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ABSTRACT 

A MATHEMATICAL MODEL FOR WATER CONSUMPTION AND WASTE 
RESIDUAL GENERATION IN THE PULP AND PAPER INDUSTRY 

by 

Gabriel J. Turbay 

In this paper, a mathematical model is developed for evaluating the 

responses of a representative plant to price policies regarding water 

consumption and waste residuals generation in the Pulp and Paper 

industry. An optimization activity analysis approach has been taken 

so that the plant selects among the available technological alterna¬ 

tives to produce given amounts of pulp and paper, those for which 

total cost of operation is minimized at a given set of prices. Four 

types of alternatives were considered: recycling, process modification, 

recovery and waste treatment. The economic impact of an increasing cost 

of water and taxes on effluent discharges was evaluated by a systematic 

variation of prices within the model* In general, demand functions can 

be thought of as loci of points, where each point represents the "most 

desirable" and affordable quantities at the given set of prices; from 

the point of view of cost minimization, the optimzationa approach pro¬ 

vides the plant with the most desirable sequence of alternatives and 

corresponding levels of operation so that the construction of demand 

schedules becomes a matter of relating the quantities involved to the 

given prices. The following are some of the basic results which relate 



to points In the demand functions obtained: It was found that the cost 

of an effluent-free mill (close to 90% recycling) was approximately 

$14.40 in addition to the actual cost per ton pf production. Except 

for the concentrated brine stream that accounts for less than 10% of the 

mill's effluent and requires proper dilution prior to disposal, the 

effluent free stage is characterized by zero waste loads discharge 

and was obtained as a response Pf the plant to specific water price 

and/or tax policies on wasteloads. From the point of view of water 

consumption, a cost of 68.8ç/1000 gal, and no taxes on wasteloads was 

enough to justify adequate tertiary treatment for total recirculation 

(except for losses). Total water intake of 45,000 gal/ton was reduced 

by 47% when the price of water reached the value of 6.5<?/1000 gal. 

Reductions in wasteloads of 99% £6r BOD, 97.6% for SS and 92.6% for 

color were obtained when both BOD and SS were charged 6.7p/lbs. The 

corresponding increase in cost of production was $4.00/ton of finished 

product. 

Gabriel J. Turbay 
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INTRODUCTION 

The growing demand for natural resources, energy, and water with 

high quality standards for expanding industries, cities, recreation, 

and agriculture; and the degrading effects of residuals generated in 

the production process on the quality of the environment, have created 

a conflict of interest that calls for efficient reclamation and treat¬ 

ment policies. 

In this paper, a Mathematical model is developed for evaluation of 

policies and Alternatives in the industry sector of the economy, and in 

particular, in the Pulp and Paper Industry, 

Special attention is given to water consumption and residuals 

generation variables for which demand schedules are obtained. The 

economic impact of an increasing cost of water and taxes on effluent 

discharges was evaluated by a systematic variation of prices within 

the model. In general, demand functions can be thought of as loci 

of points, where each point represents the "most desirable" and afford¬ 

able quantities at the given set of prices; from the point of view of 

cost minimization, the optimization approach provides the plant with 

the most desirable sequence of alternatives and corresponding levels 

of operation so that the construction of demand schedules becomes a 

matter of relating the quantities involved totthe given prices. The 

following are some of the basic results which relate to points in the 

demand functions obtained: It was found that the cost of an effluent- 
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free mill (close to 90% recycling) was approximately $14.40 in addition 

to the actual cost per ton of production. Except for the concentrated 

brine stream that accounts for less than 10% of the mill's effluent 

and requires proper dilution prior to disposal, the effluent free stage 

is characterized by zero wasteloads discharge and was obtained as a 

response of the plant to specific water price and/or tax policies on 

wasteloads. From the point of view of water consumption, a cost of 

68.8ç/1000 gal., and no taxes on wasteloads was enough to justify 

adequate tertiary treatment for total recirculation (except for losses). 

Total water intake of 45,000 gal/ton was reduced by 47% when the price 

of water reached the value of 6.5<?/1000 gal. Reductions in wasteloads 

of 99% for BOD, 97.6% forlSS and 92.6% for color were obtained when 

both BOD and SS were charged 6.7ç/lbs. and the corresponding increase 

in cost of production was $4.00/ton of finished product. 

The construction of the model was accomplished by a systematic 

aggregation of submodels representing specific technological alterna¬ 

tives to the existing production processes. For this reason a brief 

description of the production of Pulp and Paper and related alternatives 

is given. 

The uses of the optimization model thus developed are many: On 

one hand it can assist managers in optimizing the process of production 

and evaluating new alternatives; on the other hand it may assist legis¬ 

lators in determining Standards an- formulating viable policies. 

In the final stage of this paper the economic impact of policies 

such as zero differential discharges is measured. 

Finally, with a system of taxes and/or subsidies or possibly other 

measures and the cost minlmazation approach, we believe that the interest 
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of the plants and the interest of the public sector are represented and 

a dialogue can be established based on solid grounds. 



THE PRODUCTION OF PULP AND PAPER 

The Pulp and Paper Industry ranks third among the leading water 

consuming industries in the Country. A wide variety of technological 

alternatives related to water use, waste generation and in general to 

the production of pulp and paper are available. Some of the existing 

alternatives apply only to individual plants; others, however, represent 

general strategies that can be implemented within a certain class of 

mills. The construction of optimization models is based on the existence 

of these technological alternatives which in turn are modifications of 

the existing production process. 

THE PRODUCTION PROCESS 

In the Pulp and Paper Industry the fundamental processes and sub¬ 

processes have been identified and fully described (22) and (6). A 

simplified description of the production processes is given here, fol¬ 

lowing the order in which the wood is converted into finished product. 

(See Figure 1). 

Wood Preparations 

Wood preparation is the fundamental process which includes all the 

necessary steps to prepare the wood for the pulping operation. The log 

is conveyed through flumes or carriers (log transportation); then the 

removal of the bark is performed by techniques such as long-log, hydraulic 

or mechanic debarking. The bark is burned for heat recovery, used as 

composting or disposed in several different ways. 

-4- 



FIGURE 1 
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: SCHEMATIC DIAGRAM OF FUNDAMENTAL PULP AND PAPER PROCESSES 

RAW MATFRtALS FUNDAMENTAL PROCESS WASTES 

GASEOUS UQUID SOUQ 

riNiSHto PAPI* 
PMOPUCT* 

Source : Reference (22) 
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Pulping 

After the logs have been debarked, the wood is converted into 

cellulosic fiber (Pulp). This can be accomplished by several techniques. 

Mechanical Pulping (Groundwood): 

In this groundwood process the disintegration of the wood into a 

fibrous state is accomplished by cutting the logs into blocks, then 

forcing them under pressure against a grindstone that carries the pulp 

away. Before running into the grindstone the block may be pretreated 

in a solution of sodium sulfite and sodium bicarbonate in the ratio 

of 7:1. This alternative is known as chemiground and reduces considerably 

the consumption of power. 

Sulfate (Kraft): 

The kraft process is the characteristic one for alkaline pulping. 

Wood chips are converted into separate fibers by the reaction between 

the alkaline cooking liquors and the noncellulose part of the wood. 

The active chemicals in the liquor are caustic soda and sodium sulfate. 

The cooking of chips under steam and pressure is called the digestion 

process. After the digestion, the chips are blown into a chest in the 

presence of spent cooking liquor (black liquor). 

Sulfite: 

The acid sulfite process utilizes an aqueous solution of metallic 

bisulfite and sulfure dioxide. Calcium has been used as a base for the 

metallic bisulfite. Because of difficulties presented in the recovery 

of the cooking liquor, the trend in some mills has been toward using 

magnesium, sodium or ammonium, which are more amenable bases for recovery 

practices. Some mills have a dépendance on the calcium base because they 

have.developed by-product markets for lignosulfates. In general the 
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recovery of the sulfite spent liquor is not practiced. After digestion, 

the chips are blown under pressure against a stainless steel plate and 

thus converted into fibers. 

Semichemical: 

Semichemical process is a two-stage process. The chips are treated 

with a chemical solution where partial removal of the lignin is obtained, 

and then the separation and refining of the cellulosic fiber is obtained 

by mechanical methods, e.g. disk attrition. The yield is higher in semi¬ 

chemical than in chemical, but the quality of the pulp is lower. The 

most important variants of semichemical pulping are the Neutral Sulfite 

(NSSC) and the Kraft Process (KSC). 

Deinking: 

The cost of industrial pulp has been a major reason for considering 

the use of waste paper. In the deinking process pulp is obtained from 

waste paper: all newspaper, wrapping paper, magazines, etc. The 

chemicals involved are usually plain alkalines; however, detergent and 

dispersing agents are sometimes necessary. Because of the contamination 

of the chemical used with ink and other substances, the recovery of 

chemicals is not practiced. Nevertheless, considerable saving of 

chemicals, heat, and steam can be obtained if the appropriate alterna¬ 

tives for water reuse, and recycling in the washing process are practiced. 

(22). 

Screening and Cleaning 

During the preparation of the pulp that is to be fed into the paper 

machines, undesirable materials are introduced and mixed with the fibers, 

e.g. knots, dirt, etc. . . There are also oversized fibers, which may 

be valuable enough to be recovered and reprocessed. The object of 
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screening is to remove accumulated "debris" and oversized fibers. The 

screening subprocess is a two-stage operation. 

(1) Coarse screening is the stage in which oversized fiber and knots 

are removed. This operation is usually performed before washing. 

(2) Fine screening is usually performed after washing. The object is 

to separate the fiber into groups according to their dimensions. 

Centrifugal cleaners are used in this subprocess to remove small 

particles. 

Washing 

After the digestion of the woods» and once the knots and coarse 

fibers are removed» the cooked pulp (brown stock) is washed with water 

to remove the spent liquor from the fiber. At this point» recovery of 

the spent liquor is usually performed. The filtering and washing of the 

cooked pulp is accomplished either by diffusers in the old mills or 

vacuum cylinder filters in the new ones. 

Several washers in series (multi-stage washing) are used to obtain 

the desired level of cleaning. The number of washers in the series depends 

upon the foaming properties of the wood used, and also upon the strength 

of the spent liquor. This subprocess can successfully be performed with 

reused water. 

Spent Recovery 

The recovery of spent liquor (black liquor) is an essential operation 

in the Kraft process. After digestion, the cooking liquor is separated 

from the pulp and conveyed for condensation through multiple effect 

evaporators where water available for recycling is generated. The 

condensed liquor is burned and the resulting smelt is then dissolved in 
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water and causticized by the addition of lime, most of which is then 

recovered. The efficiency of the recovery process is abôut 80%. Salt 

cake is added to make up for the losses. 

Thickening and Dewatering 

At the thickening and dewatering process the pulp is prepared for 

storage. The consistency of the pulp is increased by removing the 

water. Deckers or vacuum filters are used for the dewatering operation 

and the water removed can be reused in different processes throughout 

the mill. The stored pulp is ready to be bleached. 

Bleaching 

The cellulose obtained in the pulp mill is never free of impurities 

which give color to'the pulp. The objective of the bleaching subprocess 

is to remove the lignin and other coloring matter or to change it to a 

colorless state by adding chemicals. 

Bleaching is a multistage operation and depends on the kind of pulp 

to be bleached. For example, groundwood pulps do not use alkaline 

chemicals in the bleaching operation, as then the lignin would be dissolved 

and the yield of the wood would not be as high. The removal of color in 

groundwood pulp is accomplished by the use of oxidizing agents. 

For a chemical pulp such as Kraft or sulfite pulp, the delignifi- 

cation is accomplished by a multi-stage bleaching sequence that combines 

the following stages: 

(1) Chlorination stage (Alkaline) 

(2) Alkaline extraction 

(3) Hypochlorite stages (oxidation) 
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Washing is usually performed after each stage and recovery and reuse of 

bleach liquors is feasible. Methods for recovery have been proposed in (13) 

among others. The bleaching processes are among the major contributors ' 

to stream pollution. 

Stock Preparation 

The stock preparation subprocess includes several operations which 

are necessary in order to give the fiber the required characteristics 

for being processed into a specific type of finished product. Three 

main steps are performed: 

(a) Preparation of the "furnished" 

(b) Sizing 

(c) Chest mixing 

The furnished is a suspension of water, chemicals and pulp; beating 

is basically a process of attrition; sizing consists of the addition of 

chemicals such ns wax emulsions (water repelling substances) to provide 

the paper with resistance to wetting. Finally, the suspension is stored 

tin a chest before being fed into the paper machine. 

Paper Machine 

At this subprocess the stock is converted into paper. Two operations 

are involved: 

(a) arrangement of the fiber suspension into a wet web 

(b) removal of water 

Large amounts of relatively clean water (white water) can be reused 

not only at the paper machine subprocess, but at others, e.g., screening 

or wood preparation. The recovery of stock is a necessary practice. 
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Finishing and Converting 

This consists of the preparation of the paper for delivery. It 

is usually a dry operation. The only waste is the clean-up. Liquid 

wastes are generated only when coating is involved. 

TREATMENT PROCESS 

The treatment of waste waters has been categorized into four 

fundamental processes, namely pretreatment, primary, secondary and 

tertiary treatment. 

The appropriate segregation of waste waters for treatment, and in 

general waste reduction practices at the production level are considered 

as pretreatment processes. Because of their close association with the 

production process, these alternatives will appear is in-plant modifica¬ 

tions rather than as an integral part of the treatment process. 

Contents of Waste Waters 

The measurement of the degree of contamination of waste waters 

has been a major task in pollution abatement. A number of criteria 

have been developed. Although they are not categorical, these standard 

units measure to a greater extent the undesirable characteristics of 

the effluents. Those criteria most commonly used are: Biological 

Oxygen Demand (BOD) which refers to the amount of oxygen that will be 

removed from the water by the microorganisms in the process of degrada¬ 

tion of organic matter; Suspended Solids (SS); Chemical Oxygen Demand 

(COD). These are usually expressed in pounds per ton or milligrams 

per liter. Other criteria are Color, Dissolved Solids (DS) (tommonly 

expressed in parts per million), Temperature, PH, Toxicity, and Radio¬ 

activity. 
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Primary Treatment 

The objective of the primary treatment is the removal of solids 

and some Biological Oxygen Demand (BOD) which has not been dissolved. 

This subprocess involves operations such as filtration, flocculation, 

gravity settling, air flotation, etc. 

Secondary Treatment 

The objective of this process is the removal of dissolved BOD, 

generally by biological oxidation. Chemicals and nutrients for 

bacteria are used in combination with aeration to raise the oxygen 

level of the water. Filtration and combustion have been considered 

as means of reduction of the biological oxygen demand of the waste. 

Tertiary Treatment 

The tertiary treatment process is the final step in obtaining 

clean water. It includes all those operations whose objectives are 

to obtain a level of purity and clarification beyond secondary treat¬ 

ment. Usually, chemicals such as mass lime are used as absorbent 

agents for the removal of BOD left, color, foam and dissolved solids. 

WATER CONSUMPTION AND RESIDUALS GENERATION 

In 1968, of the total water intake in Industry, the paper and 

allied products consumption accounted for 14.5%, ranking third among 

the leading water using industries with a total intake of 2,252 billion 

gallons and a total volume of effluent' of 2,087 billion: gallons. An 

average figure for the fresh water required per ton of product of 

45.000 gal/ton suggests the possibility of a vast number of alterna¬ 

tives for water recycling within the mill beyond the actual level of 

reuse. (See Table 1, next page) 
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TABLE Is WATER USE IN MANUFACTURING INDUSTRIES BY MAJOR INDUSTRY 1 2 

GROUPS. 1968 

(All data In billions of gallons) 

Industry 
Group 

Water Intake Gross wateivused 
including water 

recycled or reused 

Water discharged 

Fresh Brackish Total 
Total 

Total prior 
discharge 

All 
industries 
Total 

12,454 3,013 15,467 35,701 14,274 4,353 

Paper 
and allied 
Products 

2,083 169 2,258 6,522 2,078 915 

Both air emissions and water pollution in large scale are characteristic 

of the Pulp and Paper Industry. 

In the Paper Industry, the pollution abatement capital expenditure 

made over a five-year period (1965-1969) has been the second highest, 

closely following the petroleum industry groups as can be readily 

obtained from Table 2. 

TABLE 2 ; TOTAL CAPITAL EPENDITURES FOR WATER POLLUTION ABATEMENT 2 

FACILITIES, BY INDUSTRY, 1965-1969 

Industry 1965-1969 

No. Amount ($000) 

Food and kindred products 53 $ 9,583 
Textile mill products 38 5,627 
Paper and allied products 101 104,304 
Chemicals and allied products 177 109,964 
Petroleum products 46 52,399 
Rubber and plastic products 24 8,963 
Primary metals industries .61 24,251 

Total 5ÔÔ 315,064 

1 Extracted from the 1967 Census of Manufacturers Report, Water 
2 Use in Manufacturing. 
"Source: reference (16) 
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Data obtained in the same survey (16) suggest that the reason for the 

high capital expenditure in the paper and allied products may be the 

high concentrations of residuals in the effluent considering that the 

effluent per ton is already relatively large. In tables 3 and 4 the 

ratio of BOD and SS in pounds per MGD is given. 

TABLE 3: BOD CONTENT PER QUANTITY OF UNTREATED WATERS FROM MANUFACTURING 
PROCESS DISCHARGED DIRECTLY. BY INDUSTRY. 1969 

Industry No. Wastewater 
discharge 
(MGD) 

BOD 
Content 
(pounds) 

Ratio 
(pounds 
per MG) 

Food and kindred products 12 146.9 106,272 723 
Textile mill products 14 33.0 83,822 2,537 
Paper and allied products 36 437.2 1,336,878 3,057 
Chemicals and allied products 58 564.7 613,402 1,086 
Petroleum products 2 5.7 2,450 432 
Rubber and plastics products 6 9.4 1,381 146 
Primary metals industries 12 249.0 416,197 147 

Total Ï4Ô 1,306.8 2,160,402 1,653 

Source: reference (16) 

BOD and suspended solids can be significantly reduced by introducing 

In-plant modifications and by-product recovery alternatives. 

TABLE 4: SUSPENDED SOLIDS PER QUANTITY OF UNTREATED WATERS FROM 
MANUFACTURING PROCESS DISCHARGED DIRECTLY, BY INDUSTRY, 
1969 

Industry No. Wastewater 
discharge 
(MGD) 

Suspended 
Solids 
(pounds) 

Ratio 
(pounds 
per MG) 

Food and kindred products 12 146.9 862,152 5,869 
Textile mill products 8 26.0 15,141 583 
Paper and allied products 36 437.2 1,416,930 3,240 
Chemicals and allied products 57 603,4 1,133,000 1,877 
Petroleum products 2 5.7 3,602 636 
Rubber and plastics products 8 29.6 7,357 248 
Primary metal industries 25 249.0 539,311 2,165 

Total 148 1,497.7 3,977,493 2,655 

Source : reference (4) 

PH values for the Pulp and Paper Industry are close to neutral 
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Detalled Information about the waste loads will be presented as needed 

in the construction of the model. 

OVERALL PRODUCTION DATA AND TRENDS 

The production of pulp in the United States during 1969 was 35.75 

million air dry tons (10% moisture), or 37% of the world's pulp produc¬ 

tion. Distribution of the total production among the differnet pulp¬ 

ing processes is given in table 5. 

TABLE 5: WOOD PULP PRODUCTION IN THE UNITED STATES BY PROCESS 

Pulping 
process 

Production, 10^ tons Proportion of total wood 
pulp production, % 

1945 1965 1969 1945 1965 1969 

Mechanical 1.8 3.9 4.2 18 12 10 

Sulfite 2.4 4.3 4.0 23 13 9.5 

Semichemical Neg1 2 2.9 3.4 - 8.5 8.5 

Sulfate (draft) 4.5 20.5 27.6 44 61.5 67.5 

Other 1.5 1.7 1.8 15 5 4.5 

Total 10.2 33.3 41.0 100 100 100 

1. Includes alpha and dissolving grades. 
2. Neg = neglible 
Source: American Paper Institute, Statistics of Paper, (1964, Supp. 

1970) 

The kraft process is expected to account for 70% of the total 

production of pulp and 85% of the chemical pulping, as indicated in 

Figure 2 on the next page. 

Based on the trends in chemical pulping and on the fact that kraft 

pulp actually accounts for most of total production of pulp, we have 

selected Integrated draft mills for the development of a representative 

model of the Pulp and Paper Indus try. 



FIGURE 2: PROJECTION OF PRODUCTION OF CHEMICAL PULPS IN THE UNITED STATES 

Sulfite 
Dissolving Soda 

Source: Report PB 190,351 

The cost of production of a ton of Kraft Southern Pine pulp is 

approximately $120. The prices of the wood pulp market are given in 

Table 6. 

TABLE 6 : MARKET WOOD PULP (SECOND QUARTER CONTRACT PRICES PER SHORT 
AIR DRY TON) U.S. DELIVERED BASIS 

Pulp type U. S. Canadian 

Groundwood 
Groundwood, Bleached 
Kraft, Bleached Softwood 
Kraft, Bleached Hardwood 
Kraft, Semi-Bleached 
Kraft, Unbleached 
Sulphite, Bleached 
Sulphite, Unbleached 

$ 100 
110 
175 

155/168 
165/175 

NiA. 
176/182 
155/160 

100 
110 
185 

168/172 
180 
170 

176/182 
155/160 

Source: Paper Trade Journal/June 25, 1973 
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DESCRIPTION AND FORMULATION OF ALTERNATIVES 

Reduction, Reuse, Recovery and Treatment practices have been the 

basic guidelines for the development of the model. Related to these 

guidelines, the identification and description of alternatives, both 

from a qualitative and quantitative point of view has been a fundamental 

step from which within a reduced number of reasonable assumptions we 

formulate the Mathematical Model. 

The Mathematical Model is basically the statement that mass 

balances and production requirements have to be satisfied whatever 

alternatives are chosen. Associated with each alternative there is 

a cost that depends on the quantities and prices of the inputs and 

outputs envolved. What the model implemented in a computer does, is 

to select the sequence of alternatives that minimizes total cost of 

operation. 

OBJECTIVES AND ASSUMPTIONS 

A major concern in this paper is to describe the response of the 

plants to different policies, mainly price policies relating to water 

and waste residuals. Prices and standards relating to energy, air 

emissions and raw materials are considered as fixed. In recognition 

of the importance of these parameters and the interaction that exists 

among them and the production process, we think that a logical extension 

of the model would include them as active parameters that can affect 

the selection of alternatives related to energy conservation, air 

contamination and chemical recovery. 
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Two major assumptions have been made within the Model: First 

we assume that the plants will actually respond to price variations 

as cost minimizers: i.e. if the cost of water increases above the 

cost of recycling then the plan will actually introduce recycling 

alternatives. A consequence of this''assumption is that the standards 

can be deduced rather than evaluated since for any given standards there 

exist one or several optimal sequences of alternatives with corresponding 

prices that satisfy the given standards, provided that they are techno¬ 

logically feasible. 

The second major assumption is that of linearity of the production 

process (though not necessarily in the cost functions). By linearity 

in the production process is meant that the input-output ratios are 

constant regardless the level at which the process is operated. This 

is a characteristic of the activity analysis approach which is valid 

for variations in the level of operation close to the level at which 

the input-output ratios were originally tabulated and in general is 

a reasonably good appoximation. 

EVALUATION OF ALTERNATIVES 

The quantitative description of the alternatives has been a 

critical step for the construction and implementation of the model. 

At this stage of engineering evaluation of cost figures and mass 

balances, the complexity of the problem is related to the level of 

disagregation of the alternatives and to the difficulties in gathering 

available data. 

To overcome these difficulties to some extent, a reasonable 

degree of agrégation has to be assumed. For purposes of this paper, 

we have subdivided the alternatives into four categories: 
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In-plant Modifications 

At the level of production there exist many alternatives that 

represent significant reductions in waste loads. Efficient operation 

in the mills may help to control spills and overflows (21). Segregation 

of effluent, especially those containing black liquor, not only reduces 

BOD and SS loads but also improves the conditions of the effluent for 

Biological treatment. The effects of these alternatives on residual- 

generation and on costs of operation usually depend on the particular 

mill. 

Most of the pollution in the production of pulp is generated in 

the pulping recovery and bleaching processes. Alternatives have 

been developed that can be implemented in most kraft mills for the 

processes above. These are Oxidation of black liquor (29) and 

Oxigen bleaching (13). The introduction of these two alternatives 

brings significant reduction in chemical use, air emissions and 

waste loads. Total BOD in the mill can be reduce 90% or more. 

Most mills have wood preparation facilities; however, a combina¬ 

tion of chips purchase and wood preparation is possible. This is a 

simple alternative that offers trade-offs in terms of water consumption, 

energy conservation and residual generation at the plant, considering 

that the long log debarking can be done at the forest site (10). 

Water Recycling Alternatives 

In kraft mills water for recycling (22) is available from log 

fumes and Barkers at the wood preparation process and from the con¬ 

densation of black liquor in the recovery process. Large amounts of 

water are also available as white water in the paper machine operations. 

Yankowski (35) (19) reports a reduction of 40% in water use in the 
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bleaching process by recycling the bleach plant water filtrate. The 

screening process as well as wood preparation offers good oportunities 

for reusing large volumes of waste effluents. 

Bacteria and fungi growth, and solids build-up impose serious 

limitations on the recycling of untreated waste water. However the pos¬ 

sibility of an effluent-free mill has been considered (25), with almost 

tot^l recycling after tertiary treatment (2). 

The economic importance of water-recycling alternatives in the 

pulp and paper industry is due not only to reduction in water consump¬ 

tion but to the reduction of the treatment cost since these are dependent 

on the volume of effluent (21). 

Treatment Alternatives 

There exist several alternatives for treating pulp and paper mill 

effluents. Different treatment processes have different waste removal 

efficiencies and different associated costs. In (22) an exhaustive 

description of the treatment alternatives is given; however, these are 

not fully evaluated from a quantitative point of view. One possible 

alternative is to send pulp and paper effluent into a joint municipal 

waste treatment (15). For purposes of the model we have used exponential 

cost functions obtained for municipal waste (18) after proper adjustment 

of the coeficients so as to fit specific costs for the pulp paper 

industry waste treatment alternatives. The cost equations developed in 

(18) are of the form 

Y = C-XB (1) 

where 

Y = Total cost in dollars 

X « Volume of effluent in m.g.d 
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B and C are constants calculated for each correlation. 

Linear regression techniques were developed from the equivalent 

form to (1) 

log Y « B.log X + log C 

For purposes of updating the data, a third constant A has been introduced 

so that the updated cost equation developed in (18) becomes 

Ÿ - A-10tB-1°S X + « 

The constants A, B, and D = log C are determined for each treatment 

alternative. 

The treatment alternatives considered are: Gravity clarifier, 

Dissolved ari flotation and Sedimentation basin for Primary treatment; 

Activated sludge, Trickling filter, and aerated lagoons for secondary 

treatment; and Mass Lime, Carbon adsorption, and Ion exchange for 

tertiary treatment. A thorough description of alternatives is given 

in (22). In this paper, the disposal of the Brine Stream has been not 

accounted for, however, in (37) the problem of the Brine'*' has been 

reduced to the design of a diffuser that discharges the brine to a 

flowing stream with adequate dilution. At this point we would like 

to mention that although reverse osmosis has not been Included as an 

alternative in tertiary treatment it promises to be a significant one 

for demineralization of mill effluents and BOD reduction. 

By-product Alternatives and Disposal 

The introduction of by-product alternatives in most cases not 

only reduces the pollution loads, but also give credits to the mill. 

At this point, full evaluation for its inclusion in the model has not 

been accomplished but preliminary data are given in Table 7. 

^Processes like Ion exchange, reverse osmosis and electro dialysis 
produce brines as wastes. 
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TABLE 7: BY-PRODUCT RECOVERY IN THE PULP AND PAPER MILL INDUSTRIES 

By-Product Recovery 

Process By-Product Quantity 

Value - 
Recovered 
Products 

Diminution 
of Pollutional 
Load 

Kraft Turpentine 1.5-4.3 gal/ton $0.20-0.40/ton 1% 

Tall oil 180-300 lbs/ton $9-15/ton 2% 

Lime 2.0 tons/ton $40/ton 95% 

Soda ash 1.5 tons/ton $40/ton 95% 

Fiber recov¬ 
ery 

0 

Not relevent Not relevent 20-27% 

Source: reference (9) 

Disposal alternatives in the model will have associated costs 

due only to Taxes on the pollution loads. Other debits due to sludge 

dewatering handling and disposal will be assumed in the cost of the 

treatment alternatives. 

ACTIVITY ANALYSIS FORMULATION 

The model we have developed is basically an aggregate of sub¬ 

models. We introduce at this stage the activity analysis approach 

by modeling a simple case of recycling. 

In Figure 3 a description of a recycling alternative is given. 

Figure 3 : Description of a Simple Recycling Alternative 

D 

R< U 

F « 
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Where 

F: Water for make up (in 100 gallons) 

R: Recycled wastes (in 1000 gallons) 

U: Upper bound on the amount that can be recycled 

E: Effluent (in 1000 gallons) 

D: Demand for water in the process (in 1000 gallons) 

W: Cost in ç/1000 gal. of fresh water 

r(R): Cost in C/1000 gal. recycled water 

The problem of deciding whether or not to recycle is a trivial 

one, for the solution is to recycle as much as can be done whenever 

r(R) < W. 

Suppose r(R) = r constant; then, the equivalent activity analysis 

formulation of the problem in tableau form (see related Figure 4) is: 

*1 X2 X3 
X4 s 

W 0 r 0 0 min 

(a) 0 1 -i -1 0 = a 

(b) 1 -1 i 0 0 * 0 

(c) 0 0 i 0 1 - u 

(d) 0 1 0- 0 0 = u 

(1) 

FIGURE 4: ACTIVITY ANALYSIS DESCRIPTION OF A SIMPLE RECYCLING 
ALTERNATIVES (d) 

(c) 



Here we have four activities A^, A^, A^, A^, with corresponding 

intensity variables x^, x2* x^, x^, respectively. The vector x * 

(x^, x2, x^» x^) is called intensity vector. 

Equations (a) and (b) state that the flow of water has to be 

conserved, i.e. The net flow in corresponding nodes (a) and (b) in 

Figure 4 has to be zero. Equation (c) states that the amount of 

water recycled cannot exceed the upper bound given. Equation (d) 

requires that the demand be satisfied. Finally, the inequalities (e) 

are non-negativity requirements on the intensities. Each activity 

is characterized by the corresponding column in the matrix defined 

by equations (a), (b), (c), (d) and restrictions (e). It can be 

noticed that inputs in the activities appear as negative entries and 

outputs as positive entries. 

The standard Linear Programming formulation of the problem is: 

min wx^ + rx^ 

Subject to xn + x- ■ D 
1 J (2) 

x2 = Ü 

x3 + x4 = D 

x3 > 0 (i - 1, 2, 3, 4) 

where (1) can be obtained from (2) by simple additions and subtratlons.. 

The corresponding Linear Programming Tableau in cannonical^ form is: 

1 
A comprehensive treatment is given in reference (7) and (31) 
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X1 X2 X4 
S x3 

0 0 0 0 (r-w) => -Dw 

1 0 0 0 1 = D 

0 1 0 0 1 = D 

0 0 1 0 1 = D 

0 0 0 1 1 « Ü 

Xg will become an active variable whenever (r-w) < 0 and if this is the 

case then X3 ■ U, and X2=X^x=X^=D-U is the optimal program with total 

minimal cost Z = wD + (r-w)U. Otherwise X^=X2=X^=D and Xj=0 with total 

cost wD. 

Similar models can be built for specific process, treatment and 

by-product alternatives. Integrating them into a large model becomes 

a matter of connecting separate pieces. 



THE GENERAL MODEL 

Once the alternatives that can be generally implemented in most 

kraft mills have been described in terms of activities, they can then 

be assembled into a comprehensive model. 

For the pulp and paper integrated mill that will be considered, 

the production will be assumed to be prefixed quantities of two types 

of paper: one made out of unbleached pulp (paper bags, etc.) and the 

other made out of bleached pulp (newsprint, fine paper, etc). In 

figure 5 we Hhve the alternatives and the production process represented 

as interrelated activities. 

DEFINITION OF VARIABLES AND PARAMETERS 

Associated with the alternatives Aj_, ... , An; (n=39) is the vector 

x = (x^ Xr) where x^- denoted the variable intensity at which act¬ 

ivity is carried out. 

For each activity in the model (see list of activities following 

figure 5)the unit level for the activity (x^ = 1) will be that intensity 

at which the activity consumes 1000 gallons of water. Consequently, all 

inputs and output at unitary level are expressed as concentrations (lbs/ 

1000 gall). In cases where the processes do not require water, the 

unit level be otherwise especified. 

The list of activities corresponding to figure 5 is as follows: 

Al: Purchase of chips 

A2: Wood preparation 

A3: Pulping, recovery, washing, thickening and dewatering 

26- 
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FIGURE 5: ACTIVITY ANALYSIS DESCRIPTION OF PROCESSES AND ALTERNATIVES 

FOR AN INTEGRATED KRAFT PULP AND PAPER MILL 

B . i.« 

A23 A27 
"%i GRAVITY ACTIV. - 

CLARIF. SLUDGE 

A2A A28 

DXSS. AIR AEREATED H 

FLOTAT. .1 LAGOON 

L 
A25 A29 

SETTLING TRICKL* - 

POND FILTER 

A26 A30 

EFFLUENT , EFFLUENT 
DISCHARGE DISCHARGE 

A31 
HASS 
LIME 

0 A33 
CARBON 
ADSORP. 

P 

> 

A35 
ION 

EXCHANGE 

O, 
■4 

«1 

> 

A37 
RECYC. OF 
TRTD. EFF. 

A3 2. A3* • A3* A30 

EFFLUENT EFFLUENT EFFLUENT EFFLUENT 

DISCHARGE DISCHARGE DISCHARGE DISCHARGI 

WATER FLOW 

WOOD AND PAPER FLOW 
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A4 : Bleaching 

A5 : No bleaching 

A6: Paper making 

A7 : Recycling water form evaporator Ay to A3 

A8: Recycling water in multistage bleaching 

A9: Flow of water due to change ineconsistency 

A10: Recycling of white water to pulp storage 

All: Recycling of white water to pulping processes 

A12: Recycling of white water to wood preparation 

A13: Storage of fresh and/or recycled water 

A14: Usable water to A2 

A15: Usable water to A3 

A16: Usable water to A^ 

A17: Usable water to A3 

A18: Usable water to Ag 

A19: Waste '.water from A3 to effluent 

A20: Waste water from A4 to effluent 

A21: Waste water from Ag to effluent 

A22: Total mill effluent 

A23: Gravity clarifier 

A24: Dissolved air flotation 

A25: Settling pond 

A26: Discharge of effluent to nearby stream with no treatment 

A27: Activated sludge 

A28: Aereated lagoon 

A29; Trickling filter 

A30: Effluent to nearby stream after primary treatment 

A31: Mass Li$e 

A32: Effluent to nearby stream after secondary treatment 

A33: Carbon adsorption 

A34: Effluent to nearby stream after mass lime 

A35: Ion exchange 

A36: Effluent to nearby stream after carbon adsorption 

A37: Recirculation of treated effluent 

A38: Effluent to nearby stream after Ion exchange 

A39: Fresh water supply 
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Thus, if we let 

= amount of BOD in pounds per ton of product generated by activity 

« amount of suspended solids per ton of product generated at activity 

A^, and 

W.j_ = water demand in gallons per ton of product at 

Then the concentrations of BOD and SS 

= amount of BOD at unit intensity 

y^ = amount of suspended solids at unit intensity, 

will be given by 

Pi = 1000Bi/Wi (lbs/1000 gal.) 

y± - lOOOS^t^ (lbs/1000 gal.) 

The effluent leaving an activity is characterized by a vector that 
BOD 

describes the concentrations and the volume £SS 
Color 
Volume 

Thus the cost of disposal alternatives will be determined by the concen¬ 

tration of waste, the volume of effluent and the taxes on BOD, SS and Color 

We define the following parameters: 

C£ = cost of running the ifc^ activity at the unit level, for 1*1, 

2, 7, 8, 12, 37, 39 

CT^ = A^ • 10 ^22 + ^ • general cost form for waste treatment 

alternatives (18) namely i = 23, 24, 25, 27, 28, 29, 31, 33, 35. 

M $/(1000) gals. 

CW = cost of fresh water in $/(1000) gals.^ 

TB = Tax on BOD ($/lbs) 

TS * Tax on suspended solids ($/obs) 

TC * Tax on color ($/lbs) 

,p^ = concentration of BOD at unit level (lbs/1000 gals) 

h22 - 10“3X22 
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= concentration of S3 at unit level (lbs/1000 gals) 

Ci - a, 3, 4, 5, 6,) 

EB_^ = efficiency BOD removal at the Ie treatment process. 

ES^ = efficiency suspended solids removal at the i^h treatment process. 

EC^ = efficiency in color ..removal at the i^ treatment process, 

y = total color concentration at A22» i.e., for the untreated 

effluent/ 

Alphanumeric veriables are use to denote the concentrations at the 

differnet stages of treatment. The letters R, M, S are associated with 

BOD, SS, and color concentrations respectively. 

We recall that is the concentration of BOD that leaves the i*3* 

process, then, the total concentration before treatment (at A22) will 

be 

RO 

E PlXi 
i=2 

l22 

After primary treatment, this becomes ^ 

25 E p X 
E X±*(1 - EBi)• 1=2 3 3 

R1 1=23 L:22 
25 

2 y 
i = 23Xi 

We can similarly compute expressions for suspended solids and color 

after primary, secondary and tertiary treatments* 

At the different stages of treatment the concentrations in the 

effluent are; 

Before treatmnet (at node (L) Figure 5) 

B0 = (P2X2 + ••• + P6X6> 

(x2 + x19 + x5 + X2Q + x21) 
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50 = QI2
x2 + »•• + H6X6) 

(x2 + x19 + x5 + x20 + x21) 

CO = X/ (x2 + x19 + x5 + x2Q + x21) 

After primary treatment (at (M) ) 

B1 = [(1 - EB23) x23 + ~ EB24> X24 + (1 ~ X25] * BC 

<x23 + x24 + x25} 

51 - [(1 ~ ES23^ x23 + ^ " ES24^ x24 + ^ ES25^ x25^ ‘ S0 

(x23 + x24 + X25) 

Cl = [(1 - EC23) X23 + (1 - EC24) X24 + (1 - EC25) X25] » CO 

<x23 + x24 + x25) 

After secondary treatment, (at (N) ) 

B2 = K1 “ EB27^ x27 + ^ “ EB28^ X28 + ^ ” EB29^ X29^ * B1 

(x27 + x28 + x29) 

52 = U1 ~ ES27^ x27 + ^ ES28^ x28 + ^ ES29^ x29^ * S1 

(x27 + x28 + x29) 

c2 = [(1 - EC27) X27 + (1 - EC28) X28 + (1 - SC29) X293 • Cl 

(x27 + x28 + x29) 

After mass lime precipitation (at (0) ) 

B3 = B2 • (1 - EB31) 

53 - S2 • (1 - ES31) 

C3 = C2 • (1 - EC31) 

After carbon adsorption (at (P) ) 

B4 = B3 * (1 - EB33) 

54 = S3 • (1 - ES33) 

C4 = C3 • (1 - EC33) 
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After Ion exchange demineralizer (at (Q) ) 

B5 = B4 • (1 - EB35) 

S5 - S4 • (1 - ES35) 

C5 = C4 * (1 - EC35) 

where 0 ^ EB^ ^ 1; 0 ^ ES^ ^ 1; 0 4 EC^ 1 for a treatment activity. 

THE OPRIMIZATION PROBLEM 

We wish now to find that intensity vector x* « (x*, ... , x*) 

which will minimize the total cost of producing the required quantities 

of paper at different price levels and subject to the relevant constraints 

The constraints for this model are basically of three kinds: mass 

and water balances, recycling capacities and production requirements. 

We should also mention that the intensities of the activities can never 

be negative. 

The mathematical formulation of the mass and water balance con¬ 

straints simply states that at every decision point where outputs are 

congregated and then diversified as inputs into other processes, the net 

flow has to be zero, i.e., at decision point labeled C in Figure 5 

it must be true that x^ + - x^ = 0. The recycling constraints 

state that the amount recycled cannot exceed a given quantity, i.e., 

0^x7 ^ U7. The requirements in production are stated as lower bounds 

on the intensities of the activities for the cost minimization problem. 

For example: 

x > U x. > B x, £ P 
5 4 6 

where U, P and B are minimum levels at which activities A3, A4 and 

Ag produce the required amounts of unbleached pulp, bleached pulp, and 

paper, respectively. 
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Thus, we would like to minimize 

X0 = Clxî + C2X2 + C7X7 + C8X8 + C10x10 + C12x12 + CT23X23 + CT24X24 

+ CT25X25 + <TB*B + TS *S + TC-C) x26 + CT27x27 + CT^g + CT29x29 + 

(TB*B1+TS*S1 + TC'Cl) x3Q + CT31x31 + (TB*B2 + TS*S2 + TOC2) x32 + 

ct
33
x33 + (TB• B3 + TS*S3 + TOC3) x34 + CT35x35 + (TB*B4 + TS*S4 + TC.C4) 

x36 + c37x37 + (TB• B5 + TS*S5 + TC*C5) x3g + CW39x39 . 

Subject to the appropriate constraints. 

WASTE LOADS 

The intensity vector will not readily give us the amount of BOD, 

SS and Color disposed of. These waste loads can be computed from the 

minimizing vector. In fact, these quantities appear in the objective 

functions expressed as functions of the processes which generate them. 

Table 8 gives the waste load functions for disposal activities: 

A26* A30* A32* ^4* ^6* A38* 

Table 8: VOLUME OF EFFLUENT AND WASTE LOADS QUANTITIES OF DISPOSAL 
ACTIVITIES 

^^^^Characteristic 

Activity 

BOD Suspend Solids Color Volume of Effluent 

A26 X26
BO x26SO X

26
CO x26 

A30 X
30
B1 X30S1 X30C1 x30 

A32 X32
b2 X32S2 X32C2 X32 

A34 X
34
B3 

X
34S3 X34C3 X34 

^6 X36B4 X36S4 x,,C4 
36 X36 

>
 

L
O
 

00
 X38S5 

x
3gC5 x38 

For BOD, SS and Color concentration as defined above 
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PARAMETRIC ANALYSIS 

The parametric analysis will be performed with respect to the 

taxes on effluent characteristics and the cost of water. 

The processes chosen allow enough flexibility for the model to 

respond to changes in the parameters. Thus, for a continuous increase 

in cost of water and/or taxes, the minimization process changes the 

solution toward the selection activities for further treatment and 

recycling, and consequently toward reduction in waste discharges. 

The system will eventually reach a saturation point where no increase 

in prices will result in further recycling or cleaning of the effluent. 

In fact, after tertiary treatment, the water is assumed to be good 

enough for total recirculation. 



THE REPRESENTATIVE MODEL 

The integrated kraft mill used as a representative plant is a 

hypothetical one. Data for the mill have been obtained in a specific 

way so as to represent the industry from the point of view of water 

demand and residuals generation. Secondary data have been used, after 

consultation with industry contacts. The data thus obtained in con¬ 

junction with the general model give us the representative model from 

which policies are evaluated and demand schedules are obtained. 

SELECTION OF THE REPRESENTATIVE PLANT 

In the work on Paper mills developed by the Federal water pollution 

control administration (FWPCA), mills were placed under three categories 

according to size and type of technology. The categories established 

are; Older, Today’s, and Newer. The estimated percentage of plants 

in each category for the years 1963, 1972, and 1977 is given in Table 9. 

Mean values for the volume of effluent and waste loads corres¬ 

ponding to kraft mills in each category are given in Table 10. 

Data for an integrated kraft mill are derived so that the hypothe¬ 

tical mill thus obtained is somehow representative of the Industry. 

The estimated percentages for the three categories for 1977 in 

Table 9 are used as weights on the data given in Table 10. In this way 

we construct the waste loads quantities and the volume of effluent for 

the representative plant as a weighted average of the data given for 

the plants in the three categories. The data refer to quantities pet 

ton and are given in Table 11. 

-35- 



TABLE 9 S PERCENTAGE OF PLANTS ACCORDING TO TECHNOLOGY LEVEL 
AND PRODUCTION CAPACITY 

Technology 
Levels 

Estimated Percent 
of Plants in Year 
1963 1972 1977 

Range of Plant 
Sizes (ton/day) 

Older 24 11 6 20-500 

Today's 68 58 48 100-1000 

Newer 8 31 46 200-1500 

Source: Reference (22) 

The hypothetical mill has been selected to be a medium size mill 

that produces 700 tons per day of two types of paper, unbleached bag 

sack and newsprint with southern pine as input wood at 50% water con¬ 

tent by weight and 47% yield. 

Each type of paper has minimum requirements on the quantities to 

be produced (lower bounds) in the same proportion as the corresponding 

national production of sack paper and newsprint. (22). 

The cost of recycling alternatives has been estimated using Id 

per kilowatt-hour and 8.5% rate of return for 15 years on capital 

investment. 

The cost of treatment has been adapted from cost functions developed 

for municipal waste (18). The constants in the general cost equation for 

waste treatment process (learning curve type) have been modifies so as to 

fit actual cases for the pulp and paper Industry (8), (17). 
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TABLE 11: WASTELOADS QUANTITIES AND VOLUME OF 
EFFLUENT FOR REPRESENTATIVE MODEL 

EFFLUENT 
TREAT- 

PROCESS ^-\MENT 

SUSPENDED 
SOLIDS 
(LBS/TON) 

BOD5 
(LBS/TON) 

COLOR 
(PMM) 

WASTE 
WATER 

(GAL/TON) 

WOOD PREPARATION 7.64 4.17 3,134 

PULPING 14.90 23.82 6,022l 

WASHING, 
THICKENING, 
& SCREENING 

13.50 26.92 8,084J 

BLEACHING 34.52 16.16 17,110 

PAPER MAKING 39.48 13.48 11,610 

TOTAL 110.04 84.55 * 2,000 45,960 

*The total amount of Color 2000 ppm is approximately 34.56 pounds per ton. 

14,106 
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The cost of treatment as a function of the volume of effluent 

(X22) is given in Table 12. 

The general cost equation is CT^ = • 10 X22 ^i^. 

See pages and 

TABLE 12: COST FUNCTIONS FOR TREATMENT ALTERNATIVES 

i Name of Process Ai Di 

j PR
I
M
A
R
Y
 23 Gravity Clarifier .014646 .20 .99 

24 Air Flotation .014646 .15 .85 

25 Settling Bond .01 .10 .90 

S
E
C
O
N
D
A
R
Y
 

27 Activated Sludge .014646 .22 .90 

28 Aereated Lagoon .0109 .16 1.05 

29 Trickling Filter .014646 .26 1.18 

T
E
R
T
I
A
R
Y
 31 Hass Lime .014646 .046 .62 

33 Carbon-Adsorption .014646 .33 .88 

35 Ion-Exchange .01 .32 2.01 

In the cost functions above a major assumption has been made; 

namely that the possible changes in effluent due to disposal activities 

will not affect the cost of the subsequent stages of treatment. At the 

level of disaggregation at which the model has been developed, the above 

assumption does not introduce sensible changes. However, if the alter¬ 

natives for recycling are introduced after secondary treatment «nd at 

intermediate stages in the tertiary treatment sequence, then the vari¬ 

able X22 should be replaced by the proper balancing variables. 
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The requirements for water at each activity in the production 

process and the recycling capacities are given in thousands of gallons 

per day.^ 

PROCESSES RECYCLING 

Water Requirements 

Dx = 0 

D2 - 2193.8 

D3 = 9874.2 

D, - 11977 

D5 = 0.2 D4 = 2395.4 

Upper Bounds 

Ry < 0.3 D3 = 2962.26 

r8 < 0.5 D4 - 5988.5 

R10 - 
D5 = 2395.4 

R11 1 °*2 d4 

R12 - °2 

2395.4 

2193.8 

D6 = 8127 

D9 - 0.2 Dfi - 1685.4 

Using the expressions for concentrations developed in the preceding 

chapter, and the data of Table 11; we obtain: 

(BOD) Concentrations (SS) Concentrations 

p2 - 4.17/3.134 = 1.3305 

p3 = 50.74/14.106 - 3.5970 

p4 = 16.16/17.11 - 0.9445 

p5 - 0.4106/3.422 - 0.12 

P6 - 13.48/11.6 - 1.1610 

P2 - 7.64/3.134 = 2.4378 

p3 - 28.4/14.106 - 2.0133 

y4 = 34.52/17.11 - 2.0275 

V5 - 1.368/3.422 = 0.4 

y6 = 110.04/45.96 - 2.394 

The removal efficiencies for the different treatment processes are 

given in Table 13. From this table it can be seen that the concentra¬ 

tions of waste loads are negligible at A due to the accumulated effect 
37 

of the removal efficiencies in the treatment processes. Dissolved 

solids (17) will be below the requirements for both bleached and 

unbleached kraft (i.e. below 250 ppm and 500 ppm respectively (2) ). 

*For a daily production of 700 tons, simple conversion gives gallons 
per day from gallons per ton. 



TABLE 13: REMOVAL EFFICIENCIES FOR 
WASTE TREATMENT ALTERNATIVES 

CHARACTER- 

^\ISTICS 

ACTIVITIES^\^ 

SUSPENDED 
SOLIDS 

BOD COLOR 

85* 33 8 
GRAVITY 

CLARIFIER 60 - 90 10 - 40 0-10 

DISSOLVED 
90 40 

M 
& 

AIR FLOTATION 70 - 95 10 - 50 

SEDIMENTATION 
80 33 

BASIN 50 - 90 10 - 40 

ACTIVATED 
90 25 

SLUDGE 75 - 95 10 - 30 

TRICKLING 
60 11 

FILTER 30 - 70 0-15 
O 
o 
w 
C/3 

AEREATED 
76 8 

LAGOON 40 - 85 0-10 

MASS LIME 
75 

60 - 80 
86 

75 - 90 80 - 90 
90 

CARBON 
60 85 92 

M 

ABSORPTION 50 - 60 70 - 90 85 - 92 

w 
H 

ION 55 60 

EXCHANGE 40 - 60 50 - 60 

*The number in the upper corner is the one selected for 
Representative model. 
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Therefore, at Agy the water is suitable for reuse throughout the 

mill. 

About 90% of the total water intake can be recycled at A^yj 10% 

is lost in evaporation and adsorbed in the sludge (approximately 5% in 

the production process and 5% in the treatment process). The losses 

have been neglected in order to reduce the number of variables. If 

accounted for, a small reduction in treatment costs can be foreseen. 

So far, the representative plant has been described from the 

point of view of water residuals, wood, pulp, and paper. 

THE OBJECTIVE FUNCTION 

The cost function that has been constructed for the representative 

model takes into account only the relative costs or credits of the 

alternatives involved. Except in those cases where all the materials 

in a process alternative offer trade-offs, the consideration of absolute 

costs requires a detailed accounting of materials flows that creates 

information exogenous to the optimization problem i.e., if a process 

has no alternative and is no alternative for other process, then it has 

zero relative cost for any optimization purpose. 

The cost of wood has been taken as 40$/ton. The cost of water 

Cw, taxes for BOD, SS and color are left as variable parameters. 

Finally, with the estimated costs and wasteloads, we obtain the 

function we want to minimize, subject to a set of linear constraints. 
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2.02x.+.4x_+3.4x,) 
 4 5 6 

+ X21+X5> 

(16.6) X 34, 

-j+ . lTc|- 
(.75X27+.89X28+.92X29)(.9X23+X24+X25) 

X20+X5+X2r 

x34 +[io2* 

(X27+X28+X29) (X23+X24+X25) (X2+X19 

01 LX.01(10"3X22)“,32JX35 + (.15X.14) X 

TB 
(. 1X27+. 4X28+. 24X29) (. 67X23+. 6X24+. 67X25) (1.33X2+3.6X3+. 94X4+ 

(X27+X28+X29) (X23+X24+X25) (X2+X19+X20+ 

.12X5+1.16X£)
1 

VX21 

•16Vj 
+ (.4X.25)TS 
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2.02X.+. 4Xc+3.4X- ) i 
. 4 5 6 1 

J+ (.IX. 08) TCj 

X25)(16.6)(34,567.4) 

X20+X5+X21> 

(.15X23+.1X24+.2X25)(2.44X2+2.01X3+ 

(X23+X24+X25)<X2+X19+ 

(.75X27+.89X28+.92X29)(.9X23+X24+ 

(X27+X2g+X
29)(X23+X24+ (■ 

? 
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(.45X.15X.14)TH    — 
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. 24X29) (. 67X2j+. 4X24+. 67X25) (1.33X2+3.6X3+. 94X4+. 12Xj+l. léXg) l 

X29> (X23+X24+X25) (X2+X19+X20+X5+X21) / 

(.4X.25)TS 
( 

(. 15X23+. 1X24+. 2X25) (2.44X2+2.0lX3+2.02X4+. 4X5+3.4Xg) 

<X23+X24+X25> < V*19+X20+X5+X21> ? 

+ ( 
(< 

. 1X.08X.4) TCl- 
(.75X27+.89XOQ+.92X00) (.9X0,+X0/+X01.) (16.6) (34,567.4)\‘ 28 29 23 24 25' 

<X27+X28+X29) <X23+X24+X25) (X22> 1 

x x38 + ew x39 

Subject to the constraints In Table 14 
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THE CONSTRAINTS 

The constraints in the model are physical limitations on the way 

the alternatives can be selected. 

In Table 14, these restrictions are described in terms of equations 

and inequalities (except for the non-negativity restrictions on the 

activities). 

Each row describes a constraint and each column describes an 

activity. 

Rows A through Q are water flow balances at each of the corresponding 

nodes labeled with same letters in figure 5. 

Rows Dj, D^, D,-, Dg, are water demands to be satisfied. 

Rows Ry, Rg, R10, R-Q, R^2 
are uPPer bounds in the amounts that can 

be recycled. « 

Rows PR^ and PR^ are production requirements that have to be met in 

the amount of newsprint and Bag Sack respectively. The number in the 

entry corresponding to column and row PR^ is the amount of pulp produced 

at unitary intensity (see page 26), that is the amount of pulp required in 

activity when = 1 or equivalently the amount of pulp in tons produced 

in A^ per thousand gallons of water used. 

Similarly, rows WD, CH, UP, UBP, P are balances in wood, chips, un¬ 

bleached pulp, bleached and unbleached pulp, and paper respectively; the 

balances in wood, pulp and paper are also expressed in tons per thousand 

gallons. Activity A1 has water demand equals to zero, therefore, the unit 

level is expressed per ton of chips. We recall that the input considered 

is Southern Pine with a 50% water content and 47% yield; bark amounts to 

approximately 10% of the log weight. Not considering loss in fiber, 3309.7 

tons of wood becomes 700 tons of paper. 
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SPLUTION AND POLICY EVALUATION 

The problem of selecting the optimal sequence of alternatives for 

the representative model at a given set of prices, is a non-linear 

programming problem, specifically consisting of a non-linear function 

and a set of linear constraints. The problem was solved using 

Zoutendijk’s method of feasible directions which consists of a sequence 

of linear programming problems that converge to a local minimum of the 

objective function. The fact that the same minimum was obtained 

starting from several initial points suggests that the minimum 

obtained is indeed a global minimum, rather than merely a local 

minimum. 

Special programs were developed to expand the objective function 

to first order, to compute waste loads and the new feasible direction. 

By minimizing the objective function and satisfying the balances 

and production requirements, we find the vector of intensities at 

which the plant can operate at an optimal level. 

The minimizing vector has weighted the trade-offs among re¬ 

cycling costs and cost of fresh water, processes demand for water, 

waste loads production, and efficiencies of waste treatment alter¬ 

natives. It also has measured the effect of recycling and volume' 

of water flow upon the cost of the treatment. 

At a given set of prices, the selection of processes is com¬ 

pletely determined by the constraints and the objective function 

through the optimal program. 

Our objective at this point is to describe the responses of 

the plant to increasing taxes on residuals and cost of water. 

By a policy we mean an assignment of values to the four para¬ 

meters CW, TB, TS, TC 
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The plant is assumed to be at an initial stage where no treat¬ 

ment and no recycling is taking place. The cost of water to the 

plant is 2ç per thousand gallons, and no taxes are placed on 

effluent characteristics. 

The following policies were considered: 

1) Variations in the cost of water with no taxes on effluent 

characteristics (CW,TB=0,TS=0,TC=0)^ 

2) Variations in taxes for SS.BOD^, with constant cost of water 

(CW=.01,TB,TS,TC=0) 

3) Variations in both taxes for SS and BOD, and cost of water 

(CW,TB,TS,TC=0) 

4) Variations in taxes for SS, BOD and Color with constant 

cost of water (CW=.01) 

5) Variations in all four parameters (CW,TB,TS,TC) 

After a systematic evaluation the results obtained are summarized 

on tables 15, 16, 17, 18, 19, and 20, and on figures 6, 7, 8, 9, and 10. 

The basic results for case 1 are: 

a) The representative plant becomes effluent-free when the 

cost of water is in excess of 69C per 1000 gallons; one hundred per 

cent of wasteloads is removed. The level of recycling is approximately 

equal to 90% of the total water intake. 

b) An estimated 47% of recycling is attained when the cost of 

water is in excess of 6.5£ per thousand gallons. There are no reductions 

in wasteloads. 

4he cost of water is expressed in dollars per thousand gallons. 

2 
Parameters changing simultaneously have the same value. 
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c) Regarding the plant in its initial stage when CW=2ç/1000 gal. 

the net increase in cost necessary to achieve total recirculation is 

67<?/1000 gal. The water intake before total reuse is 21,560 gal/ton. 

Thus the net increase in cost of production is $14,40 per ton, 

which amounts to approximately 12% of the cost of production and 8% 

of the market price for pulp. 

d) The cost of water does not affect the wasteloads unless it is 

high enough for total recirculation to take place (see Figure 6). 

TABLE 15 : CHANGES IN WASTELOADS QUANTITIES AND VOLUME OF 
EFFLUENT IN RESPONSE TO INCREASING WATER COST 

EFI^^^ 

i 

.01 .0503 .0553 .0653 

l 

.688 

BOD 

(lbs/day) 

56,795 56,638 56,638 56,638 0 

SS 

(lbs/day) 

73,626 73,295 73,295 73,295 0 

COLOR 
(lbs/day) 

573,818 573,818 573,818 573,818 0 

VOL 
EFF 

(tgd) 

28,467 24,960 18,06(1 15,098 0 
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TABLE 16 : CHANGES IN WASTELOADS QUANTITIES AND VOLUME OF 
EFFLUENT IN RESPONSE TO INCREASING TAXES IN BOD AND SS 

EFF T 
CHARAC¬ 
TERISTICS 

.00 .0075 .008 .0092 .0245 .0673 4,72 

BOD 

(lbs/day) 

56,795 56,638 37,947 34,077 34,077 477 0 

SS 

(lbs/day) 

73,626 73,295 14,659 7,362 7,362 1,840 0 

COLOR 

(lbs/day) 

573,818 573,818 573,818 573,818 573,818 43,036 0 

VOL 
EFF 

(tgd) 

28,467 24,960 24,960 28,467 28,467 28,467 0 

Basic results for case 2: 

a) For the policy (CW=.02,TB=.068,TS=.068,TC=0) the reductions in 

wasteloads achieved were 

99% for BOD5 

97.6% for SS 

92.6% for Color. 

The economic significance of this policy is the following: 

The plant is willing to dispose of 34,077 pounds of B0D per day and 

7,362 pounds per day of SS, whenever TB=TS <_ .067 and pay the corresponding 
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taxes. Thus, in order to meet the standards corresponding to the above 

reductions, the plant has to increase its cost of production by $4 per 

ton of pulp, which is equivalent to an increase in cost of water of 

10ç/1000 gallons. 

b) When TB=TS=$4.72/lbs., the policy (CW=.02,TB=4.72,TS=4.72,TC=0) 

produces an effluent-free mill as in (a) for case 1. In fact, for any 

practical purposes the two policies described in (a) of case 1, and (b) 

of case 2 are equivalent. 

c) Water recirculation is sensible to taxes in BOD and suspended 

solids only for extreme cases such as policy (b) of case 2. In general, 

taxes on BOD and SS are not an incentive for recycling. 

Similar analysis can be done for cases 3, 4, and 5 based on the 

corresponding tables and figures. The policies here evaluated are 

specific selections, by no means exhaustive. 

In general, the consequences of any conceivable policy can be 

likewise estimated with the help of the mathematical model and a 

digital computer. 
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TABLE 17: CHANGES IN WASTELOADS QUANTITIES AND VOLUMES OF 
EFFLUENT IN RESPONSE TO VARIATIONS IN COST OF 
WATER. TAXES ON BOD AND SS. 

\ cw 
.01 .013 .014 .014 .015 .016 .022 .041 .44 

\ T 

EFF \ 
.0 .068 .0076 ,0079 .009 .021 .0245 .0623 .87 

BOD 
(lbs/ 
day) 

56,795 56,638 56,638 37,947 37,947 37,947 34,077 477 0 

SS 

(lbs/ 
day) 

73,626 73,295 * 73,295 14,659 14,659 14,659 7,362 1,840 0 

COLOR 
(lbs/ 

f'day) v 

573,818 573,818 573,818 573,818 573,818 573,818 573,818 43,036 * 0 

VOL 
EFF 
(tgd) 

28,467 24,960 18,060 18,060 24,960 28,467 28,467 28,467 ! ' 0 
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TABLE 18 : CHANGES IN WASTELOADS QUANTITIES AND VOLUME OF 
EFFLUENT IN RESPONSE TO VARIATIONS IN TAXES ON 
SS. BOD AND COLOR. 

NSS
\T 

EFF \ 
.00 .00917 .0270 .0363 .0384 1.727 2.3 

BOD 56,795 37,947 34,077 34,077 477 171 0 

SS 73,626 14,659 7,362 7,362 1,840 736 0 

COLOR 573,818 573,818 573,818 43,036 43,036 42,233 0 

VOL 
EFF 28,467 28,467 28,467 28,467 28,467 28,467 0 
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TABLE 19 : CHANGES IN WASTELOADS QUANTITIES AND VOLUME OF 
EFFLUENT IN RESPONSE TO VARIATIONS IN COST OF 
WATER AND TAXES ON BOD. SS AND COLOR. 

\ cw .01 .0145 .0235 .0281 .0292 .369 

\T 

EFF \ 
.00 .009 .027 .0363 .0384 .719 

BOD 56,795 37,947 34,077 34,077 477 0 

SS 73,676 14,659 7,362 7,362 1,840 0 

COLOR 573,818 573,818 573,818 573,818 43,036 0 

VOL 
EFF 28,467 28,467 28,467 28,467 28,467 0 
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CONCLUSION 

The quantity of water demanded by the representative plant for 

different prices of water is equal to the volume of effluent plus 

10% of the same to account for losses make-up. Using the data in 

Table 1 , the demand schedule for water is summarized in Figure 11. 

FIGURE 11: DAILY DEMAND SCHEDULE FOR 

THE REPRESENTATIVE PLANT 

WATER VOLUME (mgd) 
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The demand for water was not sensible to prices for waste loads 

except in the extreme case when the plant becomes effluent-free. 

Hence, the representative model has been useful for the construction 

of Demand Schedules, evaluation of policies, and evaluation of alter¬ 

natives. Evaluating the model sometimes gives insight into problems 

for which it was not originally intended; to this respect it is worth¬ 

while to notice that in-plant recycling alternatives are selected 

first and then are discarded when total recycling becomes economically 

feasible. This aspect is important to consider in long term planning 

where general strategies need to be developed. 

In the actual plants increasing water recirculation is taking 

place by using in-plant recycling alternatives; so far this does not 

seem to be the way to go if the direction chosed is toward an effluent 

free mill. 

A refinement of the model can be obtained by improving the 

accuracy of the data and by introducing important in-plant alternatives 

such as oxygen bleaching and black liquor oxidation. Also, if the 

number of evaluated alternatives for water recycling is increased a 

better approximation to a continous demand function can be made. 

In the treatment processes, reverse osmosis would be worthwhile to 

consider as an alternative to Ion exchange. 

In general as is to be expected, if the level of disaggregation 

increases and the cost estimates are improved and updated, then the 

results are more decisive. The representative model here developed 

can be extended into a comprehensive model from which demand schedules 

for intermediate goods can be obtained. An aggregate of similar models, 

fould lead to the construction of national demand functions for inter¬ 

mediate goods 
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