• Installing enhanced ECF or low flow processes allows a mill to increase capacity by
debottlenecking other processes
Installing oxygen delignification and low-effluent processes may allow a mill to obtain a
small capacity increase (on the order of 5% - 10%) without increasing the size of the
effluent treatment, air emission controls or other systems at the mill.  The revenue earned
by increasing the production of pulp or paper improves the economics.  For example, if a
1000 metric ton per day market pulp mill can increase its capacity by 50 tons per day, the
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mill saves $20,000 per day (assuming a $400 difference in internal pulp production costs
and the price of market pulp.)

• Increase capacity during a major modernization at a mill
Recovery boilers, digesters, bleach lines and other large components of a bleached kraft
pulp mill need to be replaced or renovated every 15 to 20 years.  Installing technologies
that reduce chlorine dioxide use and the organic loading in the effluent allow the company
to avoid investments in additional chlorine dioxide generators and larger air emissions
control and effluent treatment systems.

Mills faced with a major investment in equipment often increase capacity (1) to get
additional revenue to offset the $300 to $500 million capital investment and (2) to
increase their production of low cost, high quality pulp.  In some cases, modernizations
include paper machines to use this pulp; in other cases, companies reduce production at
higher cost mills to lower manufacturing costs systemwide.

• Building a greenfield (completely new) mill
Mills install a combination of technologies that result in the lowest capital and operating
costs.  Low-effluent ozone ECF and TCF systems have the best economics because they
have the lowest operating costs and avoid the investment in chlorine dioxide generators
and large effluent treatment systems.

IV. DESCRIPTION OF THE DETAILED COST MODEL

This section presents the elements of the model we have constructed to estimate the costs
to a mill to invest in new manufacturing equipment.  We describe the baseline mills, the
technology options, and the methods and sources used to estimate the capital, operating and total
costs.  All costs are in 1994 dollars22; all capacities are expressed in metric tons; and the
quantities of chemicals used are expressed as kilograms per air-dried metric ton of bleached pulp
(kg/ADMT).

A. Technology Options

1. Base Case Processes

We present the technologies used in the base case mills in Table 2.  Because hardwoods
contain less lignin than do softwoods, the hardwood model mill, Mill 3, requires both fewer
stages in the bleach plant and lower quantities of chemicals to produce 90 GE brightness kraft
pulps than do the softwood mills.  We assume that these mills have already made low cost
upgrades to reach 50% chlorine dioxide substitution in the first bleaching stage.  These upgrades
include reinforcing the alkaline extraction stage with oxygen and hydrogen peroxide and
upgrading the R-3 chlorine dioxide generator to an R-8 generator to take advantage of the
associated capacity increase.  Therefore, these mills will have to invest in new chlorine dioxide
generation capacity to meet any additional demand for chlorine dioxide.
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Table 2.  Installed technologies and their performance for the base case bleached kraft mills

Technology Description and level of performance

Pulping Conventional digester which produces unbleached pulp with a Kappa number of 20 or 30
for hardwood or softwood pulps, respectively.

Brownstock washing Brownstock washers operate at the 1989 industry average, with a loss of 13.5 kg
Na2SO4/ADMT.23  Mills treat the organic solids that are carried over from brownstock
washing as additional lignin and adjust the quantity of bleaching chemicals accordingly.

Screen room This mill operates with an open screen room. The pulp is usually screened after brownstock
washing to remove any oversized particles.  The pulp is first diluted with fresh water, then
screened using gravity or pressure screens, and then thickened to the desired consistency
before it enters the next processing stage.  In an open screen room, the filtrate from the
pulp thickening process is discharged to the sewer.24

Bleach plant This mill uses a four-stage bleaching sequence with 50% chlorine dioxide substitution in
the first bleaching stage. This stage operates at low consistency.  The chlorine dioxide
generator operates at full capacity.  The mill has reinforced the alkaline extraction stage
with oxygen and hydrogen peroxide to maximize the chlorine dioxide substitution in the
first bleaching stage.  The bleaching sequences for hardwood and softwood are abbreviated
(C50D50)(EOP)D and (C50D50)(EOP)DD, respectively.  (Note: If a softwood bleached kraft
mill produced a pulp with a maximum brightness of 85 to 86 GE brightness, it would
probably only need one chlorine dioxide stage after alkaline extraction (C50D50)(EOP)D).

Chemical recovery
system

1.6 metric tons of black liquor solids are produced per air-dried metric ton of pulp.25

2. Traditional ECF Processes

To upgrade the base case mills to traditional ECF processes, mills replace the elemental
chlorine in the first bleaching stage with chlorine dioxide.  The traditional ECF mill uses a
D(EOP)DD or a DE(OP)D bleaching sequence to produce 90 GE brightness softwood and
hardwood pulp, respectively.  We have assumed that mills also implement COD controls that
include upgraded brownstock washing, an improved spill collection system and a closed screen
room.  In the brownstock washing system upgrade mills add another washing stage and achieve
as much as a 75% reduction in sodium sulfate loss from brownstock washing.26  Improved spill
collection systems recover about 70% of black liquor spills and send them to the chemical
recovery system where the sodium sulfate in the black liquor is converted to caustic soda and the
organic waste is burned in the recovery boiler to generate steam.27  Mills close the screen room
to take advantage of the savings from reduced water consumption, steam requirements, fiber
recovery and wastewater treatment.28  EPA has included closed screen rooms as part of an
effective COD control program.29

Mills that move to traditional ECF processes have the option of upgrading brownstock
washing and closing the screen room; whereas, mills that install oxygen delignification must
upgrade brownstock washing and close the screen room to obtain both the associated
environmental and economic benefits of installing this technology.  We have assumed that all
mills improve spill collection systems.  Our analysis examines the cost implementing COD
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controls with the installation of the traditional ECF bleaching process.  Table 3 summarizes the
technology changes from the base case.

Table 3.  Process changes from the base case mill to a traditional ECF bleaching process

Technology Description and level of performance

Pulping No change.

Brownstock washing The upgraded brownstock washing line operates with a loss of 5.0 kg Na2SO4/ADMT.
(Optional)

Screen room This mill operates with a closed screen room.  (Optional)

Bleach plant This mill uses a bleaching sequence with 100% chlorine dioxide substitution in the first
bleaching stage.  The mill installs a new chlorine dioxide generator and other ancillary
equipment to meet additional chlorine dioxide needs.30

Chemical recovery
system

Closing the screen room and improving spill collection increases the black liquor solids
sent to the recovery boiler by about 2% and 1.5%, respectively.31  Upgrading the
brownstock washing system results in about a 1% increase in both black liquor solids and
heat content.32  Because these solids have the full heat value, the heat load to the recovery
boiler increases by 4.5%.  The mill will require a small upgrade to increase the capacity of
the recovery boiler.

3. Enhanced ECF Processes

In this option mills reduce the amount of lignin (i.e., lower the Kappa number of the pulp,
a measure of lignin content) in the unbleached pulp using extended delignification (ED)and/or
oxygen delignification (O) before the pulp is exposed to 100% chlorine dioxide in the first
bleaching stage.  We have chosen to call this process “enhanced” ECF, as a matter of
convenience in this paper.  Most mills that could retrofit their existing digesters with extended
delignification at low cost have already done so; therefore, mills moving to this option have the
choice of installing a new digester or oxygen delignification.  We assume that existing mills
install oxygen delignification because the capital cost and the increased load on the recovery
boiler is lower.  Mills selecting this option do not need any additional chlorine dioxide
generating capacity.  The oxygen delignification system lowers the lignin content (Kappa
number) of the pulp sufficiently for the mill to use its existing chlorine dioxide supply.  We
discuss the impact of installing oxygen delignification on chlorine dioxide and recovery boiler
capacity in Sections IV. C and IV.D, respectively.  Table 4 summarizes the technology changes
from the base case.
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Table 4.  Process changes from the base case mill to an enhanced ECF process

Technology Description and level of performance

Pulping Install medium consistency oxygen delignification to remove 40% or 50% of the lignin in
the hardwood or softwood pulp, respectively before it enters the bleach plant.33

Brownstock washing The upgraded brownstock washing line operates with a loss of 5.0 kg Na2SO4/ADMT.

Screen room This mill operates with a closed screen room.

Bleach plant This mill uses a bleaching sequence with 100% chlorine dioxide substitution in the first
bleaching stage.

Chemical recovery
system

Closing the screen room, upgrading brownstock washing, improving spill collection
systems and adding oxygen delignification increases the black liquor solids sent to the
recovery boiler by about 8.5% and increases the heat value of these solids by about 5.5%;34

thus, the mill will require a small upgrade to increase the capacity of the recovery boiler.
The mill must also increase the capacity of the recausticizing plant to meet the increased
demand for oxidized white liquor used in the oxygen delignification system.

4. Low-effluent ECF bleaching processes

This option focuses on ECF bleaching technologies that allow the bleach plant filtrates to
be reused in the manufacturing process.  Low-effluent ECF bleaching sequences build upon
enhanced delignification to recirculate the filtrate from several bleaching stages, including the
first alkaline extraction stage, back to the chemical recovery system where the organic waste is
burned in the recovery boiler to generate energy.  These mills discharge the filtrate from the final
bleaching stage.

We consider two low-effluent ECF sequences, one is currently used at several mills
worldwide, and the other will undergo a mill scale demonstration during 1996.  In the first low-
effluent ECF sequence, mills replace the first chlorine dioxide bleaching stage of an enhanced
ECF process with ozone, as Union Camp has done on the softwood line at its Franklin, VA mill.
The pulp produced with this process has equivalent tear and tensile strength to softwood pulps
produced with conventional chlorine bleaching processes.35  Rather than replacing the
conventional cooking process with extended delignification, the mill achieves the Kappa number
required for effective ozone bleaching by adding anthraquinone to the digester.36

We examine the costs of installing both medium consistency (MC) and high consistency
(HC) ozone systems.  MC ozone systems operate at 10 - 12% consistency (10% pulp and 90%
water); HC systems operate at 40 - 45% consistency; these systems use less water but require an
additional investment in a press.  We assume that the mill leases the ozone generator from the
vendor.  This assumption simplifies the cost calculations and reflects general industry practice.
Table 5 summarizes the process changes required for the base case mills to install low-effluent
ozone ECF bleaching processes.
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Table 5.  Process changes from the base case mill to a low-effluent ozone ECF process

Technology Description and level of performance

Pulping Add anthraquinone to reduce the Kappa number from the digester to 16 or 24 for hardwood
or softwood pulps, respectively.  Install medium consistency oxygen delignification to
remove 40% or 50% of the lignin in the hardwood or softwood pulp, respectively, before it
enters the bleach plant.37

Brownstock washing The upgraded brownstock washing line operates with a loss of 5.0 kg Na2SO4/ADMT.

Screen room This mill operates with a closed screen room.

Bleach plant This mill installs either a medium consistency or high consistency ozone system and uses
chlorine dioxide in the last bleaching stage(s).  The bleaching processes are abbreviated
OZ(EOP)DD and OZ(EOP)D for softwood and hardwood mills, respectively.

Chemical recovery
system

Closing the screen room, upgrading brownstock washing, improving spill collection
systems and adding oxygen delignification and ozone bleaching increases the black liquor
solids sent to the recovery boiler by about 11.5% and increases the heat content of these
solids by about 5.5%;38 thus, the mill will require a small upgrade to increase the capacity
of the recovery boiler.  The mill must also increase the capacity of the recausticizing plant
to meet the increased demand for oxidized white liquor.

In the second low-effluent ECF sequence, mills may be able to modify the chemical
recovery system to allow for the recycling of filtrate from a bleach plant that uses chlorine
dioxide in the first stage as Champion proposes with the experimental Bleached Filtrate
Recycling (BFR™) technology.39  The BFR™ process would modify the bleach plant and the
electrostatic precipitator on the recovery boiler so that filtrate from the alkali extraction stage can
be recirculated to the recovery system.  The filtrate would be concentrated in an expanded
evaporator system and the organic waste would be destroyed in the recovery boiler.  The
chlorides in the filtrate are removed from the chemical recovery system to maintain an
acceptable concentration of chloride ions in the water.  High chloride concentrations in the
recovery system can lead to corrosion.

5. Low-Effluent TCF Processes

TCF bleaching processes use a combination of oxygen, ozone, hydrogen peroxide and
other chemicals that do not contain chlorine.  Mills minimize the amount of lignin in the
unbleached pulp to produce high quality TCF pulp; as a result, all TCF manufacturing processes
require enhanced delignification, either with extended delignification and oxygen delignification
at modern mills or with oxygen delignification and anthraquinone.  To achieve 90 GE brightness
bleached kraft pulp, the most cost-effective processes include ozone and hydrogen peroxide.  We
evaluate high and medium consistency low-effluent ozone TCF processes for softwood bleached
kraft pulps and a high consistency low-effluent ozone TCF process for hardwood pulps.40  Table
6 summarizes the technologies that existing softwood bleached kraft pulp mills could install to
move from the base case to an ozone TCF process.
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Table 6.  Process changes from the base case mill to a low-effluent ozone TCF process

Technology Description and level of performance

Pulping Add anthraquinone to reduce the Kappa number from the digester to 24-28 for softwood
pulp.  Install medium consistency oxygen delignification to remove 50% of the remaining
lignin before the pulp enters the bleach plant.

Brownstock washing The upgraded brownstock washing line operates with a loss of 5.0 kg Na2SO4/ADMT.

Screen room This mill operates with a closed screen room.

Bleach plant This mill installs a medium consistency ozone system and replaces the final chlorine
dioxide stage with either a hydrogen peroxide stageor a medium consistency ozone and a
hydrogen peroxide stage.  A chelating agent is added to the pulp before the hydrogen
peroxide stage to remove the metals that reduce the effectiveness of the peroxide.  The
bleaching processes are abbreviated OQQPZP and OZQPZP for the medium and high
consistency ozone TCF processes for softwood pulp, respectively, and OZQPZ for the
hardwood pulp.

Chemical recovery
system

Closing the screen room, upgrading brownstock washing, improving spill collection
systems and adding oxygen delignification and ozone bleaching increases the black liquor
solids sent to the recovery boiler by about 11.5% and increases the heat value of these
solids by about 5.5%; thus, the mill will require a small upgrade to increase the capacity of
the recovery boiler.  The mill must also increase the capacity of the recausticizing plant to
meet the increased demand for oxidized white liquor.

6. Effluent-Tree ECF and TCF Processes

Once mills recirculate the bleach plant filtrate from the first bleaching and alkaline
extraction stages, the next step involves recirculating all of the filtrate in an effluent-free bleach
plant.  No mill currently operates an effluent-free bleach plant on all of its fiber lines, but
engineering firms are developing several options based on both ECF and TCF bleaching
systems.  We consider one TCF and one ECF effluent-free bleach plant technology in this paper.
In the TCF process, mills would recirculate the effluent to the chemical recovery system.
Process water would be recovered from the evaporators; the organic waste and the used pulping
chemicals would go to the recovery boiler where the pulping chemicals would be recovered and
the organic waste would be burned in the recovery boiler.

Most of the ECF effluent-free bleach plant processes being proposed by engineers
recover the bleach plant filtrates separately from the wastewater generated elsewhere in the mill.
These processes might include evaporation to separate the wastewater from the chloride salts and
organic waste.  The water would be reused in the mill; the solid waste would then be treated in
an incinerator where the organic waste would be burned for energy and the salts reclaimed from
the ash.
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B. Capital Cost Estimates

This section presents the capital costs in 1994 U.S. dollars for the equipment and other
upgrades that the base case model mills would install for traditional ECF, enhanced ECF and
low-effluent ECF and TCF bleaching processes.  Capital cost estimates used in the model
include costs for major equipment, as well as upgrades to chlorine dioxide capacity and the
chemical recovery system.  The cost of the major equipment depends primarily on the capacity
of the mill.  We discuss chlorine dioxide capacity and chemical recovery system upgrades
separately because these costs vary by technology option.  The investment in increased chlorine
dioxide capacity depends on the amount of chlorine dioxide being used.  The cost of chemical
recovery system upgrades depends on the heat value of the recovered solids to the recovery
boiler and the quantity of oxidized white liquor used in the bleach plant.

Capital costs are based on actual installed costs developed by EPA41 and on estimates
from equipment vendors.  Installed costs are the sum of direct and indirect costs.  Direct costs
include the cost of the equipment and the labor required to install it.  Indirect costs account for
other expenditures, such as engineering, licenses, spare parts and supervision.42

1. Adjusting for Mill Capacity

To estimate the capital costs for a specific mill capacity, we use an index to adjust the
capital costs to account for the economies of scale associated with larger equipment.  Economies
of scale result when the cost to add an incremental ton of capacity does not increase linearly with
capacity.  For example, a piece of equipment with a capacity of 500 metric tons per day may cost
$20 million.  If the cost of the equipment increased linearly with size, the cost of the same
component with twice the capacity would be $40 million; however, the larger piece of equipment
may only cost $30 million because of economies of scale.

We used the EPA’s cost indices for equipment and mill modifications43 where possible
and adjusted other capital costs using an index of 0.6, based on a discussion with engineers at
Weyerhaeuser Paper Co.44  We present a description of the equipment in Table A-2 and the
equipment costs, capacities and indices in Table A-3 of the Appendix.

2. Equipment Costs

We present the installed costs for key mill equipment by scale in Table 7.  These costs
assume that the mill is built in the South where large pieces of equipment can be installed
outside the mill building.  In colder climates oxygen delignification systems, digesters and new
chlorine dioxide generators are installed inside buildings; as a result, the installed cost for this
equipment increases by 10 to 20% in colder climates.45
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Table 7.  Installed equipment costs

Equipment [1]
(Millions of 1994 dollars)

Mill 1
(1000 ADMT/Day)

Mills 2 and 3
(500

ADMT/Day)

Closed screen room [2] $2.4 $1.6

Brownstock washing upgrade [1] $5.1 $3.4

Oxygen delignification [1] $17.3 $12.2

New continuous digester  [1] $51.5 $36.4

Ozone bleaching system (medium consistency)  [1] $4.9 $4.2

Ozone bleaching system (high consistency)  [3] $15.0 $9.9

Peroxide tower [4] $2.0 $1.3

BFR™  [5] $20.0 $13.2

Sources: [1]  U.S. EPA, Office of Water, Development Document for Proposed Effluent Limitations Guidelines
and Standards for the Pulp, Paper and Paperboard Point Source Category (Washington, DC: EPA-821-
R-93-019, October 1993), 11-74.
[2]  N. McCubbin, president, N. McCubbin Consultants, personal communication, June 20, 1995.
[3]  Radian Corporation, Development of Capital Cost Curves for Best Available Technology Options for
Chemical Pulp Mills that Bleach Wood, Pulp and Paper Cluster Rule, DCN 08683, Section 9.1.2, October
25, 1993, p.3-28.
[4]  Gord Homer, ECF vs. TCF Future Trends -- Technical and Financial, Panel Discussion, 1995
International Non-Chlorine Bleaching Conference, Amelia Island, FL, March 8, 1995.
[5] G. Maples et al.,  "BFR: A New Process Toward Bleach Plant Closure," Papers presented at the 1994
International Pulp Bleaching Conference, Vancouver, BC, June 13-16, 1994, 253-262; Paper Task Force
Technical visit, Champion International Technical Center, West Nyack, NY, August 15, 1994.

3. Chlorine Dioxide System Upgrades

The R-8 and SVP-lite chlorine dioxide generators react sodium chlorate, methanol and
sulfuric acid to generate gaseous chlorine dioxide.  The gaseous chlorine dioxide is then bubbled
into cold water and stored.  Chlorine dioxide capacity upgrades include the installation of a new
generator and the ancillary equipment required to prepare and store the chlorine dioxide
solution.46  To determine whether the model mills have to increase chlorine dioxide capacity, we
calculated the additional chlorine dioxide demand associated with upgrading the chlorine dioxide
system without installing COD controls, installing traditional ECF and enhanced ECF bleaching
processes.  We have assumed that all mills convert the first bleaching stage from low consistency
to medium consistency when the model mills install either traditional or enhanced ECF
bleaching processes.  We present the calculation of increased chlorine dioxide requirements for
the three model mills in Table A-4 and the calculation of the capital costs for these options in
Table A-5 of the Appendix.
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Table 8.  Cost of chlorine dioxide system upgrade for conventional and enhanced ECF processes

Model Mills Technology option
Chlorine dioxide
system upgrade only

Traditional ECF [1] Enhanced ECF

Mill 1 (1000 metric tons per day softwood)

Existing chlorine dioxide capacity
(metric tons per day)

31 31 31

Additional chlorine dioxide capacity required
(metric tons per day)

16 12 0

Cost for chlorine dioxide system upgrade
(Millions of dollars)

$13.8 $12.3 $0.0

Mill 2  (500 metric tons per day softwood)

Existing chlorine dioxide capacity
(metric tons per day)

16 16 16

Additional chlorine dioxide capacity required
(metric tons per day)

8 6 0

Cost for chlorine dioxide system upgrade
(Millions of dollars)

$8.2 $7.1 $0.0

Mill 3  (500 metric tons per day hardwood)

Existing chlorine dioxide capacity
(metric tons per day)

10 10 10

Additional chlorine dioxide capacity required
(metric tons per day)

5 4 0

Cost for chlorine dioxide system upgrade
(Millions of dollars)

$6.5 $5.8 $0.0

Note: [1]  Traditional ECF processes include the chlorine dioxide system upgrade and the installation of COD
controls -- improved brownstock washing and spill collection systems and a closed screen room.
.

We present the capital costs for chlorine dioxide upgrades in Table 8.  Based on the
calculation of additional chlorine dioxide demand associated with converting the first bleaching
stage from 50% to complete chlorine dioxide substitution, mills installing traditional ECF
processes must install new generating capacity and the ancillary equipment.  Installing
traditional ECF bleaching without upgrading brownstock washing increases the chlorine dioxide
generator capacity by one metric ton for Mill 3, two metric tons for Mill 2 and four metric tons
for Mill 1.  The capital costs increase by $1.5, $1.1 and $0.7 million dollars for Mill 1, Mill 2
and Mill 3, respectively.
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Mills that install enhanced ECF processes do not need additional chlorine dioxide
capacity.  Installing oxygen delignification at the base case mill removes enough lignin to
obviate the need for additional chlorine dioxide capacity.

4. Chemical Recovery System Upgrades

Installing the technology options described in this paper may require some additional
investment in the chemical recovery system.  We consider upgrades to the recausticizing area,
the evaporators and the recovery boiler in this section.

a) Recausticizing system

The increased use of oxidized white liquor at mills with oxygen delignification and ozone
bleaching, for example, requires an investment in additional recausticizing capacity of
approximately $2.0 million for enhanced ECF processes, ozone ECF and TCF processes at each
of the model mills.47

b) Evaporators

Generally, mills do not incur costs for increasing evaporator capacity when installing
enhanced ECF or ozone ECF or TCF processes, because there is no increase in the amount of
water going to the evaporators.48  The solids load to the evaporators does increase, but
evaporators are sized to manage a given volume of water.  Routing filtrates with low solids
concentrations to the evaporator may require increased capacity.49  Installing oxygen
delignification or ozone bleaching may increase the amount of water going to the evaporators in
certain mills, but these special cases are beyond the scope of this study.  Upgrading the spill
collection system does require an increase in evaporator capacity because the black liquor from
the spills is often diluted.  Including the adjustment to the evaporator capacity, the cost to
upgrade the spill collection is about 4.0 million dollars for a mill that produces 1000 ADMT/D.50

c) Recovery boiler upgrades

The ability of a mill’s recovery boiler to absorb the increased load that results from
installing enhanced ECF or low-effluent processes is a key determinant of the costs to upgrade a
mill.  Because the recovery boiler is the most expensive element of a kraft pulp mill, most mills
set their production goals to maximize the load on the recovery boiler.  Installing COD controls
and technologies that allow the mill to recirculate more filtrate to the chemical recovery system
increases the load on the recovery boiler.  Mills whose pulp production is limited by the recovery
boiler capacity would either have to reduce production or invest millions of dollars to either
enlarge or install a new recovery boiler.  International Paper has estimated that a minor upgrade
would cost $23.6 million in 1994 dollars for a 1000 ton per day softwood mill, while a new
recovery boiler would cost $84.4 million.51

While installing COD controls, enhanced ECF and low-effluent processes increases the
solids load to the recovery boiler, the additional heat content of these solids is the critical
parameter in determining the impact on recovery boiler capacity.  Black liquor solids include
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both inorganic material (recovered pulping chemicals) and organic material from the pulping
process.  The inorganic solids have little impact on the heat load.  The organic solids from the
brownstock washers, spill collection systems, closed screen rooms and extended delignification
system have the full heat content, while solids from oxygen delignification and the extraction
stage following ozone bleaching are highly oxidized and thus, have very little heat content.

Tests indicate that oxygen delignification systems add about 1% to the heat load of the
recovery boiler.52  Mill officials with mills that have installed oxygen delignification have
confirmed this increase.53  Heating loads of 1% or less cannot be accurately measured in the
boiler.54  Installing ozone ECF or TCF systems has no additional effect on the heating load.55

Based on a mill-by-mill evaluation of recovery boiler capacity at the 87 bleached kraft mills in
the United States, EPA determined that 55 mills would need a minor recovery boiler upgrade to
install oxygen delignification and/or extended delignification.  The increase in recovery boiler
heating load for the 55 mills ranged from 1 to 2.1%.

The cost associated with recovery boiler upgrades accounts the largest difference in the
industry and EPA estimates of the cost to the industry to install oxygen delignification at
bleached kraft pulp mills.  EPA has estimated that the cost of the recovery boiler upgrades will
be $46.8 million dollars,56 while the industry has estimated this cost to be $2.3 billion dollars.57

The industry cost estimate assumes that mills that incur a measurable increase in black liquor
solids as a result of installing oxygen delignification or COD controls, would install a new
recovery boiler and evaporator set if the newest recovery boiler at the mill was more than 25
years old.  OPTEC, a subsidiary of Rust Engineering, estimated that bleached kraft mills would
have to install 33 new recovery boilers based on an analysis of individual recovery boilers.58

Mills with newer recovery boilers could upgrade the capacity using similar technologies as
proposed by EPA.59  Robert Perciasepe, Assistant Administrator for Water, has indicated that the
EPA’s cost estimate to install oxygen delignification and complete chlorine dioxide substitution
will not increase substantially.60  Both EPA and the National Council of the Paper Industry for
Air and Stream Control have continued to study the industry’s recovery boiler status.

A study performed by Weyerhaeuser and others indicated that over 70% of the existing
recovery boilers in U.S. mills were over 30 years old and would require major rebuilds or
replacement in the course of mill operation during the next decade .61  Most of the increase in
heat content comes from the installation of COD controls.  Based on this analysis we have
assumed that the recovery boiler needs an upgrade to handle the additional solids for all of the
technology options discussed in this paper.62We present the costs to upgrade the chemical
recovery system to install traditional ECF, enhanced ECF and ozone ECF or TCF processes for
the model mills in Table 9.  The costs depend on mill capacity.
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Table 9.  Costs for Chemical recovery system upgrades

Traditional ECF Enhanced ECF Ozone ECF/TCF

Mill 1 (1000 ADMT/D softwood bleached kraft pulp)
Increased heat load to the recovery boiler

COD controls [1] 4.5% 4.5% 4.5%
Oxygen delignification [2] 0.0% 1.0% (2.8%) 1.0% (2.8%)
Recovery of filtrates from extraction stage
following ozone bleaching

0.0% 0.0% (1.2%) 0.0% (1.2%)

Total increase  [3] 4.5% 5.5% (8.5%) 5.5% (8.5%)
Chemical recovery system upgrade costs
(Millions of Dollars)

Recovery boiler upgrade
Causticizing system upgrade
Spill collection system upgrade

$5.0
$0.0
$4.0

$5.0
$2.0
$4.0

$5.0
$2.0
$4.0

Total cost $9.0 $11.0 $11.0

Mills 2 and 3 (500 ADMT/D bleached kraft pulp)
Increased heat load to the recovery boiler

COD controls  [1] 4.5% 4.5% 4.5%
Oxygen delignification [2] 0.0% 1.0% (2.8%) 1.0% (2.8%)
Recovery of filtrates from extraction stage
following ozone bleaching

0.0% 0.0% (1.2%) 0.0% (1.2%)

Total increase  [3] 4.5% 5.5% (8.5%) 5.5% (8.5%)
Chemical recovery system upgrade costs
(Millions of Dollars)

Recovery boiler upgrade
Causticizing system upgrade
Spill collection system upgrade

$3.3
$0.0
$2.6

$3.3
$2.0
$2.6

$3.3
$2.0
$2.6

Total cost $5.9 $7.9 $7.9
Notes: [1]  The heat load associated with the installation of COD controls includes 1.5% from spill collection,

1.0% from upgraded brownstock washing and 2.0% from the closed screen room.
[2]  Union Camp’s estimates of increased heat content of black liquor solids are in parentheses.  D.R.
Lazar, senior applications engineer, Union Camp Technologies Inc., letter to Harry Capell, Johnson &
Johnson, 14 August 1995, 4.
[3]  Installing traditional ECF, enhanced ECF and ozone ECF or TCF processes results in an increase in
black liquor solids of 4.5%, 8.5% and 11.5% respectively when the contribution from spill control systems
is included.

C. Operating Costs

We calculate the operating costs associated with the production of one metric ton of air-
dried bleached pulp.  Operating cost estimates include chemical costs, power costs for additional
mixing for the oxygen and ozone stages and a maintenance cost for new equipment.  The
chemical costs depend on the wood species used; thus, we developed estimates of the chemical
costs for hardwood and softwood pulps.  We used Vice’s 1995 chemical costs.63  There are no
additional operating costs for improved spill collection systems, because the additional steam
required to evaporate the recovered spills offsets the cost savings associated with the steam
recovered and caustic produced from the black liquor solids.64  The maintenance cost, estimated
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at three percent of the capital cost of new equipment, differs for the large and small mills. 65  We
did not include a maintenance cost for new chlorine dioxide generators because the base case
mill already had experience with this equipment.  We present the estimates of the chemical
charges required to produce softwood and hardwood pulps using the technology options in
Tables A-6 and A-8 of the Appendix, respectively.  We present the calculation of the operating
costs to produce one air-dried metric ton of softwood pulp in Table A-7 and one air-dried metric
ton of hardwood pulp in Table A-9.

D. Total Costs

We present estimates of the total cost of installing new process equipment in the base
case model mills as an incremental per metric ton cost.  This cost includes the incremental
operating cost and capital costs associated with installing a given process.  The incremental
operating costs associated with the installation of a new process are the difference between the
operating costs of the new process and those of the base case technology.  All costs are presented
on an after-tax basis using the standard federal corporate tax rate of 34%.

We annualize the capital costs to install the new process equipment using an equipment
life of 15 years and a cost of capital and debt (weighted average cost of capital) of 10%.  The
annualized capital costs also include the tax savings that results from straight-line depreciation of
the capital costs.  We then adjust this annual cost to a per ton basis.66

V. COST ESTIMATES FOR THE TECHNOLOGY OPTIONS

This section contains estimates of the capital, operating and total costs associated with
the installation of the technology options at the base case model mills.  We present results from
the model for installing traditional ECF, enhanced ECF, ozone ECF and TCF processes.  The
discussion of the costs to install effluent-free bleach plants compares engineering estimates
because no mills have installed an effluent-free bleach plant.

We present the capital, incremental operating and total cost estimates for installing
traditional ECF, enhanced ECF and ozone ECF and TCF processes for the three model mills in
Figures 2, 3 and 4, respectively.  We present the major components of the capital cost estimates
in Table A-5 of Appendix A.

A. Traditional ECF processes

We present the cost estimate to install traditional ECF at the three model mills with the
base case technology.  We compare the cost of installing COD controls at these mills.

1. Cost Estimates

We present the estimates of capital, incremental operating and total costs to install
traditional ECF bleaching processes at the three model mills in Table 10.  The capital costs
associated with the installation of a traditional ECF bleaching process at the base case model
mills are approximately $28.9, $18.0 and $16.8 million dollars for Mill 1, Mill 2 and Mill 3,
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respectively.  The upgrade of the chlorine dioxide system accounts for about 50% of the capital
cost estimate for all three mills.  The cost of upgrading the chlorine dioxide system at Mill 1 of
$13.8 million dollars is consistent with International Paper’s estimate of $15.0 million dollars.67.
Installing traditional ECF bleaching processes at the model mills increases the operating costs by
about $8.70 and $6.40 per ADMT pulp, respectively, for the softwood and hardwood mills.
Without the savings associated with improved brownstock washing, the operating costs of an
ECF bleaching process would increase by about $11.90 and $8.50 per ADMT pulp, respectively,
for the softwood and hardwood mills.  The total costs for installing traditional ECF are about
$17.70, $21.10 and $17.90 per ADMT pulp, respectively, for Mill 1, Mill 2 and Mill 3.

Table 10.  Total costs (after-tax) for installing traditional ECF processes at the base case model
mills

Technology option Capital Costs
Annualized

Capital costs[1,2]
Incremental

Operating costs
[1]

Total cost
Year 1 [1]

($ Millions) ($/ADMT) ($/ADMT) ($/ADMT)
Mill 1 (1000 ADMT/D softwood)
Base case $0.0 $0.00 $0.00 $0.00

Chlorine dioxide system upgrade only [3] $13.8 $4.30 $11.90 $16.20

Chlorine dioxide system upgrade
with improved brownstock washing and
spill collection  [4]

$26.4 $8.20 $8.70 $16.90

Traditional ECF  [5] $28.9 $9.00 $8.70 $17.70

Mill 2 (500 ADMT/D softwood)
Base case $0.0 $0.00 $0.00 $0.00

Chlorine dioxide system upgrade only [3] $8.2 $5.60 $11.90 $17.50

Chlorine dioxide system upgrade
with improved brownstock washing and
spill collection  [4]

$16.4 $11.30 $8.70 $20.00

Traditional ECF  [5] $18.0 $12.40 $8.70 $21.10

Mill 3 (500 ADMT/D hardwood)
Base case $0.0 $0.00 $0.00 $0.00

Chlorine dioxide system upgrade only [3] $6.5 $4.40 $8.50 $12.90

Chlorine dioxide system upgrade
with improved brownstock washing and
spill collection  [4]

$15.1 $10.40 $6.40 $16.80

Traditional ECF  [5] $16.8 $11.50 $6.40 $17.90

Notes: [1]  All per ton costs are rounded to the nearest $0.10; the federal corporate tax rate is 34%.
[2]  We have used a 10% cost of capital and a 15 year equipment life to annualize the capital costs.
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[3]  The chlorine dioxide system upgrade includes the installation of a new chlorine dioxide generator sized
to meet the additional chlorine dioxide requirement as well as the ancillary equipment and storage tanks.
[4]  The capital costs include the recovery boiler upgrade because improving spill collection increases the
heat content of the total black liquor solids by about 1.5%.
[5]  The traditional ECF process includes all of the technologies described in Note 4 along with a closed
screen room.

2. The Cost of COD Controls

COD controls include closed screen rooms, improved brownstock washing and black
liquor spill collection.  Bleached kraft mills can upgrade the chlorine dioxide system to an ECF
process without installing the COD controls.  Table 10 illustrates the impact on the costs of
moving to ECF bleaching without upgrading the brownstock washing line, improving spill
collection or closing the screen room.  Upgrading the chlorine dioxide system only offers the
lowest capital cost route to an ECF bleaching process.  The operating cost savings that result
from effective brownstock washing and improved spill collection do not offset the additional
capital cost.  The total cost of upgrading the chlorine dioxide system with improved brownstock
washing and spill collection systems increases the total after-tax costs by about $0.80, $2.50 and
$3.90 per ADMT pulp for Mills 1, 2 and 3, respectively.  Closing the screen room adds about
$0.80 and $1.10 per ADMT pulp, respectively, for Mill 1 and Mills 2 and 3.  Insufficient data
precluded including cost savings that result from the closed screen room, although the mill will
recover more pulping chemicals and increase the amount of steam produced by the recovery
boiler.  The cost differences are higher for the 500 metric ton per day mills because the capital
costs are spread over less pulp production, while the operating cost savings do not change with
the capacity of the mill.

B. Enhanced ECF bleaching processes

We present the cost estimates to install enhanced ECF bleaching processes at the model
mills in Table 11.

Table 11.  Total costs (after-tax) for installing enhanced ECF processes at the model mills

Technology option
Capital Costs

Annualized
Capital costs [1,2]

Incremental
Operating costs [1]

Total cost
Year 1 [1]

($ Millions) ($/ADMT) ($/ADMT) ($/ADMT)
Mill 1 (1000 ADMT/D softwood) $35.8 $11.10 ($2.40) $8.70

Mill 2 (500 ADMT/D softwood) $25.1 $17.20 ($2.00) $15.20

Mill 3 (500 ADMT/D hardwood) $25.1 $17.20 $1.70 $18.90

Notes: [1]  All per ton costs are rounded to the nearest $0.10; the federal corporate tax rate is 34%.
[2]  We have used a 10% cost of capital and a 15 year equipment life to annualize the capital costs.
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1. Capital cost estimates

The capital cost estimates for installing an enhanced ECF process are about $35.8 and
$25.1 million for Mill 1 and Mills 2 and 3, respectively.  The oxygen delignification system
accounts for about 50% of the total capital costs.  These costs are only about $7 to $8 million
more than installing a traditional ECF process, because mills with the base case technology that
move to an enhanced ECF process avoid the cost of installing additional chlorine dioxide
generation capacity.  The oxygen delignification system lowers the lignin content of the pulp
sufficiently for the mill to use its existing chlorine dioxide supply.

We have found general agreement among the various estimates of the cost to install an
enhanced ECF bleaching process in Mill 1.  We have used an installed capital cost of $35.8
million dollars.  International Paper estimated these costs at approximately $31.5 million dollars
without increasing the capacity of the chemical recovery system.68  The Task Force’s capital cost
estimate includes $7 million dollars for upgrades to the recausticizing system and the recovery
boiler.  Champion International's cost estimate to install these technologies at a 1000 metric ton
per day softwood bleached kraft mill is approximately $ 40 million.69  The cost estimate for Mill
2 is also in general agreement with Vice’s estimate of the cost to install enhanced ECF bleaching
at an existing mill with a similar scale and bleaching sequence.  Her estimate of $19.2 million in
1994 dollars does not include the costs of the recovery boiler upgrade, the spill collection system
or the closed the screen room.70  Without these additional investments, the capital cost estimate
for Mill 2 would be about $18.2 million dollars.  We present a break down of the capital costs in
Table A-5 in the Appendix.

2. Total Cost Estimates

Installing enhanced ECF processes decreases the operating costs of the softwood model
mills with 50% chlorine dioxide substitution by $2.00-2.40 per ADMT pulp.  Operating costs
increase by about $1.70 per ADMT pulp at hardwood bleached kraft mills.  Installing oxygen
delignification at the hardwood mill results in increased operating costs because a smaller
quantity of chlorine dioxide is displaced.  For softwood mills, installing enhanced ECF processes
increases the total cost by about $8.70 and $15.30 per ADMT pulp at the large and small
softwood mills, respectively.  The cost of installing enhanced ECF processes at the hardwood
mill is about $19.00 per ADMT pulp.  Thus, softwood mills with the base case technology can
save $6-9 per ADMT pulp by installing an enhanced ECF process rather than a traditional ECF
process.  At the hardwood mill, the difference in total cost is small.  Installing an enhanced ECF
process costs about $1.10 more per ADMT pulp than installing a traditional ECF process.

C. Low-Effluent ECF Processes

We present the costs of installing ozone ECF and enhanced ECF with Champion
International’s BFR™ process (enhanced ECF + BFR™) in Table 12.  To estimate the total cost
of installing enhanced ECF + BFR™, we add an estimated capital cost of $20 million dollars for
a 1000 ADMT/D mill71 and an estimated operating cost increase of $9.00 per ADMT pulp72 to
the capital and operating costs to install an enhanced ECF process in the base case mills.
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Table 12.  Total costs (after-tax) for low-effluent ECF processes

Technology option
Capital Costs

Annualized
Capital costs [1,2]

Incremental
Operating costs [1]

Total cost
Year 1 [1]

($ Millions) ($/ADMT) ($/ADMT) ($/ADMT)
Mill 1 (1000 ADMT/D softwood)
MC Ozone ECF $40.8 $12.70 ($1.30) $11.40

HC Ozone ECF $50.8 $15.80 ($1.70) $14.10

Enhanced ECF + BFR™ $55.8 $17.40 $3.60 $21.00

Mill 2 (500 ADMT/D softwood)
MC Ozone ECF $29.3 $20.10 ($0.70) $19.40

HC Ozone ECF $35.0 $24.00 ($1.10) $22.90

Enhanced ECF + BFR™ $38.3 $26.30 $4.00 $30.30

Mill 3 (500 ADMT/D hardwood)
MC Ozone ECF $29.3 $20.10 $3.50 $23.60

HC Ozone ECF $35.0 $24.00 $5.70 $29.70

Enhanced ECF + BFR™ $38.3 $26.30 $7.70 $34.00

Notes: [1]  All per ton costs are rounded to the nearest $0.10; the federal corporate tax rate is 34%.
[2]  We have used a 10% cost of capital and a 15 year equipment life to annualize the capital costs.

1. Capital Cost Estimates

We have developed estimates for installing both medium consistency (MC) and high
consistency (HC) ozone ECF bleaching processes for the three model mills.  The upgrade to the
base case mills includes oxygen delignification, an ozone system, COD controls, along with
recovery boiler and recausticizing area upgrades.  The cost of the ozone system accounts for the
difference in capital costs between the enhanced ECF and ozone ECF processes.  The cost to
install an MC ozone ECF process is about $40.8 and $29.3 million dollars, respectively, for Mill
1 and Mills 2 and 3.

Installing HC ozone ECF bleaching costs about $50.8 and $35.0 million dollars,
respectively, for these mills.  The cost of the HC ozone system includes a press to increase the
consistency of the pulp to 40-45% before it enters the ozone bleaching system.  Installing an HC
system allows the mill to reduce the operating costs associated with ozone ECF bleaching
because the HC system delivers more ozone to the pulp and the ozone can be produced at a
lower cost.73  Champion estimates that installing BFR™ requires a $20 million capital
investment.  The estimates for HC ozone bleaching are in reasonable agreement with those
provided by Wells Nutt of Union Camp Technologies at the Paper Task Force Expert Panel in
October 1994.  His estimates of $64.3 million and $43.1 million respectively for the Mills 1 and
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2 includes the cost of the ozone generating system and do not include the spill collection
system.74  We estimate that the cost to install the ozone generating system is about $16 million
for Mill 1 and $8 million for Mill 2.  Ozone generating equipment has small or no economies of
scale.

2. Operating Cost Estimates

To estimate the chemical costs for the ozone ECF systems at the softwood mills, we have
assumed that the MC ozone system uses 5.4 kg /ADMT ozone75 and the HC system uses 8
kg/ADMT ozone.76  We estimated the amount of ozone used at the hardwood mill by adjusting
the charge based on the difference in lignin contents in softwood and hardwood pulps after
oxygen delignification.  Based on the operating experience of several mills, we have assumed
that 1 kg ozone replaces 1.7 kg of the total quantity of chlorine dioxide in the bleaching
process.77  The cost to produce ozone for the MC systems is also higher because these systems
require higher concentrations of ozone than do the HC systems.  These differences account for
the lower operating costs associated with the HC systems.  We estimated the chemical costs for
the HC ozone ECF process to be $45.45 and $36.22 per ADMT pulp, respectively, for the
softwood and hardwood mills.

3. Total Costs

The total costs of installing ozone ECF systems are $3.50 to $6.20 per ADMT pulp
higher for the HC systems than for the MC systems in all three mills.  The operating cost savings
obtained by the HC system do not offset the increased capital cost.  Mills may opt for HC
systems if the long-term goal is an effluent-free bleach plant, because the low water use may
facilitate the conversion.  The total costs of installing MC ozone ECF systems at the base case
softwood mills are about $6.30 and $1.70 per ADMT lower, respectively, than the cost of
installing a traditional ECF process at the large and small softwood mills.  The total cost of
installing an ozone ECF process at the hardwood mill is about $5.60 and $11.90 per ADMT
higher, respectively, for the MC and HC ozone systems than is the cost of installing traditional
ECF bleaching.

Installing BFR™ at the base case mills results in the highest total costs of the low-
effluent processes, because installing BFR™ increases both capital and operating costs of the
enhanced ECF process.  Installing an enhanced ECF process with BFR™ increases the total
costs by about $20.90, $23.00 and $34.00 per ADMT pulp, respectively, of base case Mill 1,
Mill 2 and Mill 3.  Operating experience with low-effluent systems, however, is limited, so it is
unclear how the costs will change as mills gain experience operating these systems.  Louisiana-
Pacific, for example, reported that it experienced cost increases similar to those projected for the
BFR™ process since the Samoa, CA mill began to recirculate 70% of the filtrate from its TCF
bleaching process.78
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D. Low-effluent TCF bleaching processes

We present the cost estimates to install MC and HC ozone TCF processes in the softwood
model mills and HC ozone TCF in the hardwood model mill in Table 13.  Insufficient data
precluded the inclusion of the MC ozone process for the hardwood mill.

Table 13.  Total costs (after-tax) for low-effluent ozone TCF processes

Technology option
Capital Costs

Annualized
Capital costs [2,3]

Incremental
Operating costs [2]

Total cost
Year 1 [2]

($ Millions) ($/ADMT) ($/ADMT) ($/ADMT)
Mill 1 (1000 ADMT/D softwood)
MC Ozone TCF [OQQPZP] [1] $42.8 $13.30 $8.10 $21.40

HC Ozone TCF [OZQPZP] [1] $52.8 $16.40 ($2.20) $14.20

Mill 2 (500 ADMT/D softwood)
MC Ozone TCF [OQQPZP] [1] $30.6 $21.00 $8.70 $29.70

HC Ozone TCF [OZQPZP] [1] $36.3 $24.90 ($1.50) $23.40

Mill 3 (500 ADMT/D hardwood)
HC Ozone TCF [OZQPZ] [1] $36.3 $24.90 $4.00 $28.90

Notes: [1]  The capital costs reflect the assumption that the mill can produce acceptable TCF pulp without installing
extended delignification.
[2]  All per ton costs are rounded to the nearest $0.10; the federal corporate tax is 34%.
[3]  We have used a 10% cost of capital and a 15 year equipment life to annualize the capital costs.

1. Capital Costs

The costs to install an MC ozone TCF process with hydrogen peroxide are $42.8 and
$36.3 million dollars, respectively, for Mill 1 and Mills 2 and 3 with the base case technology.

These capital cost estimates assume that the softwood mills can achieve a target Kappa
number of 14 before the pulp enters the ozone bleaching stage.79.  We have assumed that mills
achieve these delignification levels by adding anthraquinone to the digester.  A number of mills
already adding anthraquinone to the digester to extend the delignification process, while
maintaining pulp yield.  Thus, chemical costs rather than wood costs increase when mills use
anthraquinone.  Based on a mill scale trial, Katz reports that mills with conventional digesters
can achieve an even lower delignification level (a Kappa number of 10) economically by using
anthraquinone/polysulfide in the digester followed by a reinforced alkaline extraction stage.80

Installing extended delignification to produce TCF pulp would increase the capital cost estimates
by $51.5 million dollars for Mill 1 and $36.4 million dollars for Mills 2 and 3.
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2. Operating Costs

The operating costs of producing TCF pulp with an MC ozone system are about $8-9 to
dollars per ADMT higher than that of the base case mills.  The operating cost of an MC ozone
TCF process with is about $13 per ADMT pulp higher than that of an enhanced ECF process at
the large softwood mill.  Sunds Defibrator has estimated that the operating costs for a TCF
softwood bleached kraft mill would be $10 per ADMT pulp higher than those for an enhanced
ECF mill.81

In pilot plant studies, Union Camp Technologies engineers have found that adding a
small quantity of ozone from a medium consistency system near the end of the bleaching process
significantly lowers the chemical cost by reducing the amount of hydrogen peroxide required.
Adding the ozone also stabilizes the brightness of the pulp without reducing its strength.  The
process is more economical for softwood pulps than for hardwood pulps.  The operating costs for
an HC ozone TCF process for softwood pulp are expected to be lower than those of the base case
mills by about $1.50-$2.50 per ADMT pulp.  The operating costs for hardwood mills with a
similar process are expected to be about $4.00 per ADMT pulp higher than those of the base
case mill.82

3. Total Costs

The total costs for the MC and HC ozone TCF processes at Mill 1 are $21.40 and $14.20
per ADMT pulp higher, respectively, than the costs of the base case process.  The total costs for
these TCF processes at Mill 2 are $29.70 and $23.40 per ADMT pulp higher than the base case
process.  The total costs for the HC ozone TCF processes are competitive with the traditional
ECF processes.  The costs at the large softwood mill are about $3.50 per ADMT pulp lower,
while those of the small mill are about $2.00 per ADMT pulp higher.

The cost of installing HC ozone TCF bleaching at the hardwood mill increases the total
cost by $28.90 from the base case mill.  This total cost is also about $10.00 per ADMT pulp
higher than the cost to upgrade the base case hardwood mill to traditional ECF bleaching.

E. Effluent-free bleaching plants

Parsons Main83, H. A. Simons84, Kamyr85, and Rust Engineering86 , established
engineering firms for the pulp and paper industry, have published papers that demonstrate that
they consider it possible to design and operate a kraft mill with an effluent-free bleach plant with
only modest impact on manufacturing costs.  We present a summary of their capital and
operating cost estimates in Table 14.  Most of the engineers compared the ECF and TCF
effluent-free options to a modern ECF mill, the ECF base.  We index the costs for the effluent-
free processes to the base case of 100%.  Rust Engineering provided estimates of incremental
capital and operating costs in millions of dollars.
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Table 14.  Capital and operating cost estimates for effluent-free mills

Capital Costs Operating Costs
ECF
base

ECF TCF ECF TCF

Retrofits to Existing Mills

Parsons Main 100% 105% 85%

Rust (in millions of dollars) $98 $96 $2 ($3)

Greenfield Mills

Parsons Main 100% 94% 62%

H. A. Simons 100% 108% 107% 100% 105%

Kamyr 100% 106% 101% 101% 105%

With the exception of Parsons Main's estimates for a greenfield TCF effluent-free mill,
where cost savings can be realized by optimizing the physical plant and eliminating an effluent
treatment system, other engineering firms see essentially no cost differences between the ECF
and TCF options.

F. Manufacturing Costs and Product Prices

The detailed cost model shows that installing pollution-prevention technologies in the
base case mills increases the total costs to produce an air-dried metric ton of bleached kraft pulp.
However, the difference in the total costs to install these technologies is about $15.00 per ADMT
pulp for all three model mills.  Compared to the trend prices of market pulp and uncoated free-
sheet paper, this increase is small.  This increase is also a small percentage of the production
costs of softwood and hardwood pulp at about $475 and $440 per ADMT pulp.87

The ability of a manufacturer to realize this increase in production costs depends on the
number of mills that produce the product and on the balance of supply and demand.  If only one
or two mills make a certain product, they will have a better chance of passing on increased
manufacturing costs than will mills in a very competitive market.  Suppliers can also pass on
additional costs when the demand for a given product exceeds supply.  In this case, purchasers
usually are more concerned about availability than price.

Purchasers currently do not pay different prices for paper manufactured using traditional
pulping and bleaching, traditional ECF, enhanced ECF or ozone ECF technologies.  This
consistency in market pricing should continue into the future.  Market price premiums for TCF
paper probably result from a short-term imbalance of supply and demand.  The limited
availability that results from small production runs at non-integrated mills may cause higher
prices rather than higher pulp manufacturing costs.
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G. Summary

We present the costs to install the technology options in the base case mills in Table 15.

Table 15.  Capital, incremental operating costs and total costs to install the technology options at
the base case mills

Capital Costs Annualized Incremental Total cost [1]
Technology option (Millions of Dollars) Capital costs [1,2] Operating costs [1]

($/ADMT) ($/ADMT) ($/ADMT)
Mill 1 (1000 ADMT/D softwood)
Base case $0.0 $0.0 $0.0 $0.00
Traditional ECF $28.9 $9.00 $8.70 $17.70
Enhanced ECF $35.8 $11.10 ($2.40) $8.70
MC Ozone ECF $40.8 $12.70 ($1.30) $11.40
HC Ozone ECF $50.8 $15.80 ($1.70) $14.10
Enhanced ECF + BFR™ $55.8 $17.40 $3.60 $21.00
MC Ozone TCF [3] $42.8 $13.30 $8.10 $21.40
HC Ozone TCF [3] $52.8 $16.40 ($2.20) $14.20
Mill 2 (500 ADMT/D softwood)
Base case $0.0 $0.0 $0.00 $0.00
Traditional ECF $18.0 $12.40 $8.70 $21.10
Enhanced ECF $25.1 $17.20 ($2.00) $15.20
MC Ozone ECF $29.3 $20.10 ($0.70) $19.40
HC Ozone ECF $35.0 $24.00 ($1.10) $22.90
Enhanced ECF + BFR™ $38.3 $26.30 $4.00 $30.30
MC Ozone TCF [3] $30.6 $21.00 $8.70 $29.70
HC Ozone TCF [3] $36.3 $24.90 ($1.50) $23.40
Mill 3 (500 ADMT/D hardwood)
Base case $0.0 $0.0 $0.00 $0.00
Traditional ECF $16.8 $11.50 $6.40 $17.90
Enhanced ECF $25.1 $17.20 $1.70 $18.90
MC Ozone ECF $29.3 $20.10 $3.50 $23.60
HC Ozone ECF $35.0 $24.00 $5.70 $29.70
Enhanced ECF + BFR™ $38.3 $26.30 $7.70 $34.00
HC Ozone TCF [3] $36.3 $24.90 $4.00 $28.90

Notes:  [1]  All per ton costs are rounded to the nearest $0.10; the federal corporate tax is 34%.
[2]  We have used a 10% cost of capital and a 15 year equipment life to annualize the capital costs.
[3]  The capital costs reflect the assumption that mills can produce acceptable TCF pulp without installing
extended delignification.

1. Costs to install pollution-prevention technologies

• The difference in total costs to install traditional ECF, enhanced ECF or low-effluent
ECF and TCF processes at the base case model mills is no more than $16.00 per
ADMT pulp.
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• Total costs to upgrade the softwood base case model mills to an ECF process are
lowest for the enhanced ECF upgrade.

− Enhanced ECF processes achieve the lowest operating costs of the technology
options at the softwood mills in this study.  These operating cost savings more
than offset the higher capital costs associated with installing enhanced ECF
processes.

− The total cost of upgrading the softwood base case mills to ozone ECF is higher
than that of upgrading to an enhanced ECF upgrade.  While the operating costs
are about the same, the capital investment is higher for the ozone ECF upgrade.

• Total costs to upgrade the softwood base case model mills to an ECF process
generally are lower for the low-effluent ozone options than for the traditional ECF
process.  While the capital costs to upgrade the mills to ozone ECF processes are higher
than are those to upgrade the mills to traditional ECF processes, the operating cost savings
offset the increased capital investment for the large softwood mill.  The total costs to
install ozone ECF and traditional ECF processes at the smaller softwood mill differ by
about $1.00-$2.00.  In this case, the higher capital costs reduce the difference in total
costs to install the two processes.

• Total costs to upgrade the hardwood base case model mill to an ECF process are
similar for the traditional and the enhanced ECF options.  Upgrading the hardwood
mill to an enhanced ECF process results in about half the operating cost savings of the
500 ADMT/D softwood model mill.  The capital costs, however, depend on the capacity
of the mill, and thus, are about the same for these mills.

• The total cost to upgrade the hardwood base case mill to the low-effluent ozone ECF
process is higher than that to upgrade to the traditional or enhanced ECF processes..
As with the enhanced ECF option, the operating cost savings at hardwood mills are about
half those of the softwood mills while the capital costs are similar.

• The proposed enhanced low-effluent ECF + BFR™ total costs are higher than any
other process option presented to upgrade any of the base case mills.

• The total cost to upgrade the softwood base case mills to a TCF process depends on
whether the mill uses a high (HC) or medium consistency (MC) ozone system.  The
total costs to install an HC ozone TCF process is about the same as the cost to install
an ozone ECF process.  The costs to install an MC ozone TCF process are higher.

2. Manufacturing costs and product prices

• To date, mills have not charged a price premium for pulp or paper produced with
traditional ECF, enhanced ECF or ozone ECF processes.  Given the small difference
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in production costs and the number of producers of these products, it is unlikely that
there will be price premiums in the future.

• Mills have received price premiums for TCF pulps, but these premiums appear to
result from limited availability rather than high manufacturing costs.  As more mills
produce TCF pulp to meet anticipated demand, these pulps should no longer have a
price premium.

VI. SENSITIVITY ANALYSES

In the cost model developed in this paper we assumed that the mills produced 90 GE
brightness pulp and compared the costs of installing the technology options in a model mill with
conventional pulping and 50% chlorine dioxide substitution in the first bleaching stage.  In this
section we examine the impact on the total costs of reducing the brightness target to 85 GE
brightness and of installing low-effluent ECF and TCF processes at a mill with an enhanced ECF
process.

A. Reduced Brightness Targets

About 30% of the bleached kraft pulp produced in the U.S. is sold as market pulp.88  The
rest of the pulp is used at integrated mills where the target brightnesses range from 80 to 85 GE
brightness for their own products.  In this section we examine the cost associated with producing
90 GE brightness pulp using the technology options considered in this paper.

Generally, the cost to produce 90 GE brightness pulp depends on the configuration of the
pulping and bleaching processes at the mill.  For mills that are designed to produce 85 GE
brightness pulp, producing 90 GE brightness pulp would require the investment in an additional
bleaching tower and might require an additional investment in chlorine dioxide generating
capacity at mills that use chlorine dioxide.  In some cases, mills that produce market brightness
pulp would require additional process equipment to adjust the bleach plant operation to produce
85 GE brightness pulp.89

1. Conventional and Enhanced ECF Processes

The total cost savings per ADMT pulp to lower the target brightness from 90 to 85 for
the mills with the base case, conventional or enhanced ECF processes range from $2 to $4 per
ADMT pulp.  Westvaco engineers estimate that lowering the pulp brightness for a traditional
ECF process from 90 to 88 would decrease the total cost by $2 to $4 per ADMT of pulp.90

Weyerhaeuser engineers estimate similar cost decreases for reducing the brightness of softwood
pulp from 90 to 85 GE brightness.91  These cost estimates assume that the mill does not have to
modify the bleach plant in order to produce pulps at different brightnesses.

2. Ozone ECF and TCF Processes

The cost savings associated with reducing brightness targets at mills with ozone ECF and
TCF processes also depends on the equipment installed at the mill.  Crosby reported cost
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differentials of $1.00 and $5.00 per ADMT pulp for ozone ECF and TCF processes for softwood
bleached kraft pulp mills that had installed extended delignification  Reducing the brightness
target from 90 to 85 GE brightness reduces total costs about $5 and $10 per ADMT,
respectively, for softwood kraft mills with ozone ECF and TCF processes that have not installed
extended delignification.  The cost savings for hardwood mills are slightly lower.92  McCubbin
reported similar cost differences for theTCF processes.93  We present Union Camp’s estimates of
capital and operating costs to produce 90 and 85 GE brightness pulp in Table A-10 of the
Appendix.

B. Shifting the base case technology

We use the cost model to compare the total costs to install low-effluent ECF and ozone
TCF processes at 1000 ADMT/D softwood mills with base case technologies of (1) conventional
pulping and 50% chlorine dioxide substution and (2) oxygen delignification and complete
chlorine dioxide substitution (enhanced ECF).  We present the capital, operating and total costs
in Table 16.  In all cases, the total costs to install low-effluent processes are lower for mills that
already operate enhanced ECF processes than for the base case mills.  The $8.00-$9.00 per
ADMT savings results from lower capital costs however, these costs are offset some by an
increase in operating costs.  The enhanced ECF mill has the lowest operating costs of the
technologies considered in this paper.

Table 16  After-tax costs to install low-effluent ECF and ozone TCF processes at a 1000
ADMT/D softwood bleached kraft mill with different technology bases

Annualized Incremental Total cost [1]
Technology option Capital Costs Capital costs [1,2] Operating costs [1] Year 1

(Millions of Dollars) ($/ADMT) ($/ADMT) ($/ADMT)
Base case: Conventional pulping and 50% chlorine dioxide substitution
Base case $0.0 $0.00 $0.00 $0.00
Enhanced ECF $35.8 $11.10 ($2.40) $8.70
MC Ozone ECF $40.8 $12.70 ($1.30) $11.40
HC Ozone ECF $50.8 $15.80 ($1.70) $14.10
Enhanced ECF + BFR™ $55.8 $17.40 $3.60 $21.00
MC Ozone TCF $42.8 $13.30 $8.10 $21.40
HC Ozone TCF $52.8 $16.40 ($2.20) $14.20
Base case: Enhanced ECF - oxygen delignification and 100% chlorine dioxide substitution
Base case $0.0 $0.00 $0.00 $0.00
MC Ozone ECF $4.9 $1.50 $1.10 $2.60
HC Ozone ECF $15.0 $4.70 $0.60 $5.30
Enhanced ECF + BFR™ $20.0 $6.20 $5.90 $12.10
MC Ozone TCF [3] $6.9 $2.20 $10.50 $12.70
HC Ozone TCF [3] $17.0 $5.30 $0.10 $5.40

Notes: [1]  Per ton costs have been rounded to the nearest $0.10; the federal corporate tax rate is 34%.
[2] Capital costs have been annualized using a cost of capital of 10% and a 15 year project life.
[3] The capital costs reflect the assumption that the mill can produce acceptable TCF pulp without installing
extended delignification.
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C. Summary

1. Reduce the target brightness from 90 GE to 85 GE brightness  [Section V. A]

• The cost savings associated with reducing the brightness target depend on the
installed equipment at the mill.  We have assumed that the mill does not have to invest
in additional process control equipment.

• For mills with conventional and enhanced ECF processes, reducing the brightness
target results in a cost savings of $2 to $4 per ADMT pulp.  Mills designed to
produce 85 GE brightness pulp, however, would have to invest several million
dollars to upgrade their mill to produce 90 GE brightness pulp.

• Reducing the target brightness from 90 GE to 85 GE brightness at mills that
produce HC ozone ECF or TCF pulp without extended delignification would save
about $5 per ADMT pulp for the ECF process and $10 per ADMT pulp for the TCF
process.  Mills with extended delignification report savings of $1 and $5 per ADMT
pulp for ECF and TCF processes respectively.

2. Changing the Base Case Technology

• Based on the results from this model, changing the technology of the base case mill
from 50% chlorine dioxide substitution to oxygen delignification with complete
chlorine dioxide substitution reduces the total costs to install low-effluent ECF and
TCF processes at Mill 1 by about $8.00 to $9.00 per ADMT pulp.  The lower capital
costs for the mill with the enhanced ECF process offset slightly higher incremental
operating costs to achieve this savings.  The enhanced ECF process at this mill has the
lowest incremental operating costs of the technology options considered herein.
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VII. APPENDIX

LIST OF WHITE PAPERS

Paper Performance

Functionality Requirements for Uncoated Business Papers and Effects of Incorporating
Postconsumer Recycled Content  (White Paper 1)

Functionality Requirements for Coated and Uncoated Publication Papers and Effects of
Incorporating Postconsumer Recycled Content (White Paper 8)

Functionality Issues for Corrugated Packaging Associated with Recycled Content, Source
Reduction and Recyclability  (White Paper 6A)

Functionality Issues for Folding Cartons Associated with Recycled Content, Source Reduction
and Recyclability (White Paper 6B)

Recycling and Used Paper Management

Economics of Recycling as an Alternative to Traditional Means of Solid Waste Management
(White Paper 2)

Lifecycle Environmental Comparison - Virgin Paper and Recycled Paper-Based Systems (White
Paper 3)

Economics of Manufacturing Virgin and Recycled-Content Paper (White Paper 9)

Forest Management

Environmental Issues Associated with Forest Management(White Paper 4)

Economic Considerations in Forest Management (White Paper 11)

Pulp and Paper Manufacturing

Environmental Comparison of Bleached Kraft Pulp Manufacturing Technologies (White Paper
5)

Economics of Kraft Pulping and Bleaching (White Paper 7)

Environmental Comparison - Manufacturing Technologies for Virgin and Recycled-Content
Printing and Writing Paper (White Paper 10A)
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Environmental Comparison - Manufacturing Technologies for Virgin and Recycled Corrugated
Boxes  (White Paper 10B)

Environmental Comparison - Manufacturing Technologies for Virgin and Recycled Coated
Paperboard for Folding Cartons (White Paper 10C)

Comparison of Kraft, Sulfite and BCTMP Pulp and Paper Manufacturing Technologies  (White
Paper 12)

Nonwood Plant Fibers as Alternative Fiber Sources for Papermaking (White Paper 13)
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Table A-1.  List of Panelists

Members of the Task Force gratefully acknowledge the time, effort and expertise that the
panelists and reviewers provided to its research.  The work and the final products of the Task
Force are the sole responsibility of its members.  The panelists and reviewers listed below have
not endorsed the contents of these papers.

LIST OF PANELISTS

The expert panel on an economic comparison of bleached kraft pulp manufacturing technologies
took place on October 12, 1995 in Charlotte, NC.

Jerry Crosby
Engineering Specialist, Weyerhaeuser Paper Company

† Neil McCubbin
President, N. McCubbin Consultants, Inc.

*† Sam McKibbins
Technical Director, Technical Center, Champion International

*† Wells Nutt
President, Union Camp Technologies, Inc.

*† Jean Renard
Manager, Pulp Technology, International Paper Company
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LIST OF REVIEWERS OF ISSUE PAPER NO. 7 AND DRAFT WHITE PAPER NO. 7:
Economic Comparison of Kraft Pulping and Bleaching

*† Lee Andrews
Senior Vice President, Fine Paper Division, Westvaco Corporation

* David Haskett
Technical Director, Pulp Marketing, Louisiana-Pacific Corporation

*† Roland Lövblad
Manager, Environmental Services, Södra Cell AB

* David Modi
Senior Director, Environmental Affairs, Georgia-Pacific

† Keith D. Romig, Jr.
Special Projects Department, United Paperworkers International Union

*† Wayne Schmidt
Scientist, National Wildlife Federation

*† Richard Storat
Vice President, Economics and Materials, AF&PA

* James Weinbauer
Vice President, Environmental Affairs, Consolidated Papers Inc.

*provided comments on issue paper
† provided comments on a draft of the white paper
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Table A-2.  Description of equipment

Equipment Source Description

Closed screen room [1], [2] Some mills will replace atmospheric screens with dimensionally
identical pressure screens, minimizing capital costs  Other mills will
use vertical screens and accept the cost of piping changes.  (This is the
basis for the costs herein.)94  Only rarely will mills need to build a new
screen room to house the new screening equipment.

Brownstock washing
upgrade

[1] Includes installing one additional brownstock washing stage on the
existing washing line

Oxygen delignification
system

[1] Medium consistency system including the necessary oxidized white
liquor equipment and two-stage post oxygen washing.

New continuous digester
with extended
delignification

[3] New Kamyr extended modifed continuous cooking digester.  Includes
atmospheric presteaming and other normal features of recently-
installed-state-of-the-art extended delignification digester.

Ozone bleaching
(medium consistency)

[1] Includes two-stage system: towers and mixers.

Ozone bleaching
(high consistency)

[4] Includes dewatering press, screw-feeder/fluffer, C-Free reactor and
receiver tank.

Recausticizing area
upgrade

[5] Capacity increase to produce additional white liquor for oxygen and
ozone systems

Pressurized peroxide [6] Bleaching tower.

Hydrogen peroxide [6] Bleaching tower
BFR™ technology [7] Includes Metal Removal Process, second EOP washer, bleach filtrate

storage tank, Chloride Removal Process, white liquor oxidizer filter,
black liquor evaporation expansion.

Recovery boiler upgrade [1], [2],
[8]

Modifying boiler air- and liquor-firing systems.  This modification can
increase recovery boiler capacity from 10% to 20%.

Sources: [1]  U.S. EPA, Development Document, chapters 8 and 11.
[2]  Neil McCubbin, president, N. McCubbin Consultants, Inc., personal communication, June 20, 1995.
[3]  Radian Corporation, Development of Capital Cost Curves for Best Available Technology Options for
Chemical Pulp Mills that Bleach Wood, Pulp and Paper Cluster Rule, DCN 08683, Section 9.1.2,
October 25, 1993.
[4]  Bruce Griggs, High Consistency Ozone Delignification, letter to Lauren Blum, 31 May 1994.
[5]  Kirsten Vice, Roy Sieber and Betsy Bicknell, “Costs of Upgrading Bleach Plants to Minimize COD
discharges,” Proceedings of the 1995 International Non-Chlorine Bleaching Conference (San Francisco:
Miller Freeman, Inc., March 1995), 6.
[6]  G. Homer and T. Govers, “Ozone-based ECF and TCF Bleaching:  Mill Experience, Laboratory
Data and Cost Considerations,” TAPPI Proceedings of the 1994 Pulping Conference (Atlanta: TAPPI
Press, November 1994), 1056.
[7]  G. Maples et al., "BFR™: A New Process Toward Bleach Plant Closure," Papers presented at the
1994 International Pulp Bleaching Conference, Vancouver, BC, June 13-16, 1994, 253 - 262.
[8]  Douglas Barton, Comparison of NCASI and EPA Estimates of Proposed Cluster Rule Part II, Pulp
and Paper Cluster Rule, DCN 20,025A5, April 1994, II-7 - II-10.
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Table B-2.  Capacity and cost indices for major capital expenses

Installed costs for equipment (Millions of 1994 dollars)

Equipment Source Installed cost (C0) Capacity (Cap0) Cost index
(n)

(millions of dollars) (ADMT/D)
Closed screen room 2 $3.1 1500 0.6
Brownstock washing upgrade 1 $4.6 845 0.6
Spill reclamation system 1, 2, 10 $4.0 1000 0.6
Oxygen delignification 1 $17.7 1050 0.5
New continuous digester 1 $48.9 900 0.5
Ozone bleaching tower (medium consistency) 1 $4.2 500 0.25
Ozone bleaching tower (high consistency) 4 $15.0 1000 0.6
Recausticizing upgrade (OD only) 5 $2.0 1 0.0
Recausticizing upgrade (OD + ozone) 5 $4.0 1 0.0
Pressurized peroxide 6 $8.0 1000 0.6
Peroxide tower 6 $2.0 1000 0.6
BFR technology 7 $20.0 1000 0.6

Chlorine dioxide system upgrade
Improved ClO2 mixing and control 1 $1.0 500 0.6
Conversion of first bleaching stage to MC 8 $5.0 1000 0.6
Increased storage and other equipment for ClO2 9 $3.0 1000 0.6
New chlorine dioxide generator only 1 $15.6 30 tpd ClO2 0.8
Conversion of R3/SVP ClO2  generator 1 $2.3 11 tpd ClO2 0.2

Recovery boiler upgrade 1, 10 $5.0 1000 0.6
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Table A-3.  Capacity and cost indices for major capital expenses (cont’d)

Note to calculate the capital costs:

Cap = capacity of equipment
Cap0 = baseline capacity of equipment
C = capital cost of equipment
C0 = baseline capital cost of equipment
n = cost index

C C Cap
Cap

n

= ×








0

0

Sources: [1]  U.S. EPA, Development Document, chapters 8 and 11.
[2]  Neil McCubbin, president, N. McCubbin Consultants, Inc., personal communication, June 20, 1995.
[3]  Radian Corporation, Development of Capital Cost Curves for Best Available Technology Options for
Chemical Pulp Mills that Bleach Wood, Pulp and Paper Cluster Rule, DCN 08683, Section 9.1.2,
October 25, 1993.
[4]  Bruce Griggs, High Consistency Ozone Delignification, letter to Lauren Blum, May 31, 1994.
[5]  Kirsten Vice, Roy Sieber and Betsy Bicknell, “Costs of Upgrading Bleach Plants to Minimize COD
discharges,” Proceedings of the 1995 International Non-Chlorine Bleaching Conference (San Francisco:
Miller Freeman, Inc., March 1995), 6.
[6]  G. Homer and T. Govers, “Ozone-based ECF and TCF Bleaching:  Mill Experience, Laboratory
Data and Cost Considerations,” TAPPI Proceedings of the 1994 Pulping Conference (Atlanta:  TAPPI
Press, November 1994), 1056.
[7]  G. Maples et al., "BFR: A New Process Toward Bleach Plant Closure," Papers presented at the
1994 International Pulp Bleaching Conference, Vancouver, BC, June 13-16, 1994, 253 - 262.
[8] Frank Steffes and Ulf Germgård, “Cost and Environmental Impact Comparisons for ECF and TCF
Mills – Applying a Decade of Technological Development,” 1995 International Non-Chlorine Bleaching
Conference,9.
[9]  Thomas Wiesemann, International Paper, personal communication, May 25, 1994.
[10]  Douglas Barton, Comparison of NCASI and EPA Estimates of Proposed Cluster Rule Part II, Pulp
and Paper Cluster Rule, DCN 20,025A5, April 1994, II-7 - II-10.
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Table A-4.  Capital costs for chlorine dioxide system upgrades

Mill 1 Mill 2 Mill 3
1000 ADMT/D 500 ADMT/D 500 ADMT/D

softwood softwood hardwood

Traditional ECF (D(EOP)DD)
Additional chlorine dioxide required (metric tons per day) 13 6 4

Chlorine dioxide capacity upgrade
Increased storage and other equipment for ClO2 $4.0 $2.6 $2.6
New chlorine dioxide generator (a) $8.3 $4.5 $3.2
TOTAL $12.3 $7.1 $5.8

Traditional ECF no washing upgrade
Additional chlorine dioxide required (metric tons per day) 16 8 5

Chlorine dioxide capacity upgrade
Increased storage and other equipment for ClO2 $4.0 $2.6 $2.6
New chlorine dioxide generator (a) $9.8 $5.6 $3.9
TOTAL $13.8 $8.2 $6.5

Enhanced ECF (OD(EOP)DD)
Additional chlorine dioxide required (metric tons per day) 0 0 0

Chlorine dioxide capacity upgrade $0.0 $0.0 $0.0
TOTAL $0.0 $0.0 $0.0
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Table A-5.  Capital costs for the technology options

Mill 1 Mill  2 Mill  3
1000 ADMT /D 500 ADMT /D 500 ADMT /D

Softwood Softwood Hardwood
Conventional  ECF
Close screen room $2.4 $1.6 $1.6
Upgrade brownstock washing $5.1 $3.4 $3.4
Spill reclamation system $4.0 $2.6 $2.6
Chlorine dioxide system upgrade $12.3 $7.1 $5.8
Recovery boiler capacity upgrade $5.0 $3.3 $3.3
Total $28.9 $18.0 $16.8

Enhanced ECF
Closed screen room $2.4 $1.6 $1.6
Upgrade brownstock washing $5.1 $3.4 $3.4
Spill reclamation system $4.0 $2.6 $2.6
Chlorine dioxide system upgrade $0.0 $0.0 $0.0
Oxygen Delignificat ion $17.3 $12.2 $12.2
Recaust icizing upgrade $2.0 $2.0 $2.0
Recovery boiler capacity upgrade $5.0 $3.3 $3.3
Total $35.8 $25.1 $25.1

O zone (MC) ECF
Close screen room $2.4 $1.6 $1.6
Upgrade brownstock washing $5.1 $3.4 $3.4
Spill reclamation system $4.0 $2.6 $2.6
Oxygen Delignificat ion $17.3 $12.2 $12.2
MC Ozone tower $4.9 $4.2 $4.2
Recaust icizing upgrade $2.0 $2.0 $2.0
Recovery boiler capacity upgrade $5.0 $3.3 $3.3
Total $40.8 $29.3 $29.3

O zone (HC) ECF
Close screen room $2.4 $1.6 $1.6
Upgrade brownstock washing $5.1 $3.4 $3.4
Spill reclamation system $4.0 $2.6 $2.6
Oxygen Delignificat ion $17.3 $12.2 $12.2
HC Ozone tower $15.0 $9.9 $9.9
Recaust icizing upgrade $2.0 $2.0 $2.0
Recovery boiler capacity upgrade $5.0 $3.3 $3.3
Total $50.8 $35.0 $35.0

MC O zone/ peroxide  TCF
Close screen room $2.4 $1.6 $1.6
Upgrade brownstock washing $5.1 $3.4 $3.4
Spill reclamation system $4.0 $2.6 $2.6
Oxygen Delignificat ion $17.3 $12.2 $12.2
MC Ozone tower $4.9 $4.2 $4.2
Peroxide tower $2.0 $1.3 $1.3
Recaust icizing upgrade $2.0 $2.0 $2.0
Recovery boiler capacity upgrade $5.0 $3.3 $3.3
Total $42.8 $30.6 $30.6
Add extended delignification $51.5 $36.4 $36.4
Total w/ EC $94.3 $67.0 $67.0

HC O zone peroxide  TCF
Close screen room $2.4 $1.6 $1.6
Upgrade brownstock washing $5.1 $3.4 $3.4
Spill reclamation system $4.0 $2.6 $2.6
Oxygen Delignificat ion $17.3 $12.2 $12.2
HC Ozone tower $15.0 $9.9 $9.9
Peroxide tower $2.0 $1.3 $1.3
Recaust icizing upgrade $2.0 $2.0 $2.0
Recovery boiler capacity upgrade $5.0 $3.3 $3.3
Total $52.8 $36.3 $36.3
Add extended delignification $51.5 $36.4 $36.4
Total w/ EC $104.3 $72.8 $72.8
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Table A-6.  Estimate of chemical charges to produce softwood bleached kraft pulp

Operating cost estimates
DEOPDD 

Softwood (C50D50)(EOP)DD (no wash) D(EOP)DD OD(EOP)DD OZmc(EOP)DD OZhc(EOP)DD OQQPZmcP OZhcQPZP
Kappa out of digester 30 30 30 30 24 24 28 24
Oxygen delignification efficiency 100% 100% 100% 50% 50% 50% 50% 50%
Kappa out of OD 30 30 30 15 12 12 14 12
Sodium sulfate washing loss (kg/ADMT pul 13.5 13.5 5.0 5.0 5.0 5.0 5.0 5.0
Percentage of Kappa value 17.5% 17.5% 6.5% 6.5% 6.5% 6.5% 6.5% 6.5%
Kappa equivalents 5.3 5.3 1.9 1.0 0.8 0.8 0.9 0.8
Kappa number into bleach plant 35.3 35.3 31.9 16.0 12.8 12.8 14.9 12.8

Anthraquinone to digester 0.6 0.6 0.2 0.6

Oxygen delignification
Oxygen (kg/ADMT) 20.0 20.0 27.0 12.5 27.0
Magnesium sulfate (kg/ADMT) 3.6 3.6 4.9 2.3 4.9
Oxidized white liquor (kg/ADMT) 20.0 20.0 27.0 12.5 27.0

C/D stage
pulp entering bleaching stage (ADMT) 1.08 1.08 1.08 1.04
Kappa factor 0.22 0.22 0.22 0.22
Chlorine dioxide substitution level 50% 100% 100% 100%
Chlorine (kg/ADMT) 41.9 0 0 0
Chlorine dioxide - first stage (kg/ADMT) 15.9 31.8 28.9 13.9
Sulfuric acid (kg/ADMT) 0.0 19.1 17.3 8.3
Shrinkage 4% 4% 4% 3%

Ozone stage
pulp entering bleaching stage (ADMT) 1.035 1.035 1.035 1.035
Ozone (kg/ADMT) 5.4 7.9 3.9 8.5
Chelant (kg/ADMT) 1.1 1.1 1.1
Sulfuric Acid (kg/ADMT) 27 27 31.5
Sodium hydroxide (kg/ADMT) 5.4 5.4 5.4
Sodium hydroxide (recovered)  (kg/ADMT) -5 -6.5 -7.9
Shrinkage 0.02 0.02 0.02 0.02

Extraction stage (EOP)
pulp entering bleaching stage (ADMT) 1.04 1.04 1.04 1.01 1.01 1.01 1.01
Caustic (kg/ADMT) 42.7 42.7 38.7 19.3 5.4 5.4 42.0
Oxygen (kg/ADMT) 5.2 5.2 5.2 5.1 5.1 5.4 0.0
Hydrogen peroxide (kg/ADMT) 3.0 3.1 3.1 3.0 3.0 3.7 0.0
Shrinkage 3% 3% 3% 1% 1% 1% 1%

Final Chlorine dioxide stages (DD) (kg/ADMT)
Chlorine dioxide (kg/ADMT) 14.0 14.0 14.0 14.0 18.7 14.5
Sodium Hydroxide (kg/ADMT) 8.4 8.4 8.4 8.4 11.2 8.7

Chelant Stage
Chelant (kg/ADMT) 2.6 2.2
Sulfuric acid 8.3 8.3

Peroxide stages
Hydrogen peroxide (kg/ADMT) 35 15.4
Sodium Hydroxide (kg/ADMT) 10.8
Magnesium sulfate (kg/ADMT) 2.3
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Table A-6.  Estimate of chemical charges to produce softwood bleached kraft pulp (cont’d)

Notes:
[1]

Robert Okell, Weyerhaeuser Paper Company, personal communication, September 12, 1994.  The percentage of kappa value is proportional to the
carry-over from brownstock washing.

[2] Effective increase in kappa number that results from the carry-over of dissolved organic material with the pulp.
[3] Kappa factor = % active chlorine / brownstock kappa number,

% active chlorine = %Cl2 + 0.263 x %ClO2.
[4] MC and HC ozone charges from Wells Nutt, president, Union Camp Technologies, Inc., letter to Harry Capell, Johnson & Johnson, 14 August

1995.
[5] We used a caustic charge of 55% of the active chlorine in the first bleaching stage [Source:  Thomas Wiesmann, International Paper, personal

communication, May 25, 1994.]
[6] Typical industry usage for reinforced alkali extraction.
[7] Typical chlorine dioxide charges in the final bleaching stages range from about 8 kg to 15 kg/ADMT pulp depending on the wood species and

brightness target.  We chose a chlorine dioxide charge of 14 kg/ADMT for the softwood conventional ECF and enhanced ECF processes based on
information from Jean Renard at International Paper [letter to Lauren Blum, October 1994].

[8] The final chlorine dioxide charges for the ozone ECF processes were calculated by subtracting 1.7 times the ozone charge from the total chlorine
dioxide charge used in the enhanced ECF process.  [Source:  Vice, et al., 1995 International Non-Chlorine Bleaching Conference]

[9] Neil McCubbin, personal communication, October 10, 1994.
[10] Union Camp Technologies, Inc.  provided chemical charges for the HC ozone TCF softwood bleaching processes.  Roland Lövblad, manager,

environmental services, Södra Cell AB provided the chemical charges for the MC ozone softwood TCF process.
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Table A-7.  Estimate of operating costs to produce softwood bleached kraft pulp

(C50D50)(EOP)DD DEOPDD D(EOP)DD OD(EOP)DD OZmc(EOP)DD OZhc(EOP)DD OQQPZmcP OZhcQPZP Cost
Chemical Charges (kg/ADMT bleached pulp)
Chlorine 41.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 $0.20
Chlorine dioxide 29.9 45.8 42.9 27.9 18.7 14.5 0.0 0.0 $1.02
Sulfuric Acid 0.0 19.1 17.3 8.3 27.0 27.0 8.3 39.8 $0.07
Sodium hydroxide 0.0 51.1 47.1 27.7 17.0 13.0 42.0 8.3 $0.40
Sodium hydroxide (without Cl2) 51.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 $0.23
Oxygen 5.2 5.2 5.2 25.1 25.1 32.4 12.5 27.0 $0.06
Oxidized white liquor 0.0 0.0 0.0 20.0 20.0 27.0 12.5 27.0 $0.05
Magnesium sulfate 0.0 0.0 0.0 3.6 3.6 4.9 2.3 7.2 $0.50
Ozone (MC) 0.0 0.0 0.0 0.0 5.4 0.0 3.9 2.1 $1.60
Ozone (HC) 0.0 0.0 0.0 0.0 0.0 7.9 0.0 6.4 $1.40
Hydrogen peroxide 3.0 3.1 3.1 3.0 3.0 3.7 35.0 15.4 $0.90
Chelating agent 0.0 0.0 0.0 0.0 1.1 1.1 2.6 3.3 $1.00
Anthraquinone 0.0 0.0 0.0 0.0 0.6 0.6 0.2 0.6 $4.00

Power for oxygen and ozone mixing (kWh/ADMT) 35 70 70 70 70 $0.04

1000 ADMT/day softwood mill operating costs
Chemical costs $53.65 $71.64 $66.87 $47.17 $46.98 $45.45 $61.02 $44.54
Power costs $0.00 $0.00 $0.00 $1.40 $2.80 $2.80 $2.80 $2.80
Maintenance $0.00 $0.00 $0.00 $1.48 $1.90 $2.76 $2.07 $2.94
Spill reclamation system $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
TOTAL OPERATING COSTS $53.65 $71.64 $66.87 $50.05 $51.68 $51.01 $65.90 $50.28

Change from base case $0.00 $17.99 $13.21 ($3.60) ($1.97) ($2.64) $12.25 ($3.37)

500 ADMT/day softwood mill operating costs
Chemical costs $53.65 $71.64 $66.87 $47.17 $46.98 $45.45 $61.02 $44.54
Power costs $0.00 $0.00 $0.00 $1.40 $2.80 $2.80 $2.80 $2.80
Maintenance $0.00 $0.00 $0.00 $2.09 $2.80 $3.79 $3.03 $4.01
Spill reclamation system $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
TOTAL OPERATING COSTS $53.65 $71.64 $66.87 $50.66 $52.58 $52.04 $66.85 $51.36



52

Table A-7.  Estimate of operating costs to produce softwood bleached kraft pulp (cont’d)

Notes:  [1] Sources: Kirsten Vice, Roy Sieber and Betsy Bicknell, “Costs of Upgrading Bleach Plants to Minimize COD discharges,” Proceedings of the 1995
International Non-Chlorine Bleaching Conference (San Francisco: Miller Freeman, Inc., March 1995), 21.G. Homer and T. Govers, “Ozone-based
ECF and TCF Bleaching:  Mill Experience, Laboratory Data and Cost Considerations,” TAPPI Proceedings of the 1994 Pulping Conference
(Atlanta:  TAPPI Press, November 1994), 1061.  Chlorine dioxide cost has been adjusted to account for chemical cost and maintenance cost only.
We used the chemical costs for sodium chlorate, methanol and sulfuric acid presented on page 1055, but used 1.74 kg of sodium chlorate based on
a 95% yield of chlorine dioxide from sodium chlorate.

[2] Jean Renard, personal communication, May 26, 1995.
[3] Cost savings from spill collection systems are very small.  The credit for additional steam and sodium sulfate recovered from the black liquor spills

of offset by the additional cost of steam required to evaporate the additional water.
[4] We have calculated the maintenance costs as 3% of the capital costs of new equipment installed at the mill.  The total cost has been adjusted to a

per ton cost by assuming that the mills run at full capacity 350 days per year.  We have included maintenance costs for oxygen delignificaton,
ozone and hydrogen peroxide bleaching.  We do not include the new chlorine dioxide generator, because we have assumed that mill personnel
already have experience with an R-8 chlorine dioxide generator.
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Table A-8.  Estimate of chemical charges to produce hardwood bleached kraft pulp

Operating cost estimates
D(EOP)D

Hardwood (C50D50)(EOP)D (no wash) D(EOP)D OD(EOP)D OZmc(EOP)D OZhc(EOP)D OZhcQPZ
Kappa out of digester 20 20 20 20 16 16 16
Oxygen delignification efficiency 1 1 1 0.4 0.4 0.4 0.4
Kappa out of OD 20 20 20 12 9.6 9.6 9.6
Sodium sulfate washing loss (kg/ADMT pulp) 13.5 13.5 5.0 5.0 5.0 5.0 5.0
Percentage of Kappa value 17.5% 17.5% 6.5% 6.5% 6.5% 6.5% 6.5%
Kappa equivalents 3.5 3.5 1.3 0.8 0.6 0.6 0.6
Kappa number into bleach plant 23.5 23.5 21.3 12.8 10.2 10.2 10.2

Anthraquinone to digester 0.4 0.4 0.4

Oxygen delignification
Oxygen (kg/ADMT) 20.0 20.0 20.0 20.0
Magnesium sulfate (kg/ADMT)
Oxidized white liquor (kg/ADMT) 20.0 20.0 20.0 20.0

C/D stage
pulp entering bleaching stage (ADMT) 1.08 1.08 1.08 1.04
Kappa factor 0.22 0.22 0.22 0.22
Chlorine dioxide substitution level 50% 100% 100% 100%
Chlorine (kg/ADMT) 27.9 0 0 0
Chlorine dioxide - first stage (kg/ADMT) 10.6 21.2 19.2 11.1
Sulfuric acid (kg/ADMT) 0.0 12.7 11.5 6.7
Shrinkage 4% 4% 4% 3%

Ozone stage
pulp entering bleaching stage (ADMT) 1.035 1.035 1.035
Ozone (kg/ADMT) 4.2 5.9 7.9
Chelant (kg/ADMT) 1.1 1.1 1.1
Sulfuric Acid (kg/ADMT) 23.6 23.6 28.1
Sodium hydroxide (kg/ADMT) 4.2 4.2 4.2
Sodium hydroxide (recovered)  (kg/ADMT) -5 -5.7 -7.5
Shrinkage 0.02 0.02 0.02

Extraction stage (EOP)
pulp entering bleaching stage (ADMT) 1.04 1.04 1.04 1.01 1.014705882 1.014705882 1.014705882
Caustic (kg/ADMT) 28.4 28.4 25.8 15.5 5.3 5.3 0.0
Oxygen (kg/ADMT) 5.0 5.0 5.0 5.0 5.3 5.3 0.0
Hydrogen peroxide (kg/ADMT) 3.0 3.0 3.0 3.0 3.7 3.7 0.0
Shrinkage 3% 3% 3% 1% 1% 1% 1%

Final Chlorine dioxide stages (DD)
Chlorine dioxide (kg/ADMT) 8.0 8.0 8.0 8.0 12.0 5.4
Sodium Hydroxide (kg/ADMT) 4.8 4.8 4.8 7.2 3.2

Chelant Stage
Chelant (kg/ADMT) 2.0
Sulfuric acid 6.2

Peroxide stages
Hydrogen peroxide (kg/ADMT) 11.8
Sodium Hydroxide (kg/ADMT) 8.2
Magnesium sulfate (kg/ADMT) 2.3
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Table A-8.  Estimate of chemical charges to produce hardwood bleached kraft pulp (cont’d)

Notes:  [1] Robert Okell, Weyerhaeuser Paper Company, personal communication, September 12, 1994.  The percentage of kappa value is proportional to the
carry-over from brownstock washing.

[2] Effective increase in kappa number that results from the carry-over of dissolved organic material with the pulp.
[3] Kappa factor = % active chlorine / brownstock kappa number,

% active chlorine = %Cl2 + 0.263 x %ClO2.
[4] MC and HC ozone charges from Wells Nutt, president, Union Camp Technologies, Inc., letter to Harry Capell, Johnson & Johnson, 14 August

1995.
[5] We used a caustic charge of 55% of the active chlorine in the first bleaching stage [Source:  Thomas Wiesmann, International Paper, personal

communication, May 25, 1994.]
[6] Typical industry usage for reinforced alkali extraction.
[7] Typical chlorine dioxide charges in the final bleaching stages range from about 8 kg to 15 kg/ADMT pulp depending on the wood species and

brightness target.  We chose a chlorine dioxide charge of 8 kg/ADMT for the softwood conventional ECF and enhanced ECF processes based on
information from Jean Renard at International Paper [letter to Lauren Blum, October 1994].

[8] The final chlorine dioxide charges for the ozone ECF processes were calculated by subtracting 2 times the ozone charge from the total chlorine
dioxide charge used in the enhanced ECF process.  [Source:  Vice, et al., 1995 International Non-Chlorine Bleaching Conference]

[9] Neil McCubbin, personal communication, October 10, 1994.
[10] Union Camp Technologies, Inc.  provided chemical charges for the HC ozone TCF hardwood bleaching processes.
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Table A-9.  Estimate of operating costs to produce hardwood bleached kraft pulp (cont’d)

500 ADMT/day hardwood mill
(C50D50)(EOP)D D(EOP)D D(EOP)D OD(EOP)D OZmc(EOP)D OZhc(EOP)D OZhcQPZ Cost

Chemical Charges (kg/ADMT bleached pulp) (no wash)
Chlorine 27.9 0.0 0.0 0.0 0.0 0.0 0.0 $0.20
Chlorine dioxide 18.6 29.2 27.2 19.1 12.0 5.4 0.0 $1.02
Sulfuric Acid 0.0 12.7 11.5 6.7 23.6 23.6 34.3 $0.07
Sodium hydroxide 0.0 33.2 30.6 20.3 11.7 7.0 4.9 $0.40
Sodium hydroxide (without Cl2) 28.4 0.0 0.0 0.0 0.0 0.0 0.0 $0.23
Oxygen 5.0 5.0 5.0 25.0 25.3 25.3 20.0 $0.06
Oxidized white liquor 0.0 0.0 0.0 20.0 20.0 20.0 20.0 $0.05
Magnesium sulfate 0.0 0.0 0.0 0.0 0.0 0.0 0.0 $0.50
Ozone (MC) 0.0 0.0 0.0 0.0 4.2 5.9 2.0 $1.60
Ozone (HC) 0.0 0.0 0.0 0.0 0.0 5.9 5.9 $1.40
Hydrogen peroxide 3.0 3.0 3.0 3.0 3.7 3.7 11.8 $0.90
Chelating agent 0.0 0.0 0.0 0.0 1.1 1.1 3.1 $1.00
Anthraquinone 0.0 0.0 0.0 0.0 0.4 0.4 0.4 $4.00

Power for oxygen and ozone mixing (kWh/ADMT) 35 70 70 70 $0.04

Operating and Maintenance costs 500 ADMT hardwood mill
Chemical costs $34.11 $47.00 $43.82 $33.27 $33.81 $36.22 $33.34
Power costs $0.00 $0.00 $0.00 $1.40 $2.80 $2.80 $2.80
Maintenance $0.00 $0.00 $0.00 $2.09 $2.80 $3.79 $4.01
Spill reclamation system $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
TOTAL OPERATING COSTS $34.11 $47.00 $43.82 $36.76 $39.41 $42.81 $40.15

Change from base case $0.00 $12.89 $9.71 $2.65 $5.30 $8.70 $6.04
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Table A-9.  Estimate of operating costs to produce hardwood bleached kraft pulp (cont’d)

Notes:  [1] Sources: Kirsten Vice, Roy Sieber and Betsy Bicknell, “Costs of Upgrading Bleach Plants to Minimize COD discharges,” Proceedings of the 1995
International Non-Chlorine Bleaching Conference (San Francisco: Miller Freeman, Inc., March 1995), 21.G. Homer and T. Govers, “Ozone-based
ECF and TCF Bleaching:  Mill Experience, Laboratory Data and Cost Considerations,” TAPPI Proceedings of the 1994 Pulping Conference
(Atlanta:  TAPPI Press, November 1994), 1061.  Chlorine dioxide cost has been adjusted to account for chemical cost and maintenance cost only.
We used the chemical costs for sodium chlorate, methanol and sulfuric acid presented on page 1055, but used 1.74 kg of sodium chlorate based on
a 95% yield of chlorine dioxide from sodium chlorate.

[2] Jean Renard, personal communication, May 26, 1995.
[3] Cost savings from spill collection systems are very small.  The credit for additional steam and sodium sulfate recovered from the black liquor spills

of offset by the additional cost of steam required to evaporate the additional water.
[4] We have calculated the maintenance costs as 3% of the capital costs of new equipment installed at the mill.  The total cost has been adjusted to a

per ton cost by assuming that the mills run at full capacity 350 days per year.  We have included maintenance costs for oxygen delignificaton,
ozone and hydrogen peroxide bleaching.  We do not include the new chlorine dioxide generator, because we have assumed that mill personnel
already have experience with an R-8 chlorine dioxide generator.
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Table A-10. Union Camp Corporation estimtates of the impact on capital and operating costs of
a reduced brightness target

Assumptions

cost of capital 10%
equipment life 15 years
 Annual capacity (350 days per year operation)
Mill 1 350,000    metric tons per year
Mill 2 175,000    metric tons per year
Mill 3 175,000    metric tons per year
Union Camp estimates

Annualized
Capital cost Capital cost Chemical cost Total cost
($Millions) ($/ADMT) ($/ADMT) ($/ADMT)

M ill 1
Ozone  (HC) ECF (OZEOD  or OZEOD D )
90 GEB $64.3 $24.15 $30.27 $54.42
85 GEB $64.3 $24.15 $25.20 $49.35
D iffe re nce $0.00 $5.07 $5.07

Ozone  (HC) TCF (OZQP or OZQPZP)
90 GEB $81.3 $30.54 $40.04 $70.58
85 GEB $72.7 $27.31 $32.49 $59.80
D iffe re nce $3.23 $7.55 $10.78

M ill 2
Ozone  (HC) ECF (OZEOD  or OZEOD D )
90 GEB $43.1 $32.38 $30.27 $62.65
85 GEB $43.1 $32.38 $25.20 $57.58
D iffe re nce $0.00 $5.07 $5.07

Ozone  (HC) TCF (OZQP or OZQPZP)
90 GEB $54.4 $40.87 $40.04 $80.91
85 GEB $49.2 $36.96 $32.49 $69.45
D iffe re nce $3.91 $7.55 $11.46

M ill 3
Ozone  (HC) ECF (OZEOD  or OZEOD D )
90 GEB $41.5 $31.18 $18.23 $49.41
85 GEB $40.6 $30.50 $16.60 $47.10
D iffe re nce $0.68 $1.63 $2.31

Ozone  (HC) TCF (OZQP or OZQPZP)
90 GEB $47.7 $35.84 $40.04 $75.88
85 GEB $46.2 $34.71 $32.49 $67.20
D iffe re nce $1.13 $7.55 $8.68
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VIII. ENDNOTES

11 SSeevveerraall  rreevviieewweerrss  ooff  tthhee  iissssuuee  ppaappeerr  rreeccoommmmeennddeedd  tthhaatt  wwee  iinncclluuddee  aa  rreeiinnffoorrcceedd  aallkkaalliinnee  eexxttrraaccttiioonn  ssttaaggee  aanndd
iinnccrreeaassee  tthhee  cchhlloorriinnee  ddiiooxxiiddee  ssuubbssttiittuuttiioonn  lleevveell  ffrroomm  1100%%  ttoo  5500%%  iinn  tthhee  bbaassee  ccaassee  tteecchhnnoollooggyy..

22 KKiirrsstteenn  VViiccee,,  RRooyy  SSiieebbeerr  aanndd  BBeettssyy  BBiicckknneellll,,  ““CCoossttss  ooff  UUppggrraaddiinngg  BBlleeaacchh  PPllaannttss  ttoo  MMiinniimmiizzee  CCOODD
ddiisscchhaarrggeess,,””  PPrroocceeeeddiinnggss  ooff  tthhee  11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  CCoonnffeerreennccee  ((SSaann  FFrraanncciissccoo::  MMiilllleerr
FFrreeeemmaann,,  IInncc..,,  MMaarrcchh  11999955)),,  2211..    ((11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  CCoonnffeerreennccee  hheerreeaafftteerr))

33 TThhee  aabbbbrreevviiaattiioonn  ““EEDD””  ffoorr  eexxtteennddeedd  ddeelliiggnniiffiiccaattiioonn  iiss  nnoott  aa  ssttaannddaarrdd  aabbbbrreevviiaattiioonn  ddeevveellooppeedd  bbyy  tthhee  TTeecchhnniiccaall
AAssssoocciiaattiioonn  ooff  tthhee  PPuullpp  aanndd  PPaappeerr  IInndduussttrryy  ((TTAAPPPPII))..

44 UU..SS..  EEPPAA,,  OOffffiiccee  ooff  WWaatteerr,,  DDeevveellooppmmeenntt  DDooccuummeenntt  ffoorr  PPrrooppoosseedd  EEfffflluueenntt  LLiimmiittaattiioonnss  GGuuiiddeelliinneess  aanndd
SSttaannddaarrddss  ffoorr  tthhee  PPuullpp,,  PPaappeerr  aanndd  PPaappeerrbbooaarrdd  PPooiinntt  SSoouurrccee  CCaatteeggoorryy  ((WWaasshhiinnggttoonn,,  DDCC::  EEPPAA--882211--RR--9933--001199,,
OOccttoobbeerr  11999933)),,  44--2200..  ((DDeevveellooppmmeenntt  DDooccuummeenntt  hheerreeaafftteerr)),,..

55 AAmmeerriiccaann  PPaappeerrmmaakkeerr  ssttaaffff  rreeppoorrtt,,  ““TTrriieedd  aanndd  TTrruuee::  NNoorrtthh  AAmmeerriiccaann  eexxppeerriieenncceess  wwiitthh  EECCFF  ppuullpp  pprroodduuccttiioonn
hhaavvee  bbeeeenn  ssuucccceessssffuull,,””  PPaappeerrmmaakkeerr,,  JJuunnee  [[nneeeedd  vvoolluummee]]::  3377  ((11999955))..

66 UU..SS..  EEPPAA,,  OOffffiiccee  ooff  PPoolllluuttiioonn  PPrreevveennttiioonn  aanndd  TTooxxiiccss,,  PPoolllluuttiioonn  PPrreevveennttiioonn  TTeecchhnnoollooggiieess  ffoorr  tthhee  BBlleeaacchheedd
KKrraafftt  SSeeggmmeenntt  ooff  tthhee  UU..SS..  PPuullpp  aanndd  PPaappeerr  IInndduussttrryy  ((WWaasshhiinnggttoonn,,  DDCC::  EEPPAA//660000//RR--9933//111100,,  11999933)),,  22--1122..
((PPoolllluuttiioonn  PPrreevveennttiioonn  TTeecchhnnoollooggiieess  hheerreeaafftteerr))

77 TThhoommaass  MMccDDoonnoouugghh,,  ““RReecceenntt  aaddvvaanncceess  iinn  bblleeaacchheedd  cchheemmiiccaall  ppuullpp  mmaannuuffaaccttuurriinngg  tteecchhnnoollooggyy  PPaarrtt  11,,””  TTaappppii
JJoouurrnnaall,,  7788((33))::  5555  ((11999955))..

88 TTrreennddss  iinn  WWoorrlldd  BBlleeaacchheedd  CChheemmiiccaall  PPuullpp  PPrroodduuccttiioonn::  11999900--11999955  ((WWaasshhiinnggttoonn,,  DDCC::  AAlllliiaannccee  ffoorr
EEnnvviirroonnmmeennttaall  TTeecchhnnoollooggyy,,  11999955)),,  44..

99 AAmmeerriiccaann  PPaappeerrmmaakkeerr  ssttaaffff,,  ““TTrriieedd  aanndd  TTrruuee,,””  3377..

1100 KKeellllyy  HH..  FFeerrgguussoonn,,  ""UUnniioonn  CCaammpp  BBeeggiinnss  OOzzoonnee  EErraa  wwiitthh  NNeeww  KKrraafftt  BBlleeaacchhiinngg  LLiinnee  aatt  FFrraannkklliinn,,  VVAA,,""  PPuullpp  &&
PPaappeerr,,  6666((1111))::  4422  ((11999922))..

1111 TThhoommaass  GGoovveerrss,,  ““NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  TTeecchhnnoollooggiieess  iinn  tthhee  2211sstt  CCeennttuurryy,,””  ppaanneell  ddiissccuussssiioonn,,  11999955
IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  CCoonnffeerreennccee,,  AAmmeelliiaa  IIssllaanndd,,  FFLL,,  MMaarrcchh  99,,  11999955..

1122  JJooee  SSttuuttttss,,  ""UUnniioonn  CCaammpp''ss  CC--FFrreeee™™  PPuullpp  BBlleeaacchhiinngg  PPrroocceessss  ttoo  bbee  uusseedd  iinn  SSoouutthh  AAffrriiccaa,,""  UUnniioonn  CCaammpp,,
FFrraannkklliinn,,  VVAA,,  nneewwss  rreelleeaassee,,  JJuullyy  2277,,  11999944..

1133 TThhoommaass  GGoovveerrss,,  11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  CCoonnffeerreennccee..

1144 TThhee  AAlllliiaannccee  ffoorr  EEnnvviirroonnmmeennttaall  TTeecchhnnoollooggyy  iiss  ssuuppppoorrtteedd  bbyy  tthhee  mmaajjoorr  vveennddoorrss  ooff  ssooddiiuumm  cchhlloorraattee,,  aa  pprreeccuurrssoorr
ooff  cchhlloorriinnee  ddiiooxxiiddee,,  aanndd  bbyy  sseevveerraall  bblleeaacchheedd  ppuullpp  mmaannuuffaaccttuurreerrss  ccoommmmiitttteedd  ttoo  EECCFF  ppuullppiinngg..

1155 TTrreennddss  iinn  WWoorrlldd  BBlleeaacchheedd  CChheemmiiccaall  PPuullpp  PPrroodduuccttiioonn::  11999900--11999955  ((WWaasshhiinnggttoonn,,  DDCC::  AAlllliiaannccee  ffoorr
EEnnvviirroonnmmeennttaall  TTeecchhnnoollooggyy,,  11999955)),,  44..    KKrraafftt  ppuullpp  ccoommpprriisseess  6600%%  ooff  wwoorrllddwwiiddee  TTCCFF  ppuullpp  pprroodduuccttiioonn    [[SSoouurrccee::
DDoouuggllaass  PPrryykkee,,  eexxeeccuuttiivvee  ddiirreeccttoorr,,  AAlllliiaannccee  ffoorr  EEnnvviirroonnmmeennttaall  TTeecchhnnoollooggiieess,,  ppeerrssoonnaall  ccoommmmuunniiccaattiioonn,,  JJuunnee  22,,
11999955..]]

1166 KKiirrkk  AA..  GGiirraarrdd  aanndd  AAnnttoonn  FF..  JJaaeeggeell,,  ““TTCCFF  BBlleeaacchhiinngg  aatt  LLoouuiissiiaannaa--PPaacciiffiicc  CCoorrpp..’’ss  SSaammooaa  PPuullpp  MMiillll,,  CCaalliiff..,,””
11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  CCoonnffeerreennccee,,  77..
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1177 RRoollaanndd  LLöövvbbllaadd,,  mmaannaaggeerr,,  EEnnvviirroonnmmeennttaall  SSeerrvviicceess,,  SSööddrraa  CCeellll  AABB,,  VVäärröö,,  SSwweeddeenn,,  ppeerrssoonnaall  ccoommmmuunniiccaattiioonn,,
JJuunnee  88,,  11999955..

1188 PPeetteerr  AAxxeeggaarrdd,,  PPaanneell  oonn  EEnnvviirroonnmmeennttaall  IIssssuueess  aanndd  TTeecchhnniiccaall  TTrreennddss,,  11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee
BBlleeaacchhiinngg  CCoonnffeerreennccee,,  AAmmeelliiaa  IIssllaanndd,,  FFLL,,  MMaarrcchh  66,,  11999955..

1199 CCaarrll--JJoohhaann  AAllfftthhaann,,  ““PPoolllluuttiioonn  RReedduuccttiioonn  --  TTaarrggeettss,,  AAcchhiieevveemmeennttss  aanndd  tthhee  PPuubblliicc,,””  PPrroocceeeeddiinnggss  ooff  tthhee  TThhiirrdd
GGlloobbaall  CCoonnffeerreennccee  oonn  PPaappeerr  aanndd  tthhee  EEnnvviirroonnmmeenntt,,  LLoonnddoonn,,  EEnnggllaanndd,,  MMaarrcchh  2266--2288,,  11999955,,  111111--111155..  AAtt  iittss
HHuussuumm  mmiillll,,  MMooDDoo  uusseess  tthhee  bblleeaacchh  ppllaanntt  ffiillttrraatteess  ffrroomm  tthhee  hhaarrddwwoooodd  ffiibbeerr  lliinnee  aass  sshhoowweerr  wwaatteerr  iinn  tthhee  ooxxyyggeenn
ddeelliiggnniiffiiccaattiioonn  ssyysstteemm  ooff  iittss  ssooffttwwoooodd  ffiibbeerr  lliinnee..    TThhee  ffiillttrraatteess  ffrroomm  tthhee  hhaarrddwwoooodd  lliinnee  aarree  sseenntt  ttoo  tthhee  rreeccoovveerryy
bbooiilleerr;;  tthhuuss,,  tthhee  hhaarrddwwoooodd  lliinnee  ddiisscchhaarrggeess  nnoo  bblleeaacchh  ppllaanntt  ffiillttrraatteess..    TThhee  ssooffttwwoooodd  bblleeaacchh  ppllaanntt  rruunnss  wwiitthhoouutt  aannyy
eefffflluueenntt  rreecciirrccuullaattiioonn..  [[SSoouurrccee::  KKiirrkk  GGiirraarrdd,,  LLoouuiissiiaannaa--PPaacciiffiicc,,  tteecchhnniiccaall  mmeeeettiinngg  wwiitthh  eennvviirroonnmmeennttaall  ggrroouuppss,,
WWaasshhiinnggttoonn,,  DDCC,,  77  NNoovveemmbbeerr  11999955..]]

2200 PPeetteerr  TTiibbbblliinngg  aanndd  BBjjöörrnn  DDiillllnneerr,,  ""TTCCFF  BBlleeaacchhiinngg  ccaann  bbee  ccaarrrriieedd  oouutt  wwiitthh  ddiiffffeerreenntt  bblleeaacchhiinngg  ssyysstteemmss,,""  pprreepprriinntt
ooff  ppaappeerr  pprreesseenntteedd  aatt  tthhee  11999933  EEUUCCEEPPAA  CCoonnffeerreennccee,,  VViieennnnaa,,  AAuussttrriiaa..

2211 PPaanneell  oonn  PPuullpp  QQuuaalliittyy  aanndd  EEccoonnoommiiccss  ooff  EECCFF  vvss..  TTCCFF  BBlleeaacchhiinngg,,  11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg
CCoonnffeerreennccee,,  AAmmeelliiaa  IIssllaanndd,,  FFLL,,  77  MMaarrcchh,,  11999955..

2222 GGiivveenn  tthhee  iinndduussttrryy  rreecceessssiioonn  ffrroomm  11999911  ttoo  11999944,,  wwee  hhaavvee  aassssuummeedd  aann  iinnffllaattiioonn  rraattee  ooff  44%%  ffoorr  11999911  tthhrroouugghh
11999944..    [[NNeeiill  MMccCCuubbbbiinn,,  pprreessiiddeenntt,,  NN..  MMccCCuubbbbiinn  CCoonnssuullttaannttss,,  ppeerrssoonnaall  ccoommmmuunniiccaattiioonn,,  JJuunnee  2200,,  11999955..]]

2233 UU..SS..  EEPPAA,,  OOffffiiccee  ooff  WWaatteerr,,  DDeevveellooppmmeenntt  DDooccuummeenntt,,  88--77..

2244 IIbbiidd..,,  88--88..

2255 JJeeaann  RReennaarrdd,,  IInntteerrnnaattiioonnaall  PPaappeerr,,  PPaappeerr  TTaasskk  FFoorrccee  EExxppeerrtt  PPaanneell,,  OOccttoobbeerr  1122,,  11999944,,  CChhaarrlloottttee,,  NNCC..

2266 KKiirrsstteenn  VViiccee,,  RRooyy  SSiieebbeerr  aanndd  BBeettssyy  BBiicckknneellll,,  11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  CCoonnffeerreennccee,,  44..    TThhee
bbeesstt  ppeerrffoorrmmaannccee  ffoorr  bbrroowwnnssttoocckk  wwaasshheerrss  wwaass  55..00  kkgg  ssooddiiuumm  ssuullffaattee  ppeerr  AADDMMTT  ppuullpp  aass  rreeppoorrtteedd  iinn  EEPPAA’’ss
11999900  mmiillll  cceennssuuss..    RRiicchhaarrdd  SSttoorraatt,,  vviiccee  pprreessiiddeenntt,,  eeccoonnoommiiccss  &&  mmaatteerriiaallss,,  AAmmeerriiccaann  FFoorreesstt  &&  PPaappeerr
AAssssoocciiaattiioonn,,  lleetttteerr  ttoo  HHaarrrryy  CCaappeellll,,  JJoohhnnssoonn  &&  JJoohhnnssoonn,,  44  AAuugguusstt  11999955,,  44..

2277 NNeeiill  MMccCCuubbbbiinn,,  ppeerrssoonnaall  ccoommmmuunniiccaattiioonn,,  77  JJuullyy  ,,  11999955..

2288 UU..SS..  EEPPAA,,  DDeevveellooppmmeenntt  DDooccuummeenntt,,  1111--2222..

2299 IIbbiidd..,,  1111--2200..

3300 TThhiiss  eeqquuiippmmeenntt  iinncclluuddeess  iinnccrreeaasseedd  mmeecchhaanniiccaall  cchhiilllleerr  aanndd  aabbssoorrbbeerr  ccaappaacciittyy..    OOnnccee  iitt  hhaass  bbeeeenn  pprroodduucceedd  iinn  tthhee
ggeenneerraattoorr,,  tthhee  cchhlloorriinnee  ddiiooxxiiddee  ggaass  iiss  bbuubbbblleedd  iinnttoo  aa  ssoolluuttiioonn  ooff  ccoolldd  wwaatteerr..

3311 JJeeaann  RReennaarrdd,,  IInntteerrnnaattiioonnaall  PPaappeerr,,  PPaappeerr  TTaasskk  FFoorrccee  EExxppeerrtt  PPaanneell,,  OOccttoobbeerr  1122,,  11999944,,  CChhaarrlloottttee,,  NNCC..

3322 UUppggrraaddiinngg  tthhee  bbrroowwnnssttoocckk  wwaasshhiinngg  ssyysstteemm  ooff  tthhee  bbaassee  ccaassee  mmiillll  iinnccrreeaasseess  tthhee  aammoouunntt  ooff  ssooddiiuumm  ggooiinngg  ttoo  tthhee
rreeccoovveerryy  bbooiilleerr  bbyy  88  kkgg  ppeerr  AADDMMTT  ppuullpp..    TThhiiss  iinnccrreeaassee  iinn  iinnoorrggaanniicc  ssoolliiddss  rreessuullttss  iinn  aa  ttoottaall  iinnccrreeaassee  ooff  aabboouutt  1166
kkgg  bbllaacckk  lliiqquuoorr  ssoolliiddss  ppeerr  AADDMMTT  ppuullpp  bbeeccaauussee  bbllaacckk  lliiqquuoorr  ccoonnssiissttss  ooff  rroouugghhllyy  eeqquuaall  aammoouunntt  ooff  oorrggaanniicc  aanndd
iinnoorrggaanniicc  mmaatteerriiaall..    TThhiiss  iinnccrreeaassee  iinn  ssoolliiddss  iiss  aapppprrooxxiimmaatteellyy  11%%  ooff  tthhee  1166  kkgg  bbllaacckk  lliiqquuoorr  ssoolliiddss  ggeenneerraatteedd  ppeerr
AADDMMTT  ooff  ppuullpp..

3333 FFrraannkk  SStteeffffeess  aanndd  UUllff  GGeerrmmggåårrdd,,  ““CCoosstt  aanndd  EEnnvviirroonnmmeennttaall  IImmppaacctt  CCoommppaarriissoonnss  ffoorr  EECCFF  aanndd  TTCCFF  MMiillllss  ––
AAppppllyyiinngg  aa  DDeeccaaddee  ooff  TTeecchhnnoollooggiiccaall  DDeevveellooppmmeenntt,,””  11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  CCoonnffeerreennccee,,
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33..    WWee  hhaavvee  aassssuummeedd  tthhaatt  aa  nneeww  ooxxyyggeenn  ddeelliiggnniiffiiccaattiioonn  ssyysstteemm  ccaann  aacchhiieevvee  5500%%  ddeelliiggnniiffiiccaattiioonn  ffoorr  ssooffttwwoooodd
ppuullppss..    CCuurrrreennttllyy  iinnssttaalllleedd  ssyyssyytteemmss  aacchhiieevvee  4455%%--5500%%  ddeelliiggnniiffiiccaattiioonn..

3344 JJeeaann  RReennaarrdd,,  IInntteerrnnaattiioonnaall  PPaappeerr,,  PPaappeerr  TTaasskk  FFoorrccee  EExxppeerrtt  PPaanneell,,  OOccttoobbeerr  1122,,  11999944,,  CChhaarrlloottttee,,  NNCC;;  WWeellllss  NNuutttt,,
pprreessiiddeenntt,,  UUnniioonn  CCaammpp  TTeecchhnnoollooggiieess  IInncc..,,  PPaappeerr,,  PPaappeerr  TTaasskk  FFoorrccee  EExxppeerrtt  PPaanneell,,  OOccttoobbeerr  1122,,  11999944,,  CChhaarrlloottttee,,
NNCC..

3355 PP..  MM..  GGoottttlliieebb,,  SS..  RR..  MMiilllleerr,,  WW..  EE..  NNuutttt  aanndd  TT..  MMaaccaass,,  ""MMiillll  EExxppeerriieennccee  iinn  tthhee  HHiigghh  CCoonnssiisstteennccyy  OOzzoonnee
BBlleeaacchhiinngg  ooff  SSoouutthheerrnn  PPiinnee  PPuullppss,,""  TTAAPPPPII  PPrroocceeeeddiinnggss  ooff  tthhee  11999933  PPuullppiinngg  CCoonnffeerreennccee  ((AAttllaannttaa::  TTAAPPPPII
PPrreessss,,    NNoovveemmbbeerr  11999933)),,  11119911  --  11119944..

3366 KKiirrsstteenn  VViiccee,,  RRoonn  SSiieebbeerr  aanndd  BBeettssyy  BBiicckknneellll,,  11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  CCoonnffeerreennccee,,  55;;  WWeellllss
NNuutttt,,  PPaappeerr  TTaasskk  FFoorrccee  EExxppeerrtt  PPaanneell,,  CChhaarrlloottttee,,  NNCC,,  1122  OOccttoobbeerr  11999955..

3377 FFrraannkk  SStteeffffeess  aanndd  UUllff  GGeerrmmggåårrdd,,  ““CCoosstt  aanndd  EEnnvviirroonnmmeennttaall  IImmppaacctt  CCoommppaarriissoonnss  ffoorr  EECCFF  aanndd  TTCCFF  MMiillllss,,””  33..

3388 JJeeaann  RReennaarrdd,,  IInntteerrnnaattiioonnaall  PPaappeerr,,  PPaappeerr  TTaasskk  FFoorrccee  EExxppeerrtt  PPaanneell,,  OOccttoobbeerr  1122,,  11999944,,  CChhaarrlloottttee,,  NNCC;;  WWeellllss  NNuutttt,,
pprreessiiddeenntt,,  UUnniioonn  CCaammpp  TTeecchhnnoollooggiieess  IInncc..,,  PPaappeerr,,  PPaappeerr  TTaasskk  FFoorrccee  EExxppeerrtt  PPaanneell,,  OOccttoobbeerr  1122,,  11999944,,  CChhaarrlloottttee,,
NNCC..

3399 GG..  MMaapplleess  eett  aall..,,    ""BBFFRR::  AA  NNeeww  PPrroocceessss  TToowwaarrdd  BBlleeaacchh  PPllaanntt  CClloossuurree,,""  PPaappeerrss  pprreesseenntteedd  aatt  tthhee  11999944
IInntteerrnnaattiioonnaall  PPuullpp  BBlleeaacchhiinngg  CCoonnffeerreennccee,,  VVaannccoouuvveerr,,  BBCC,,  JJuunnee  1133--1166,,  11999944,,  225533  --  226622..  ((11999944  IInntteerrnnaattiioonnaall
PPuullpp  BBlleeaacchhiinngg  CCoonnffeerreennccee  hheerreeaafftteerr))

4400 UUnniioonn  CCaammpp  pprroovviiddeedd  cchheemmiiccaall  cchhaarrggeess  ffoorr  tthhee  hhiigghh  ccoonnssiisstteennccyy  oozzoonnee  TTCCFF  pprroocceesssseess  ttoo  pprroodduuccee  9900  GGEE
bbrriigghhttnneessss  ssooffttwwoooodd  aanndd  hhaarrddwwoooodd  ppuullppss..    DD..RR..  LLaazzaarr,,  sseenniioorr  aapppplliiccaattiioonnss  eennggiinneeeerr,,  UUnniioonn  CCaammpp  TTeecchhnnoollooggyy,,
IInncc..,,  lleetttteerr  ttoo  HHaarrrryy  CCaappeellll,,  JJoohhnnssoonn  &&  JJoohhnnssoonn,,  1144  AAuugguusstt  11999955..    SSööddrraa  CCeellll  pprroovviiddeedd  ddaattaa  oonn  tthhee  mmeeddiiuumm
ccoonnssiisstteennccyy  oozzoonnee  TTCCFF  sseeqquueennccee  ffoorr  ssooffttwwoooodd  ppuullpp..    RRoollaanndd  LLöövvbbllaadd,,  eennvviirroonnmmeennttaall  mmaannaaggeerr,,  tteecchhnniiccaall
ddeeppaarrttmmeenntt,,  SSööddrraa  CCeellll  AABB,,  lleetttteerr  ttoo  HHaarrrryy  CCaappeellll,,  JJoohhnnssoonn  &&  JJoohhnnssoonn,,  22  AAuugguusstt  11999955..

4411 RRaaddiiaann  CCoorrppoorraattiioonn  ,,  DDeevveellooppmmeenntt  ooff  CCaappiittaall  CCoosstt  CCuurrvveess  ffoorr  BBeesstt  AAvvaaiillaabbllee  TTeecchhnnoollooggyy  OOppttiioonnss  ffoorr  CChheemmiiccaall
PPuullpp  MMiillllss  tthhaatt  BBlleeaacchh  WWoooodd,,  pprreeppaarreedd  ffoorr  CCoommmmooddiittiieess  BBrraanncchh,,  OOffffiiccee  ffoorr  SScciieennccee  aanndd  TTeecchhnnoollooggyy,,
EEnnggiinneeeerriinngg  aanndd  AAnnaallyyssiiss  DDiivviissiioonn,,  UU..SS..  EEPPAA,,  DDCCNN  0088668833,,  SSeeccttiioonn  99..11..22,,  OOccttoobbeerr  2255,,  11999933..    ((DDeevveellooppmmeenntt  ooff
CCoosstt  CCuurrvveess  hheerreeaafftteerr))..

4422 NNeeiill  MMccCCuubbbbiinn,,  ""CCoossttss  aanndd  BBeenneeffiittss  ooff  VVaarriioouuss  PPoolllluuttiioonn  PPrreevveennttiioonn  TTeecchhnnoollooggiieess  iinn  tthhee  KKrraafftt  PPuullpp  IInndduussttrryy,,""
PPrroocceeeeddiinnggss  ooff  tthhee  IInntteerrnnaattiioonnaall  SSyymmppoossiiuumm  oonn  PPoolllluuttiioonn  PPrreevveennttiioonn  iinn  tthhee  MMaannuuffaaccttuurree  ooff  PPuullpp  aanndd  PPaappeerr  --
OOppppoorrttuunniittiieess  aanndd  BBaarrrriieerrss  ((WWaasshhiinnggttoonn,,  DDCC::  UU..SS..  EEPPAA,,  EEPPAA  774444RR--9933--000022,,  FFeebbrruuaarryy  11999933)),,  pp..  118833..
((IInntteerrnnaattiioonnaall  SSyymmppoossiiuumm  oonn  PPoolllluuttiioonn  PPrreevveennttiioonn,,  hheerreeaafftteerr))

4433 UU..SS..  EEPPAA,,  DDeevveellooppmmeenntt  DDooccuummeenntt,,  1111--7744..

4444 RRoobbeerrtt  OOkkeellll,,  WWeeyyeerrhhaaeeuusseerr  PPaappeerr  CCoommppaannyy,,  ppeerrssoonnaall  ccoommmmuunniiccaattiioonn,,  JJuullyy  2200,,  11999944..

4455 RRaaddiiaann  CCoorrppoorraattiioonn,,  DDeevveellooppmmeenntt  ooff  CCoosstt  CCuurrvveess,,  22--55  --  22--66..

4466 TThhoommaass  WWiieesseemmaannnn,,  mmaannaaggeerr,,  PPuullpp  MMaannuuffaaccttuurriinngg  SSeerrvviicceess  aanndd  PPrroocceessss  TTeecchhnnoollooggyy,,  IInntteerrnnaattiioonnaall  PPaappeerr  CCoo..,,
ppeerrssoonnaall  ccoommmmuunniiccaattiioonn,,  MMaayy  2255,,  11999944..

4477 KKiirrsstteenn  VViiccee,,  RRooyy  SSiieebbeerr  aanndd  BBeettssyy  BBiicckknneellll,,  11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  CCoonnffeerreennccee,,  1188..    DD..
RR..  LLaazzaarr,,  UUnniioonn  CCaammpp  TTeecchhnnoollooggiieess  IInncc..,,  lleetttteerr  ttoo  HHaarrrryy  CCaappeellll,,  1144  AAuugguusstt  11999955,,  44..

4488 IIbbiidd..,,  66..
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4499 KKiirrkk  GGiirraarrdd,,  eennvviirroonnmmeennttaall  mmaannaaggeerr,,  LLoouuiissiiaannaa--PPaacciiffiicc  CCoorrpp,,  SSaammooaa,,    CCAA,,  ppeerrssoonnaall  ccoommmmuunniiccaattiioonn,,  MMaayy  2244,,
11999955..

5500 DDoouuggllaass  BBaarrttoonn,,  CCoommppaarriissoonn  ooff  MMiillll--SSppeecciiffiicc  CCoosstt  EEssttiimmaatteess  ffoorr  CCoommpplliiaannccee  wwiitthh  11999933  CClluusstteerr  PPrrooppoossaall,,  PPuullpp
aanndd  PPaappeerr  CClluusstteerr  RRuullee,,  DDCCNN  2200,,002255AA33  ppaarrtt  II,,  AApprriill  11999944,,  II--2233..    TThhee  ccoosstt  ttoo  uuppggrraaddee  tthhee  eevvaappoorraattoorrss  mmaayy  bbee  aass
hhiigghh  aass  $$1122..00  mmiilllliioonn  iiff  tthhee  mmiillll  hhaass  ttoo  iinnssttaallll  aa  nneeww  sseett  ooff  eevvaappoorraattoorrss  ttoo  iinnccrreeaassee  ccaappaacciittyy..    PPeetteerr  LLeeee,,  ssttaaffff  vviiccee
pprreessiiddeenntt,,  rreesseeaarrcchh  aanndd  ddeevveellooppmmeenntt,,  IInntteerrnnaattiioonnaall  PPaappeerr,,  lleetttteerr  ttoo  HHaarrrryy  CCaappeellll,,  33..

5511.. LLiinnddssaayy  MM..  LLaannccaasstteerr,,  eett..  aall..,,””TThhee  EEffffeeccttss  ooff  AAlltteerrnnaattiivvee  PPuullppiinngg  aanndd  BBlleeaacchhiinngg  PPrroocceesssseess  oonn  PPrroodduucctt
PPeerrffoorrmmaannccee--EEccoonnoommiicc  aanndd  EEnnvviirroonnmmeennttaall  CCoonncceerrnnss,,””  IInntteerrnnaattiioonnaall  SSyymmppoossiiuumm  oonn  PPoolllluuttiioonn  PPrreevveennttiioonn,,  119966..

5522 BBoommbb  ccaalloorriimmeettrryy  tteessttss  ooff  bbllaacckk  lliiqquuoorr  ssoolliiddss  ffrroomm  mmiillllss  wwiitthh  ooxxyyggeenn  ddeelliiggnniiffiiccaattiioonn  sshhooww  tthhaatt  tthhee  ffoouurr  ppeerrcceenntt
iinnccrreeaassee  iinn  ssoolliiddss  iinnccrreeaassee  tthhee  hheeaatt  vvaalluuee  bbyy  aabboouutt  11..55%%..    TThhee  ooxxiiddiizzeedd  ssuullffuurr  ccoommppoouunnddss  iinn  tthhee  ooxxiiddiizzeedd  wwhhiittee
lliiqquuoorr  uusseedd  iinn  tthhee  ooxxyyggeenn  ddeelliiggnniiffiiccaattiioonn  ssyysstteemmss  rreedduuccee  tthhee  hheeaatt  llooaadd  aann  aaddddiittiioonnaall  00..66%%  bbeeccaauussee  tthhee  ssuullffuurr
ccoommppoouunnddss  aabbssoorrbb  hheeaatt  aass  tthheeyy  aarree  rreedduucceedd  ttoo  ssuullffiiddee  iinn  tthhee  rreeccoovveerryy  bbooiilleerr..  [[SSoouurrccee::  NNeeiill  MMccCCuubbbbiinn,,  ppeerrssoonnaall
ccoommmmuunniiccaattiioonn,,  JJuunnee  2200,,  11999955..]]

5533 EEddwwaarrdd  CClleemm,,  vviiccee  pprreessiiddeenntt,,  EEnnvviirroonnmmeennttaall  AAffffaaiirrss,,  CChhaammppiioonn  IInntteerrnnaattiioonnaall,,  PPaappeerr  TTaasskk  FFoorrccee  tteecchhnniiccaall  vviissiitt,,
CChhaammppiioonn  IInntteerrnnaattiioonnaall  TTeecchhnniiccaall  CCeenntteerr,,  WWeesstt  NNyyaacckk,,  NNYY,,  AAuugguusstt  1155,,  11999944;;  KKiirrkk  GGiirraarrdd,,  eennvviirroonnmmeennttaall
mmaannaaggeerr,,  LLoouuiissiiaannaa--PPaacciiffiicc  CCoorrpp..,,  ppeerrssoonnaall  ccoommmmuunniiccaattiioonn,,  MMaayy  2244,,  11999955..

5544 UU..SS..  EEPPAA,,  DDeevveellooppmmeenntt  DDooccuummeenntt,,  1111--1155  --  1111--1166..

5555 KKiirrsstteenn  VViiccee,,  RRooyy  SSiieebbeerr  aanndd  BBeettssyy  BBiicckknneellll,,  11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  CCoonnffeerreennccee,,  66..

5566 UU..SS..  EEPPAA,,  DDeevveellooppmmeenntt  DDooccuummeenntt,,  1111--7788..

5577 DDoouuggllaass  BBaarrttoonn,,  DDeevveellooppmmeenntt  ooff  MMiillll--SSppeecciiffiicc  CCoosstt  EEssttiimmaatteess  ffoorr  CCoommpplliiaannccee  wwiitthh  11999933  CClluusstteerr  PPrrooppoossaall,,  II--
2211..

5588 FFiinndd  OOPPTTEECC  cciittee..

5599 IIbbiidd..,,  II--1199..

6600 RRoobbeerrtt  PPeerrcciiaasseeppee,,  UU..SS..  EEPPAA,,  mmeeeettiinngg  wwiitthh  mmeemmbbeerrss  ooff  tthhee  eennvviirroonnmmeennttaall  ccoommmmuunniittyy,,  WWaasshhiinnggttoonn,,  DDCC,,  JJuunnee
1144,,  11999955..

6611 KKeenn  PPaattrriicckk  eett  aall..,,  ““CClloossiinngg  tthhee  LLoooopp::  TThhee  EEfffflluueenntt--ffrreeee  PPuullpp  aanndd  PPaappeerr  MMiillll,,””    PPuullpp  &&  PPaappeerr,,  MMaarrcchh  11999944,,
SS2244..

6622 TThhiiss  uuppggrraaddee  aassssuummeess  tthhaatt  tthhee  rreeccoovveerryy  bbooiilleerr  aaiirr--  aanndd  lliiqquuoorr--ffiirriinngg  ssyysstteemmss  ccaann  bbee  uuppggrraaddeedd    ttoo  iinnccrreeaassee  tthhee
ccaappaacciittyy  bbyy  aabboouutt  1100%%  ((119900  mmeettrriicc  ttoonnss  ppeerr  ddaayy  ooff  bbllaacckk  lliiqquuoorr  ssoolliiddss))  ffoorr  aabboouutt  55  mmiilllliioonn  11999944  ddoollllaarrss..    TThhee
ccoosstt  iinnddeexx  iiss  00..66..    [[SSoouurrccee::  RRaaddiiaann  CCoorrppoorraattiioonn,,  DDeevveellooppmmeenntt  ooff  CCaappiittaall  CCoosstt  CCuurrvveess,,  33--88  --  33--99..]]

6633 KKiirrsstteenn  VViiccee,,  RRooyy  SSiieebbeerr  aanndd  BBeettssyy  BBiicckknneellll,,  11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  CCoonnffeerreennccee,,  66..

6644 PPeetteerr  LLeeee,,  lleetttteerr  ttoo  HHaarrrryy  CCaappeellll,,  3311  JJuullyy  11999955,,  22..

6655 NNeeiill  MMccCCuubbbbiinn,,  ppeerrssoonnaall  ccoommmmuunniiccaattiioonn,,  JJuunnee  2200,,  11999955..

6666 WWee  uusseedd  tthhee  CCaappiittaall  AAsssseett  PPrriicciinngg  MMooddeell  ((CCAAPPMM)),,  aa  ssttaannddaarrdd  ffiinnaanncciiaall  mmooddeell,,  ttoo  eessttiimmaattee  tthhee  wweeiigghhtteedd
aavveerraaggee  ccoosstt  ooff  ccaappiittaall  ffoorr  ccoommppaanniieess  tthhaatt  pprroodduuccee  bblleeaacchheedd  kkrraafftt  ppuullpp..    VVaalluuee  lliinnee’’ss  IInndduussttrryy  AAnnaallyyssiiss
iinnddiiccaatteedd  tthhaatt  tthhee  aavveerraaggee  bbeettaa  ffoorr  tthheessee  ccoommppaanniieess  iiss  aabboouutt  11..22..    TThhee  rriisskk--ffrreeee  iinntteerreesstt  rraattee  ((11  yyeeaarr  UU..SS..
TTrreeaassuurryy  bbiillllss))  iiss  ccuurrrreennttllyy  aabboouutt  55..66%%..    TThhee  pprriimmee  rraattee  ffoorr  ddeebbtt  iiss  99%%..    TThhee  ppaappeerr  iinndduussttrryy  hhaass  aann  aavveerraaggee
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ddeebbtt//ttoottaall  ccaappiittaall  rraattiioo  ooff  4400%%..    UUssiinngg  tthheessee  ddaattaa  aanndd  tthhee  CCAAPPMM,,  wwee  eessttiimmaattee  tthhee  ccoosstt  ooff  eeqquuiittyy  aanndd  ddeebbtt  ttoo  bbee
aabboouutt  1100%%..WWee  hhaavvee  aassssuummeedd  tthhaatt  tthhee  mmiillll  ooppeerraatteess  aatt  ffuullll  ccaappaacciittyy  335500  ddaayyss  ppeerr  yyeeaarr  ttoo  aaddjjuusstt  tthhee  ccaappiittaall  ccoossttss
ttoo  aa  ppeerr  mmeettrriicc  ttoonn  bbaassiiss..

6677 TThhoommaass  WWiieesseemmaannnn,,  mmaannaaggeerr,,  PPuullpp  MMaannuuffaaccttuurriinngg  SSeerrvviicceess  aanndd  PPrroocceessss  TTeecchhnnoollooggyy,,  IInntteerrnnaattiioonnaall  PPaappeerr  CCoo..,,
ppeerrssoonnaall  ccoommmmuunniiccaattiioonn,,  MMaayy  2255,,  11999944..    MMrr..  WWiieesseemmaannnn  rreeppoorrtteedd  aann  eessttiimmaattee  ccoosstt  ooff  $$1144..77  mmiilllliioonn  11999922
ddoollllaarrss  ttoo  uuppggrraaddee  ffrroomm  5500%%  cchhlloorriinnee  ddiiooxxiiddee  ssuubbssttiittuuttiioonn  ttoo  110000%%  ssuubbssttiittuuttiioonn  ffoorr  aa  11000000  AADDMMTT//DD  ssooffttwwoooodd
bblleeaacchheedd  kkrraafftt  mmiillll..    WWee  aaddjjuusstteedd  hhiiss  eessttiimmaattee  bbyy  22..44%%  ttoo  aaccccoouunntt  ffoorr  iinnffllaattiioonn..    HHiiss  eessttiimmaattee  ddiidd  nnoott  iinncclluuddee  aann
uuppggrraaddee  ooff  tthhee  bbrroowwnnssttoocckk  wwaasshhiinngg  lliinnee..

6688 TThhoommaass  WWiieesseemmaannnn,,  PPaappeerr  TTaasskk  FFoorrccee  TTeecchhnniiccaall  VViissiitt  wwiitthh  IInntteerrnnaattiioonnaall  PPaappeerr,,  SStteerrlliinngg  FFoorreesstt,,  NNYY,,  MMaayy  1166,,
11999944  aanndd  tteelleepphhoonnee  iinntteerrvviieeww,,  MMaayy  2255,,  11999944..

6699 PPaappeerr  TTaasskk  FFoorrccee  tteecchhnniiccaall  vviissiitt,,  CChhaammppiioonn  IInntteerrnnaattiioonnaall  TTeecchhnniiccaall  CCeenntteerr,,  WWeesstt  NNyyaacckk,,  NNYY,,  AAuugguusstt  1155,,  11999944..

7700 KKiirrsstteenn  VViiccee,,  RRooyy  SSiieebbeerr  aanndd  BBeettssyy  BBiicckknneellll,,  11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  CCoonnffeerreennccee,,  2200..

7711 GGeerraarrdd  CClloosssseett,,  PPaappeerr  TTaasskk  FFoorrccee  tteecchhnniiccaall  vviissiitt,,  CChhaammppiioonn  IInntteerrnnaattiioonnaall  TTeecchhnniiccaall  CCeenntteerr,,  WWeesstt  NNyyaacckk,,  NNYY,,
AAuugguusstt  1155,,  11999944..

7722 GG..  MMaapplleess,,  eett..  aall..,,  11999944  IInntteerrnnaattiioonnaall  BBlleeaacchhiinngg  CCoonnffeerreennccee,,  226611--226622..

7733 GG..  HHoommeerr  aanndd  TT..  GGoovveerrss,,  GG..  HHoommeerr  aanndd  TT..  GGoovveerrss,,  ““OOzzoonnee--bbaasseedd  EECCFF  aanndd  TTCCFF  BBlleeaacchhiinngg::    MMiillll  EExxppeerriieennccee,,
LLaabboorraattoorryy  DDaattaa  aanndd  CCoosstt  CCoonnssiiddeerraattiioonnss,,””  TTAAPPPPII  PPrroocceeeeddiinnggss  ooff  tthhee  11999944  PPuullppiinngg  CCoonnffeerreennccee  ((AAttllaannttaa::
TTAAPPPPII  PPrreessss,,  NNoovveemmbbeerr  11999944)),,  11005522..

7744   WWeellllss  NNuutttt,,  pprreessiiddeenntt,,  UUnniioonn  CCaammpp  TTeecchhnnoollooggiieess,,  lleetttteerr  ttoo  LLaauurreenn  BBlluumm,,  OOccttoobbeerr  2244,,  11999944;;  NNeeiill  MMccCCuubbbbiinn,,
ppeerrssoonnaall  ccoommmmuunniiccaattiioonn,,  JJuunnee  2200,,  11999955..

7755 MMaannyy  rreevviieewweerrss  ooff  tthhee  ddrraafftt  ooff  tthhiiss  wwhhiittee  ppaappeerr  ccoommmmeenntteedd  tthhaatt  aann  oozzoonnee  cchhaarrggee  ooff  1100  kkgg  ppeerr  AADDMMTT  ppuullpp
ccoouulldd  nnoott  bbee  aacchhiieevveedd  wwiitthh  aa  mmeeddiiuumm  ccoonnssiisstteennccyy  oozzoonnee  ssyysstteemm..    WWee  hhaavvee  uusseedd  UUnniioonn  CCaammpp’’ss  eessttiimmaattee  ooff  tthhee
oozzoonnee  cchhaarrggee  ffoorr  bbootthh  hhaarrddwwoooodd  aanndd  ssooffttwwoooodd  mmeeddiiuumm  ccoonnssiisstteennccyy  oozzoonnee  EECCFF  pprroocceesssseess..    DD..  RR..  LLaazzaarr,,  lleetttteerr
ttoo  HHaarrrryy  CCaappeellll,,  1144  AAuugguusstt  11999955,,  88--99..

7766 WWeellllss  NNuutttt,,  lleetttteerr  ttoo  LLaauurreenn  BBlluumm,,  2244  OOccttoobbeerr  ,,  11999944..

7777 UUnniioonn  CCaammpp  hhaass  ffoouunndd  tthhaatt  wwiitthh  aa  llooww  eefffflluueenntt  ssyysstteemm,,  11  kkgg  ooff  oozzoonnee  rreeppllaaccee  aabboouutt  11..77  kkgg  ooff  cchhlloorriinnee  ddiiooxxiiddee..
DD..  RR..  LLaazzaarr,,  lleetttteerr  ttoo  HHaarrrryy  CCaappeellll,,  1144  AAuugguusstt  11999955,,  55..

7788 DDaavviidd  HHaasskkeetttt,,  tteecchhnniiccaall  mmaarrkkeettiinngg  aanndd  sseerrvviiccee,,  LLoouuiissiiaannaa--PPaacciiffiicc  CCoorrpp..,,  LLeetttteerr  ttoo  LLaauurreenn  BBlluumm,,  1199  OOccttoobbeerr,,
11999944..

7799 WWee  hhaavvee  aassssuummeedd  tthhaatt  tthhee  KKaappppaa  nnuummbbeerr  rreemmaaiinnss  ccoonnssttaanntt  iinn  tthhee  sshhiifftt  ffrroomm  HHCC  oozzoonnee  EECCFF  ttoo  HHCC  oozzoonnee  TTCCFF
bblleeaacchhiinngg..    NNoonnee  ooff  UUnniioonn  CCaammpp’’ss  pprreesseennttaattiioonnss  oonn  TTCCFF  bblleeaacchhiinngg  hhaavvee  mmeennttiioonneedd  aa  cchhaannggee  iinn  KKaappppaa  nnuummbbeerr
bbeeffoorree  tthhee  ffiirrsstt  oozzoonnee  ssttaaggee  iinn  tthhee  TTCCFF  pprroocceessss..    SSööddrraa  CCeellll  rreeppoorrttss  uussiinngg  ooxxyyggeenn  ddeelliiggnniiffiieedd  ppuullpp  wwiitthh  aa  KKaappppaa
nnuummbbeerr  ooff  1144  iinn  ttoo  pprroodduuccee  ffuullll  bbrriigghhttnneessss  oozzoonnee  TTCCFF  ssooffttwwoooodd  ppuullpp  aatt  iittss  MMöönnsstteerrååss  mmiillll..    RRoollaanndd  LLöövvbbllaadd,,
lleetttteerr  ttoo  HHaarrrryy  CCaappeellll,,  22  AAuugguusstt  11999955..

8800 GGeerrrryy  KKaattzz,,  ““CCoosstt--EEffffeeccttiivvee  DDeelliiggnniiffiiccaattiioonn  ffoorr  TTCCFF  BBlleeaacchhiinngg,,””  11999955  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg
CCoonnffeerreennccee..

8811 LLaarrss  NNäässmmaann,,  ““AA  DDeeccaaddee  ooff  TTeecchhnnoollooggiiccaall  DDeevveellooppmmeenntt  iinn  KKrraafftt  PPuullppiinngg  --  PPuurrssuuiinngg  tthhee  TTEEFF  FFiibbeerrlliinnee,,””  PPaappeerr
AAggee  111100((77))::  1155  ((11999944))..
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8822 DD..RR..  LLaazzaarr,,  lleetttteerr  ttoo  HHaarrrryy  CCaappeellll,,  1144  AAuugguusstt  11999955,,  33..

8833 RRiicchhaarrdd  AAllbbeerrtt,,  ""EEfffflluueenntt--FFrreeee  PPuullpp  MMiillll  PPoossssiibbllee  wwiitthh  EExxiissttiinngg  FFiibbeerrlliinnee  EEqquuiippmmeenntt,,""  PPuullpp  &&  PPaappeerr,,  6688((77))::
8833--8899  ((11999944))..

8844 GGrraahhaamm  PPaarrkkeerr,,  CCaallvviinn  HHaassttiinnggss,,  DDoonn  HHeerrsscchhmmiilllleerr,,  PPeetteerr  GGlleeaaddooww  aanndd  BBjjöörrnn  WWaarrnnqqvviisstt,,  ""FFrroomm  EECCFF//TTCCFF  ttoo
CClloosseedd--CCyyccllee  OOppeerraattiioonn::  TThhee  MMiissssiinngg  LLiinnkkss,,""  pprreesseenntteedd  aatt  tthhee  CCPPPPAA  8800tthh  AAnnnnuuaall  MMeeeettiinngg,,  MMoonnttrreeaall,,  CCaannaaddaa,,
FFeebbrruuaarryy  11999944..

8855 TTuuoommoo  NNyykkaanneenn,,  ""CCoommppaarriissoonn  ooff  EECCFF--  aanndd  TTCCFF--BBaasseedd  SSoolluuttiioonnss  ffoorr  aa  MMiinniimmuumm  IImmppaacctt  MMiillll  ((MMIIMM™™)),,""
PPrroocceeeeddiinnggss  ooff  tthhee  11999944  IInntteerrnnaattiioonnaall  NNoonn--CChhlloorriinnee  BBlleeaacchhiinngg  CCoonnffeerreennccee  ((SSaann  FFrraanncciissccoo::    MMiilllleerr  FFrreeeemmaann,,
IInncc..,,  MMaarrcchh  11999944))..

8866 KKeenn  LL..  PPaattrriicckk,,  JJiimm  YYoouunngg,,  KKeellllyy  FFeerrgguussoonn  aanndd  AAnnddyy  HHaarrrriissoonn,,  ""  CCLLOOSSIINNGG  TTHHEE  LLOOOOPP,,””  SS11  --  SS2244..

8877 TThheessee  ccoossttss  aarree  tthhee  aavveerraaggee  ttoottaall  ccoossttss  ttoo  ddeelliivveerr  UU..SS..  ssoouutthheerrnn  ssooffttwwoooodd  aanndd  hhaarrddwwoooodd  bblleeaacchheedd  kkrraafftt  ppuullpp  ttoo
mmiillllss  iinn  tthhee  UU..SS..    [[RReessoouurrccee  IInnffoorrmmaattiioonn  SSyysstteemmss,,  IInncc..,,  PPuullpp  &&  PPaappeerr  RReevviieeww  ((BBeeddffoorrdd,,  MMAA::  RRIISSII,,  JJuullyy  11999955)),,
331177  --  331188..]]

8888 PPaappeerr,,  PPaappeerr  BBooaarrdd,,  PPuullpp  CCaappaacciittyy  aanndd  FFiibbeerr  CCoonnssuummppttiioonn  11999933--11999977,,  3355tthh  AAnnnnuuaall  SSuurrvveeyy  ((WWaasshhiinnggttoonn,,  DDCC::
AAmmeerriiccaann  FFoorreesstt  aanndd  PPaappeerr  AAssssoocciiaattiioonn,,  DDeecceemmbbeerr  11999944)),,  1100--1111..

8899 RRiicchhaarrdd  SSttoorraatt,,  AAmmeerriiccaann  FFoorreesstt  &&  PPaappeerr  AAssssoocciiaattiioonn,,  lleetttteerr  ttoo  HHaarrrryy  CCaappeellll,,  44  AAuugguusstt  11999955,,  33..

9900 PPaappeerr  TTaasskk  FFoorrccee  tteecchhnniiccaall  vviissiitt  wwiitthh  WWeessttvvaaccoo  CCoorrppoorraattiioonn,,  CCoovviinnggttoonn,,  VVAA,,  AAuugguusstt  2244,,  11999944..

9911 JJeerrrryy  CCrroossbbyy,,  WWeeyyeerrhhaaeeuusseerr  PPaappeerr  CCoo..,,  PPaappeerr  TTaasskk  FFoorrccee  EExxppeerrtt  PPaanneell,,  CChhaarrlloottttee,,  NNCC,,  OOccttoobbeerr  1122,,  11999944..

9922 WWeellllss  NNuutttt,,  PPaappeerr  TTaasskk  FFoorrccee  EExxppeerrtt  PPaanneell,,  CChhaarrlloottttee,,  NNCC,,  OOccttoobbeerr  1122,,  11999944..

9933 NNeeiill  MMccCCuubbbbiinn,,  PPaappeerr  TTaasskk  FFoorrccee  EExxppeerrtt  PPaanneell,,  CChhaarrlloottttee,,  NNCC,,  OOccttoobbeerr  1122,,  11999944..

9944 NNeeiill  MMccCCuubbbbiinn,,  pprreessiiddeenntt,,  NN..  MMccCCuubbbbiinn  CCoonnssuullttaannttss,,  IInncc..,,  lleetttteerr  ttoo  HHaarrrryy  CCaappeellll,,  JJoohhnnssoonn  &&  JJoohhnnssoonn,,  33
AAuugguusstt  11999955,,  66..


