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ABSTRACT 

In order to determine the role that papermill sludge plays in the organic carbon cycle of the forest 

products industry, a global model of sludge generation has been created. Analysis of mixed 

sludge output of six Ontario papermills derived fundamental data on the charactenstics of sludge. 

A methodology to identiq and quanti@ the woody organic material present in the sludge maîrix 

was developed. The wood chemical composition of the woody organic fraction of each sludge 

stream was ïnvestigated. The results of physical and chemical testhg were then cornpared to 

validate the proposed methodology. On the basis of this analysis, mill outputs were divided into 

three categories related to mill parameters. 

The physical properties of sludge fibres were found to be linked to the presence or absence of 

recycled fibres, and showed little correlation to the pulping technique or recovery method 

employed. The chemistry of the organic fiaction of sludge was found to be more closely related 

to mil1 process. It is shown that the basic holocellulose and lignin compositions follow a normal 

distribution for each of the three mill categones. Sludges produced at pnmary installations, 

which use primarily virgin fibre, were found to have the largest component of woody organic 

material. Recycling and deinking operations had a lower proportion of fibre in the sludge 

stream. 



In order to understand global patterns of papermill sludge production, trends in paper and 

paperboard production, consumption, and recovery were anaiyzed and projected until the year 

2050. Parameters used in descnbing trends included population parameters (size, density, and 

Iiteracy rate), as weil as fibre supply parameters (forest, plantation, and nonwood fibre supply). 

The mode1 accounted for 80% of paper consumption, 94% of paper production, and 96% of 

paper recychg at high correlation coefficients. 

A major shift in the global pattern of sludge production is predicted, with Asia emerging as the 

second largest sludge-producing region. Global production of papermill sludge will rlse to 

4,800,000 metric tons in 2050. The fiaction o f  sludge material deriving fiom wood fibres will 

dedine, reducing potential for fibre recovery and Iowering the possible contribution of sludge 

towards carbon sequestering. 
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Introduction 

Historical background 

1.1.1 En vironm ental considerations 

Since the 19607s, the environmental movement has become prominent in most of  the 

industrialized nations of the world. One issue of great concern is the perceived destruction of  the 

world's forests, through unsustainable harvesting practices and unimpeded expansion of  

agicultural and urban landscapes. The forest industry has received significant attention in the 

media regarding the long-tenn sustainability of its operations. As a result, the industry has 

initiated an ongoing global assessment of its operations, ideals, and goals. A significant part of 

this assessment has been to place al1 aspects of forestry under scientific scrutiny. 

A key issue driving research about the environment is the topic of climate change. Most 

scientists agree that gaseous emissions fiorn the combustion of fossil fiiels are the leading cause 

of climate change, but the reduction in forest area that has been experïenced over the 1 s t  30 

years has likely contributed to the phenornenon (FA0 1999a). In order to offset these emissions, 

many scientists are fooking to the world's forests as potential sinks for atmospheric carbon. 

At the Kyoto conference in 1997, the industrial worId agreed to stabilize the atmospheric carbon 

dioxide concentration at approximately 550 ppm, which is double that of pre-industrial ambient 

atmosphere, and much higher than our current levels of 360-370 ppm (Herzog et al. 2000, 

O'Driscoli 2000). The target dates for achieving this goal range f?om 2008-20 12, which provide 

a 15-year window of opportunity for changes to be made (Canadian Forest Service 2000). 

The carbon found in forest products accounts for a considerable proportion of the annual forest 

carbon cycle. Most estimates place the proportion of carbon that is transformed annuaIly into 

products as between % and '/z of the total carbon sequestered annuaIly by the world's forests 

(Kellomaki and Karjalainen 1996, Nabuurs 1996). According to some studies, this figure may 

be as high as 72% (Houghton et al. 1999). The literature does not explicitly descnbe the ultimate 

disposition of forest-related carbon in products and emissions, and neglects to address the impact 



of wood fibre recycluig on this cycle. This information will be of considerable interest to the 

pulp and paper industry as issues related to the carbon cycle continue to grow in importance. 

1.1.2 Pulping and recycling 

Papermill sludge, hereafter referred to as sludge, is produced as the by-product of the pulp and 

paper industry. The characteristics of  sludge are variable and directly related to the technology 

used to pulp the wood, and tu the type of effluent treatment that is employed. 

Mechanical pulping uses physical forces to separate wood fibres, resulting in a high yield pulp 

that is characterized by shorter fibres and relatively Iower stren=g$h. Pureîy mechanical pulps 

include Stone groundwood (SGW) and refiner mechanical pulps @Ml?). With sorne additional 

heat and/or chemicals, thermomechanicat pulps (TMP), chemi-thennomechanical pulps (CTMP) 

and bleached cherni-thennomechanical pulps (BCTMP) c m  be produced using refiner 

technology. Mechanical and semi-mechanical pulps only make up approximately 15% of the 

total pulp output ofNorth America (Smook 1994). The current trend in the industry has been 

towards more use of T m ,  CTMP, and BCTMP, with correspondingly less investment in 

groundwood operations. 

Chernical pulping techniques use alkaline or acidic chernicals to dissolve lignin, releasing 

individual fibres. The most popular chemical pulping rnethodology is the Kraft or sulphate 

process, which is noted for the efficiency in which pulping chernicals can be recovered and 

reused. The Kraft process is currently used in approxirnately 80% of pulp production, and 

produces strong pulps at a good yield. Sulphite pulping is less efficient in terms of chemical 

recovery, and is now generally found in older installations. Dissolving pulps and other specialty 

processes make up the remaining fraction of chernical pulping processes (Smook 1994). The 

industry is moving towards almost exclusive utilization of the Kraft process. 

One side effect of increasing environmental awareness is the increase in wastepaper recycling. 

Since the late 19703s, wastepaper recovery has risen steadily, and is approaching 40% of paper 

consumed in much of Europe and North America (Holbery et al. 2000). Recycling has created a 

new range of problerns that must be addressed, In order to create newsprint or fine paper 

products, recovered paper must be deinked, a process that creates additional wastewater and 

solid waste by-products. Flotation deinking cells are today used in the processing of 

approximately 20% of the wastepaper supply (Bierrnann 1996). A large proportion of the paper 



being recycled is processed in or near major urban centers, which means that the disposal of 

solid waste must be handled differently than in more remote locations. 

Sludge is a viscous, wet material when it is first collected. It can contain woody fibres, dirt, ink, 

stickies (agglomerated material containhg resins, plastics, or glues introduced through the 

pulping or recycling process), flocs (large bundles of fibres removed from the forming line), 

organic rnatenal including bacteria used in the secondary treatment of waste water, and other 

miscellaneous materials, including g l a s  and metal to a small degree. The principal component 

of sludge is water, which makes up more than half of the total mass of sludge even after 

dewatering. 

Sludge is produced at both pulp and paper mills. Many mills are integrated; that is to Say, they 

pulp fibre from raw rnaterials, and then turn that fibre into paper. Recycled paper mills can be 

considered integrated as well, and include additional stages to clean inks and other foreign 

matenal fkom the wastepaper stream. This study refers to paper mills for the most part, but mills 

devoted only to pulping are included in the mode1 as well. 

Typically, the characteristics of sludge are measured in terms familiar to waste strearn experts; 

biological oxygen demand, chemical oxygen demand (COD), absorbable organic halides (AOX), 

and suspended sotids (SS). The curent trend towards recycling has increased the amounts of 

sludge produced significantly. In the United States, for instance, the total arnount of sludge 

produced has been estimated to have doubled over a 20 year period (Amberg 1988). 

Primary sludge 
Primary sludge is produced through the physical cleaning of the wastewater strearn, and is 

collected in screens and filters. It is fairly easy to dewater due to the high proportion of woody 

organic material within the sludge, and the relatively hi& fibre-fines ratio of the organics. This 

stream is often combined with secondary sludge for disposal. 

When primary sludge is produced in a virgin fibre pulp or paper miil, the material is fairly clean, 

consisting of wood fibres, f ies ,  some inorganic fillers, and water. A repulping operation 

produces a slightly higher amount of primary sludge containhg a much higher fraction of 

contarninants, including plastics, clays, and other chemicals. In a deinking operation, generation 



rates are typicdy in the range of 5 times that of Wgin fibre milis (Bellarny 1995, Bruce 1994, 

Badar and Cutbirth 1993). 

Secondary sludge 
Secondary sludge is produced through the biological treatment of the wastewater Stream. It is 

composed rnainly of bacteria, organic woody material, and ash. Secondary sludge is often 

associated wÏth odor problems, due to the large fiaction of decomposing organic matter within 

the materid- It is difficult to dewater this material, due to the highly colloidal nature of the small 

particles in suspension. In order to improve dewatering potential, secondary sludge is nomally 

xnïxed with p r h a r y  sludge pnor to disposal (Bellamy 1995). 

1.2 Statement of the question 

The generation of papermill sludge poses a global problem that will continue to grow as 

industrialization continues. Trends in papemaking, recycling, and consumer demand are 

changing the characteristics of sludge, while an increasing awareness of the environment is 

making it more difficult to dispose of this material. 

In order to truly understand the scope of this problem, it is necessary to consider the world as a 

whole. Economic costs of disposa1 vary between countrïes, but it is postulated that the 

environmental cost remains the same. Thus, the study will address the issues of papemaking 

and recycling in ternis of total sludge generation, the amount of woody organic material 

generated within the sludge matrix, and the amount of woody organic carbon contained within 

the sludge matrix. 

The overall goal of the research is to describe the role that sludge plays in the carbon budget of 

the pulp and paper industry. 

1.3 Thesis development 

1.3.1 Ti.. esis organizafion 

In order to answer the research question, the thesis is laid out in the following way. Chapter 2 

provides an extensive review of the available literature on wood chemistry, sludge, COL cycling, 

and modeling approaches. Chapter 3 describes the analysis of sludge for woody chernical 

components, and provides an ovewiew of the physical characteristics of the sludge fiom a 



variety of  sites. Chapter 4 establishes the reiationships between mil1 type and sludge output, and 

examines the variability of sludge compositions- Chapter 5 describes the construction of a mode1 

of pulp and paper production, consumption, and recycling, based on a variety of physical and 

social factors. Chapter 6 extrapolates the model ahead to the year 2050, and examines a variety 

of implications that sludge producers should consider. 

1.3.2 Related publications 

Portions of  the model of paper production, consumption, and recycling were pubIished as part of 

the Global Fibre SuppIy Model (Bull et al. 1998a). An early version of the model was published 

separately in Unasylva (Mabee 1998), and was included in a background report for the Global 

Fibre Supply Model (Mabee and Pande 1997). The model was developed independently over a 

period of four years, and has been extensively modified since it's initial publication, 

The models for fibre supply variables used in Chapter 5, including curves for forest, plantation, 

and nonwood fibre supply, were originaIIy created as part of the Global Fibre Supply Model 

(Bull et al- 1998a). The published values for these variables have not been changed for inclusion 

in this thesis. 



2 Literature Review 

2.1 Wood Chemistry 

An evaluation of the properties of sludge can follow several paths. Most investigators in the past 

have focused upon the toxicity of mil1 effluent, and have ignored the general chemistry of the 

material within the sludge. This methodology, while suited to judging the effects of mill effluent 

on the surroundhg environment, does little to describe the role that sludge contributes to the life 

cycle of wood fibres, and the degree to which sludge emissions cm affect the carbon cycle of 

pulp and paper products, 

In order to better understand the role that sludge plays, it is necessary to analyze the woody 

organic component within the sludge. This can be done through physical and chemical analysis 

of the wood fibres. 

Wood is largely composed of three major polymer groups. Two of these groups, comrnonly 

descnbed as cellulose and hemicellulose, are closely related and may be jointly referred to as the 

cellulosics or holocellulose. Cellulose is a generic terrn that is often used to refer to 

alphacellulose, which consists of pure chahs of P-D-glucose. Hemicellulose refers to what is 

properly known as beta- and gammacellulose. Hemicellulose degrades into rnany five- and six- 

carbon sugars and is characterized by a branched, non-crystalline structure that is difficult to 

predict. There are also many extraneous substances present in wood, which are ofien grouped 

together under the loose heading extractives. Each of these headings describes groups that Vary 

in complexity and diversity (Sjostrom 1993, Fessenden and Fessenden 1986, Neish 1959, Nord 

and Schubert 1959, Paist 1958). 

In the wood matrix, the three major structural groups are bound to one another to fonn a 

cohesive structure. This makes it virtually impossible to isolate the individual chemical 

components of wood to 100% purity. Parts of the structure will inevitably be lost in the 

separation, and the removal of other macro polymers is uIirikely to be absolute. Thus, an 

analysis of wood chemical composition must make aflowances for the nature of the wood by 

taking these facts into account. 



The composition of each of the major wood chemical groups, including the major subdivisions 

and a List of the individual components that go into component synthesis, is shown in Table 2.1. 

Table 2.1 Basic components of wood 

Group Major Components Basic Structural Groups 

Alphacellulose Cellobiose 

(i) Pentoses 

(ii) Hexoses 
Hernicelluloses 

(iii) Acids 

Lignin Phenylpropane Groups 

(i) Soluble in neutral 

Extract able solvents 
Substances (ii) Insoluble in neutral 

solvents 

D-X ylose, L-Arabinose 

Uronic Acids, Methoxy Uronic Acids, Acetic 
Acid 

Coumaryl, Guaiacyl, & S yringal Groups 

Resins, Fatty Acids, Phenolic Substances, 
Alcohols 

Minerais, Proteinaceous matter, Pectic 
substances 

Of the three major wood chemical groups, cellulose is the simplest in structure and the easiest to 

manipulate for industrial purposes. It is also very plentiful, accounting for approximately 50% of 

the total bound carbon on the planet. An average sarnple of wood contains in the range of 50% 

cellulose b y mass (Fessenden and Fessenden 1986). The greatest concentrations of 

alphacelluIose are located in the secondary cell wall of wood fibres, where it serves to give wood 

its rigid structure (Sjostrom 1993). 
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Figure 2.1 Basic structure of alphaceiiulose 

The basic structure of cellulose, as s h o w  in Figure 2.1, takes the form of a long, narrow chain, 

in which D-glucose units are joined in a 1,4 j3-linkage. A combination of two glucose molecdes 

results in the formation of a disaccharide unit referred to as cellobiose. When thousands of 

celiobiose units are joined end to end, a strand of alphacellulose is created- A typical 

alphacellulose molecule has a degree of polymerization @P,) of approximately 14,000 glucose 

units. 

The absolute chemical formula of alphacellulose is thus H(C6Hlo05),0H. Using this formula, it 

can be deduced that the carbon content of alphacellulose is approximately 44% of the total mass. 

Hernicellulose is a much more complicated compound than the simple chain of alphacellulose. 

Table 2.1 lists rnany of the monomers and acids present in the macromolecule. The varieiy of 

compounds provides a number of available bond sites that extend in a non-linear fashion to 

create the typical branched structure of hemicellulose. This compound has no single defined 

structure, as the position of various components cannot be foreseen. As a result, hemiceliulose 

responds unpredictably to industrial practices of wood chemical engineering. It can easify be 

concluded that it is more dificult to work with hemicelluloses, and c m  have a large effect upon 

the suitability of fibres for the papemaking process. 



Structurally speaking, hemicellulose is a smaller poiymer ttian alphacellulose. It normally 

dispIays a DP, of between 100 and 200 carbohydrate units- 

Table 2.2 Mean Hemicellulose elemental composition 

Mean % 
C H O Ratio ofstructure 

Softwoods 

Acetyl group 2 3 1  1 
Galacto(G1ucomannan) 
P-D-Galactose 6 12 5 0.1 

AcetyI group 2 3 1  1 
Arabinoglucuronoxylan 
a-L-Arabinose 5 9 4 1.3 
4-O-Methylglucuronic 
acid 7 12 6 2 
B-D-Xylose 5 10 4 10 

Mean Softwood 
Hemiceiiulose: 44 86 36 
Hardwoods 
Arabinogalactan 
a-L-Arabinose 5 9 4 0.7 

acid 
P-D-Xylose 
Acetyl group 2 3 1 7 

Glucomannan 
P-D-Glucose 6 12 5 2 
f3-D-Mannose 6 12 5 1 

8% 

Mean Hardwood 
Hemiceiiulose: 39 103 42 

Mean Hemiceiiulose: 41 95 39 
Source: Sjostrom 1993, Pettersen 1984 



One must keep in mind that the structure of hemicellulose c m  Vary tremendously, in both size 

and structure, as the presence of different monomers c m  change the overall molecule to a large 

degree. The hemicellulose group typically makes up 20% of the total wood rnass. 

The monomers present in hernicellulose Vary with the type of wood being analyzed. The 

hemicellulose fiaction of hardwoods differs £iom that of softwoods, and the unique structural 

properties of each contribute to the differences that hardwoods and so£twoods display when 

subjected to commercial pulping practices. Softwoods respond much better to pulping than 

hardwoods, due to the simpler morphological and c hemical structure that characterizes 

sofhvoods, 

Because the chemistry of  hemicellulose is variable, an absolute chemical formula is impossible 

to detennine. However, by exarnining the average amounts of various cornponents, a mean 

chemical formula may be ascertained. Table 2.2 compares and averages the carbohydrate 

content of softwood and hardwood hemicelluloses. 

Using the mean chemical formula C,H,O,, it can be ascertained that the carbon content for 

hernicelluloses ranges between 38% (hardwoods) and 44% (softwoods) of the total mass of 

hemicellulose. Assurning equal inputs, the overall average carbon content for hemicelluIose is 

41 % by mass. 

Lignin is perhaps the most complicated wood macro polyrner. Unlike cellulose and 

hemicellulose, it is not fibrous in form and is composed prïncipally of aromatic compounds. It is 

an amalgrnation o f  two (or three) principal phenylpropane groups and their denvatives, which 

combine in a myriad of ways to produce a very large, amorphous molecule. This molecule 

appears light brown in colour, but certain chemical procedures such as Kraft pulping c m  render 

it nearly black. Lignin acts to bind the various fibrous components of wood together, impaaing 

strength and cohesiveness to the chemical structure. The presence of lignin is considered 

undesirable by the pulp and paper ùidustry, as it hampers the production of quality paper and 

imparts colour to the nearly white tone of cellulosic matter. 

As stated before, there are three major phenylpropane groups that form the building blocks of 

lignin. The structures of  these groups are presented in Figure 2.2. 
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Guaiacyl Group Syringyl Group 

Figure 2.2 Chernical structure of Iignin (Phenylpropane base units) 

It is evident fiom the figure above that these groups are each very similar to each other, being 

distinguished by the presence or absence of methoxy groups around the phenolic ring- The 

interesting aspect, in terms of structure, is the wide variety of bond sites that cm be invoked 

during the construction of the macromolecule. The nurnber of sites available leads to the 

production of many intermediate structures, and this in turn leads to the production of a polymer 

whose form is impossible to predict. The lignin molecule usually makes up approximately 20% 

of the totd wood mas.  

Of the three phenylpropane LUI& the coumaryl and guaiacyl groups are found in al1 wood 

lignins. The syringyl group, however, is found only in the lignin of hardwoods, a fact that alters 

the chemistry of hardwood lignin significantly. The importance of a change in chernical 

structure in terms of wood fibre utilization has already been touched upon in the previous 

section, and the sarne rational can be applied in this case. The introduction of a third 

phenylpropane unit allows the Iignin of hardwoods to combine in a varïety of ways that softwood 

lignin is incapabIe of, and it is partially for this reason that hardwoods are more difficult to 

delignify in the pulping process than are softwoods (Panshin and de Zeeuw 1980). 

Because of the dificuities associated with isolating the lignin compound, many features of its 

structure are currentiy only theorized. For instance, it is impossible to provide a measurement of 

DP. for this molecule. The properties associated with its structure suggest that it is very large in 

its natural state, but at this point no method exists for a finer evaluation of its size. On a related 

issue, it should be noted that the determination of lignin content most widely used today has been 



evolved ftom Klason's original method, and is essentiaily an acid dissolution of the pulp that 

leaves an insoluble residue. This method is less a precise extraction of polymer concentration 

than a convenient standard, introduced and used by researchers in the pulp and paper industry 

(Fengel and Wegener 1984). 

Table 2.3 Mean elemental composition of Lignin 

C H O 
S pecies # of atoms* % mass # of atomst % mass # of atoms* % mass 

Softwoods 
Spruce 9.96 65% 11.71 6% 3.33 29% 
Spmce 9-90 65% 1 1.40 6% 3 .27 29% 
Spruce 9.92 65% 10.64 6% 3.42 30% 
Spruce 9-98 63% 11.64 6% 3 .58 30% 
Spruce 9.94 64% 1 1 .O2 6% 3 -54 30% 
Spruce 9 -92 62% 1 1.66 6% 3.77 32% 
Spruce 9-95 64% 10.45 6% 3 -55 30% 
Mean Softwood 
Lignin: 9 -9 64% 11.2 6% 3 -5 30% 
Hardwoods 
Birch 10-58 60% 13 -77 7% 4.35 33% 
Beech 10.52 61% 12.02 6% 4.24 33% 
Mean Hardwood 
Lignin: 10.6 61% 12.9 6% 4.3 33% 
Mean Lignin: 10 61% 12 6% 4 33% 
h l  figures denote average number of atoms in the chemical structure 

Source: Sarkanen 1963 

From the data shown in Table 2.3, it c m  be seen that the carbon content of lignin ranges fYom 

61% (softwoods) to 63% (hardwoods) by mas ,  with an average of 62% carbon by mass of 

lignin- 

2.1.4 Extractives and Trace Elem en ts 

These two cornponents of wood are similar in that they exist in the wood, but are not intrinsic 

parts of the wood rnatrix itself. The presence of both groups is explained by the fact that trees 

are living organisms, and exist as components in an ecosystem. Extractable chemicals found 

within the wood are associated with the living tree, and serve no structural function in the way 

that fibres or tracheids do. The extractive group normally foms the smallest portion of  the total 

wood mass, but contains many interesting compounds that are becorning more important in the 

modem world quest for pharmaceutical and chemical goods. Sorne of these substances include 



acids, tannins, sugars, resin, resenes, turpenes, gurns, and waxes. In total, extractive substances 

compose only 1-5% of the total wood mass. The carbon content of this material is difficult to 

estirnate due to the variable nature of the components. 

2.2 Production of Sludge 

2.2.1 Types of dudge 

As stated in the first chapter, sludge can be separated into two major categones, primary and 

secondary sludge. Prirnary sludge is a fibre-rich material formed fiom mechanical cleaning of 

the wastewater stream. Secondary sludge is rnaterial produced through activated wastewater 

treatments and composed of a combination of organic and inorganic detritus that includes fibres, 

fines, bacterial cells, and other waste. 

In some installations, the effluent from various stages of the pulping or papemaking process is 

treated separately. The resulting sludges are then combined for disposal. Other mills prefer to 

combine the effluent streams fiom al1 stages of production. In this approach, the total mil1 

effluent (TME) is subjected to a single primary and secondary treatment. This approach is 

highly adaptable to fundamental changes in the types of effluent produced (Lo et al. 1994b). 

Primary sludge 
Prirnary sludge consists pnmarily of woody fibres and lines, and as such is the easiest material to 

charactenze and reuse. In a virgin pulp rnill, this material is fairly 'clean', consisting only of 

woody waste rnaterial and dirt washed out of the raw matenal. In a recycling plant, the pnmary 

sludge will also include synthetic materials such as plastics and stickies, as well as traces of glass 

M e r  complete processing, prirnary sludge can v q  in moisture content fiom 30 to 70%, 

depending on the technology used to dry the materials and the targeted final moisture content 

(Cobum and DoIan 1995). Primary treatrnents are effective at removing suspended solids, but do 

not reduce BOD (biological oxygen demand) levels to any great extent (O'Connor et al. 2000). 

Primary treatments have been shown to be effective in reducing the arnount of heavy metals 

present in wastewater (NCASI 199 1). 



Deink sludge 
Deink sludge is by definition a primary sludge that is produced through the mechanical treatment 

of deinking effluent. In many installations, it is considered part o f  the total prirnary sludge, as it 

is produced through the sarne mechanical cleaners and filters as other primary sludges. 

However, it is much dirtier and more difficult to deal with than other primary sludge, and for this 

reason is often kept separate. 

The most common methods used to dei& paper products are flotation deinking and mechanical 

cleaning. Most often, these approaches are taken together in order to ensure that a majority of 

particles at any range of size are being removed. FIotation deinking is widely used in Noah 

Arnerica, Europe, and Asia. Chemicals added during flotation deinking of pulps include 

flocculants that make the ink particles coagulate, and surfactants that affect and enhance the 

hydrophobie nature of ink within the water suspension. Caustic (NaOH) is also often added, in 

order to increase the pH and to assist in densification (Ferguson 1992). 

The process of  flotation deinking can result in the removal of a large number of fibres fiom the 

pulp strearn. Without recovery, these fibres can ultimately become part of the prïmary or deink 

sludge stream. This problem seems to be exacerbated by the use of old newsprint (ONP) (Deng 

2000). It has been shown that washing the f?oth associated with flotation deinking can result in 

significant fibre recovery (Robertson et al. 1998). 

Secondary sludge 
Secondary sludge is produced through activated wastewater treatments in a similar fashion to the 

treatrnent of municipal sewage. This treatment can utilize aerobic andior anaerobic bacteria. 

One way in which aerobic treatment of effluent cm be achieved is through the use of an aerated 

stabilization basin (ASB) or lagoon. An aerated stabilization basin uses a large basin or lagoon 

where the bio-organisms are activated with the addition of air, and the solids are precipitated out 

directly into the basin. The solid sludge can then be removed through dredging or draining of the 

settling basin. The presence of excess air and food substrate in the system allows for the rapid 

development o f  aerobic bacteria, which then breaks down the material carried within the waste 

stream. While the ASB process is effective at reducing much of  the toxicity of the effluent, 

certain chemicals, such as pentachlorophenol, have been shown to remain at chronically toxic 

levels (Cowan et al. 1995). Secondary effluent treatment has been found effective in 



biodegrading certain compounds, such as ethylenediamineteû-aacetic acid (EDTA), which 

currently have poorly understood effects on the environment. Under alkaline conditions (pH > 

8), an ASB system was found to reduce EDTA by up to 50% (Virtapohja and Afén 1998). 

A second option for aerobic treatment of sludge is an activated sludge (AS) system, which uses 

tanks holding highly aerated wastewater. The solid precipitate is held in suspension and 

removed in a sedimentation tank known as a secondary clarifier. The benefit of an AS system is 

that it requires less time and area to implement; however, more hardware is necessary and the 

microbiaI concentrations are much higher and harder to maintain in balance (Johnson and 

Chatte rjee 1995). 

ASB and AS treatrnents are both equally effective at lowering BOD of the effluent strearn, with 

reductions of greater than 90% being cornmon. The effectiveness of these treatments is reduced 

slightly when treating the effluent fiom a deinking operation (NCASI 199 1). 

More refhed versions of secondary effluent treatment usually include an anaerobic or hybrid 

aerobic-anaerobic pretreatment, which cultivates the presence of different bacteria under oxygen 

starvation in order to improve upon the percentage of removal (Cowan et al. 1995). The use of 

an anaerobic system without a corresponding aerobic system, however, will not detoxie the 

sludge (Lo et al. 1994a). Anaerobic treatrnent systems are responsible for producing many of 

the compounds that contribute to manure-Iike odors that have corne to be associated with 

secondary sludge (O'Connor et al. 2000). 

Certain chemicals can be used to precipitate secondary sludge fiom a suspended solution, 

including alum (A12(S0&) and polyacrylamide polyrners. In zero-effluent mills, where it is 

- important to precipitate al1 materials, these chemicals can be used on a large scale, with up to 

four tons per day of alum and 0.5 tons per day of polyacrylamide polyrners used per day. The 

solids content of secondary treatment outputs are generally between 0.5 and 3% (Kenny et al. 

1995). Even after pressing, the moisture content of secondary sludge tends to be very high. For 

this reason, secondary sludge is generally combined with prirnary sludge before final pressing. 

2.2.2 Ch aracterizatiun n f sludge 

The characterization of sludge in the literature has concentrated upon those factors that best 

descnbe the toxic potential of the effluent stream after treatment, or upon accumulation of toxic 



elements within the sludge itself. Thus, significant works have been published examinllig 

characteristics of the treated effluent in terms of biological and chemical oxygen demand (BOD 

and COD), total suspended solids (TSS), and levels of trace eiements (including heavy metals). 

Other studies have examined the accumulation of toxic chernicals within the sludge, in the f o m  

of dioxins or heavy metals. 

Effluent toxicity 
The initial studies in charactenzation of enluent have set the tone for most following work. In 

the mÏd-eighties, there were problems with high leveIs of total suspended solids (TSS), which 

would not meet the guidelines then being considered within the USA for emissions. These 

findings led to greater control over the pulp and paper wastewater treatment lines, which is what 

we see today (NCASI 1986). Since the late 19807s, there have been significant reductions in the 

relative arnounts of BOD and TSS present in pulp mil1 effluent, although the absolute production 

of waste has increased in accordance with the establishment of new installations. 

At recycling plants without deinking operations, effluent flows have decreased fkom an average 

level of 10 m3 to between 7 and 8 m3 per metric ton of paper product. At recycling plants that 

have deinking operations, flows have decreased frorn 70 m3 to an average of 60 m3 per metric ton 

of product. BOD levels in 1988 were I l  and 64 g/T of product in recycling and deinking mills, 

respectively. TSS levels in 1988 were 8 and 234 g/T of product in recycling and deinking mills 

(NCASI 1991). 

Recycling has a negative effect on BOD; it is reported that BOD is increased by 0.57 kg/T of 

product for every one percent increase in the use of non-deinked recovered fiber (NCASI 1994). 

Trace elements in sludge 
An early study by the NCASI in 1984 measured nutrient levels in primary and secondary 

sludges, as well as the presence of heavy metals including Cr, Cu, and Pb, and other trace 

elements such as Al, Fe, Mn and Na. In these early studies, it was found that pulp and paper 

sludge was quite sirnilar to municipal sludge in general composition (NCASI 1984b). A sirnilar 

investigation found traces of P and Ti in prirnary sludge from a groundwood operation. The 

presence of Ti c m  be attributed to the use of Ti02 in the papemaking stage of the operation 

(Genthe et al. 1993). Another study canied out an analysis of trace elements including Pb, and 



found that most o f  trace elements were beneath the level of detection in the effluent or the final 

sludge material (Badar and Cutbirth 1993)- 

It is comrnoniy assumed that dei& sludges may be more dangerous than other sludges due to the 

high proportion of ink contained within this material. Inks in the past have used such heavy 

metals as Zn, Pb, Cu, Cr, Ni, Hg, Co, As, Se, Sb, and V. With changes in ink technology, 

however, only a few of  these metals (Zn, Pb, Cu, Cr) are commonly found in printing inks today 

(Raitio 1992). Of these metds, chromates are slowly being phased out of  production, as they are 

found to be carcinogenic. The levels o f  heavy met& in deink sludges have been s h o w  to be 

very low (Miner and Gellman 1988). 

It has been shown that filler materials used in paper production may contain Pb, Cr, Ni and Cu in 

trace arnounts. Deinking chemicals, such as sodium hydroxide and sodium silicate, also May 

contain trace impurities of heavy metals (Raitio 1992)- These chemicals al1 may be present in 

sludge, and can usually be traced back to the operations within the mill. Levels of these 

elements, however, were found to be beneath toxic thresholds. 

Chemical compounds in sludge 
Many studies have exarnined the possibility that environmentally dangerous compounds may be 

present in sludge. One shrdy investigated chernicals such as chloroform, phenol, toluene, 

trïchloroethylene, pentachIoropheno1, and PCB 1242. Another examined the presence of sodium 

salts. These chernicals were al1 clearly present in the process, havïng been either present in the 

feedstock or introduced during the pulping or recycling process. It was found that many o f  these 

chemicals could not be detected in the effluent or final sludge material. Of those chemicals 

present, sodium salts were found predominantly in sludges produced from a chernical pulping 

plant (Brumer 1992)- Ln many instances, chloroform was the compound found in the greatest 

concentrations. This is due to the introduction of chlorine during a bleaching stage. Since the 

publication of this study, chlorine has been greatly reduced as a bleaching agent and thus, the 

arnounts of chloroform expected should be greatly reduced as well (Badar and Cutbirth 1993). 

These results confirm other findings, which indicate that bleaching operations tend to produce 

sludge high in chlorinated compounds, while non-bleaching operations produce sludges 

dominated by phenolic compounds (NCASI IWO). 



The presence of cyanide in sludge has been investigated. Concentrations of this chernical were 

always non-detectable or Iess than 20 pg/L (NCASI 1991). Similarly, this study showed that 

PCB levels in sludge are usually below the level of detection (0.5 ppb). 

In surveys of the leachates denved fiom combined primary and secondary sludge, levels of most 

compounds were not found to be hazardous. Only phenol, toluene, cresols and bis(2- 

ethyLhexy1)-phthalate were found consistently (NCASI 1992, NCASI 1989). One interesting 

fhding indicates that the presence of phenol in mil1 efnuents is not always due to the addition of 

chemicals. It may be directly related to the wood chemistry of the fibre being pulped. In one 

Canadian mÏll, the presence of elevated trace levels of phenol was found to be directly related to 

the p-hydroxybenzoic acid content of the wood (Shariff et al. 1989). 

In some studies investigating sludge and effluent chemistry, the purpose is not to identiQ those 

elements that might be dangerous after disposal, but those that would upset the biological 

activity within an activated sludge treatment. Some paper additives, such as dyes and solvents, 

may be toxic to the bacteria used to treat effluent, and thus may disnipt the effectiveness of 

treatment (Keech et al. 2000). 

It has been shown that sludge produced at virgin, recycling, and deinking operations al1 tend to 

test superior to municipal wastewater treatrnent sludges. Paper-related sludges demonstrate 

measurable hazardous materials at less than 5% of the corresponding hazardous waste thresholds 

(NCASI 1991, NCASI 1990). 

Macro chemistry of sludge 
Most testing of effluent and solid waste generation has focused upon toxicity, and because of 

this, few studies have reported on the actual macro chemistry of the sludge. One group of 

polymers present in sludge that has generated a great deal of interest is the resin-fatty acids 

(RFA). These compounds are considered important because they rnay interfere with the culture 

of anaerobic bacteria. It has been shown that of the resin acids, dehydroabietic acid is the most 

comrnon in the effluent, discharging at a rate of approximately 0.26 k m .  Of the fatty acids, 

linoleic and oleic were measured at 0.064 and 0.05 kg/MT respectively (Werker and Hall 2000, 

Lo et al. 1994% Lo et al. 1994b). 



Al1 sludges contain high proportions of inorganic matenal. It has been shown that ash contents 

in sludge can Vary h m  15% (in groundwood sludge) to over 50% (in dei& sludge) of dry 

shdge solids (Raitio 1992). 

Inter-miil variation in sludge chemistry 

Very few studies have examined the chemistry of the woody fraction of sludge, and even fewer 

have commented upon the variation in wood chernical components from mill to mill. One Soviet 

study did examine levels of cellulose in sludge kom a variety of mills in what is now eastern 

Russia. The researchers found variations in holocelIuIose fractions that ranged between 1.8 and 

30% of total dry sludge solids. The levels of  cellulose were found to be lower in paperboard 

mills (between O and 11.4% of total sludge solids). In an integrated puIp and paper d l ,  

cellulose levels varied between 19 and 43% of total sludge solids. No data existed for recovered 

paper mills at the time of writing (Igantov and Evilevich 1988). While interesting, this study 

lacked precision in i d e n t i m g  mill types, sampling techniques, and testing methods used. 

A second study by Genthe et al. (1993) examined the trace elemental composition of  sludges 

produced by the groundwood and Kraft processes. It was found that K, P, Fe and Ti are present 

only in sludges produced by the groundwood process, and are absent fiom the by-products of the 

Kraft process. This difference reflects the processes used to create each sludge type. Typically, 

chernical pulping processes will remove much of the extraneous material found within wood, as 

the chemical digestion leaves little opportunity for material to remain. Thus, the chemical liquor 

takes up most trace elernents during the pulping process, which leaves minimal arnounts of trace 

elements to be detected in the waste stream. At the sarne time, the groundwood process leaves 

behind these elements, allowing them to be found in the waste stream. 

It is clear that there is variation in the physical and chemical composition of sludges fiom 

different processes, but the nature of this variation has not been addressed satisfactody in the 

li terature. 



Dewatering is the process of removing water fiom the sludge as generated. This step takes place 

after sludge collection and combination of primary and secondary sludge in the sludge chest, but 

before disposal of the material. 

Mechanisms for dewatering 
The first stage in dewatering is often a m i x  tank, which holds sludge for a retention time of not 

less than 10 minutes, and often up to several hom. This tank is where primary and secondary 

sludges are mixed together. Residence time must be sufficient to ensure a good mixture of the 

two sludge types, which in turn ensures good pressability (Kemy et al. 1995). 

If the secondary sludge is at too low o f  a consistency, the rnixing of the two sludge types will 

produce a material that is very high in rnoisture. Thus, a pre-thickenïng stage is often inserted to 

raise the solids content of the secondary sludge. A number of physical solutions can be applied, 

such as gravity settling, centrifiigation, a gravity belt, or a rotary screen thickener. Rotary screen 

thickeners and gravity belts work by drawing the sludge in a thin layer over a screen- These 

methods may raise the concentration of the secondary sludge to between 4 and 10% (Biennann 

1996, Kenny et al. 1995). Screw presses are widely used, and may raise the combined sludge 

solids content to over 30%. Belt presses are not as effective as screw presses, primarily because 

the amount of pressure that a belt press can exert is Iimited by the tensile strength of the belt, 

whereas a screw press uses a solid plate and is not limited by such factors. The combined sludge 

solids content achieved with belt presses is normally in the range of 20% (Kenny et al. 1995). 

Much of the water that remains in the sludge is not easily removed by physical means. The 

concept of 'bound' water in sludge has been brought fonvard on many occasions, and essentiaIIy 

descnbes the condition where hydrophilic organic surfaces are in contact with rnuch of the 

remaining water in the material, creating hydrogen bonding between the water molecules and the 

organic polyrners in the matenal. This bonding creates a colloidal mass that is very diEcu1t to 

separate. -The concept of 'bound water' in sludge was elaborated upon by Vesilind, who 

described the water remaining in sludge as vicinal water, rather than bulk and interstitial water 

(Vesilind 1994). Freezing and thawing of the material can be used to break the hydrogen 

bonding. It has been shown that adding a freeze-thaw stage to the dewatering process has the 

potential to increase dewatenng effectiveness by up to three times, but this procedure is very 



costly in terms of energy required if the ambient outdoor temperature does not cooperate (Lee 

and Hsu 1994). 

Chemical additions 
T ypicd chernicals involved in dewatering are coagulants and flocculants, which help the solids 

to combine and thus ease the burden of the press. Coagulants ofien used are diethylamine, ferric 

sulphate, polyacrylamide, polyethylene oxide and femc chloride (Kenny et al. 1995). Iii order to 

offset chernical costs, however, many mills actudly direct a portion of the fibre reject stream 

f?om the pulper into the waste stream. This serves the dual purpose of thickening the sludge and 

reducing the need for expensive coagulants (Pickell and Wunderlich 1995). In other situations, 

mills have added sawdust and other waste rnaterial in order to achieve the sarne goal (Wong 

1993). 

It has been shown that optimum mixtures of different sludge streams can make dramatic 

differences to the dewaterability of sludge. In one study, the cost for dewatering dropped fkom 

$80 to $30/T of oven-dry sludge solids when an optimum mixture of prirnary, secondary and 

deink sludge was achieved. This type of optimization c m  be expected to be irnplemented in 

most paper rnills in corning years (Harvey and Boulanger 1999). 



2.3 Disposai of Sludge 

The general practices of the North American pulp and paper industry can be summarized 
in 

Figure 2.3. It is evident fiom this graph that most of the sludge material is landfilled, and that 

the material that is not landfiled is almost always burnt or removed for land application. In 

other words, there is still very Little actual recycling of sludge. During the early go's, individual 

companies privateiy owned over 50% of landfïlls used in the pulp and paper industry. This 

figure is declining, however, due to increasingly stringent requirements for siting and 

construction (Glowacki 1994). In the USA, over 85% of sludge is disposed of through 

landfilhg (Amberg 1 98 8). 

Land Application Company 
Other 

Land Application 1 Company 

Virgin Paper Mill Recvcled Paper Mill 

Figure 2.3 Typical papermill sludge disposal practices 

Sources: Bada and Cutbirth 1 993, Pickell and Wunderlich 1 995, NCASI 1 99 1 

The very real difference in disposal practices between virgin pulp and paper rnills and recycling 

installations is attributable to process. Recovered paper plants require less energy than do virgin 

pulping installations; the actual pulping stage in a recycIed paper plant is essentially a deragging 

of existing paper. In addition, most recycled paper plants are located within urban areas, with 

easy access to large population centers. The feasibility of incinerating large proportions of fibre- 

rich sludge causes problems in terms of ernissions control. In urban centers, much more strict 

laws apply towards colour and odour emissions. 



LandfiIl 
Landfill is the most commonly used disposal technique for sludge. The most important criteria 

that can 1 s t  this route for disposal is the presence of trace chemicals, such as PCB's, which 

may leach into the water table beneath the site. Modem Iandfills are designed with the objective 

to rninimize these contacts. Very few problems have been noted with leachates or with gas 

production in landfills that deal with papermill sludges (Miner and Gellman 1988). Better 

construction techniques, includùig linhg of landfills with dense clays or with a synthetic material 

such as hi&-density polyethylene, fiirther reduces the threat of leaching (Maule et al. 1993). 

The availability of landfills is currently decreasing as the environmental implications of burying 

solid waste are realized. As a result, charges for existing landfills are rising, and new landfilk 

are becorning more difficult to site. As planning and operation costs for individual landfills 

become more expensive, mills are finding it prohibitively expensive to construct their own 

facilities. Instead, it becomes economical to pay the tipping charges at existing sites, which are 

nonnally municipal or large-scale industrial installations (Coburn and Dolan 1995). This puts 

additional pressure on those sites that are in common usage, as papermiI1 wastes can be quite 

bullcy. Today, the typical planning time for a landfill can Iast up to a decade, and require 

extensive public and govemment consultation (Harrison 1989). The future use of this option 

may be very limited (Raitio 1992). 

Occasionally, combined primary and secondary sludges are used as the day-to-day cover 

matenal in an operating municipal landfill, or as a capping material to close a landfill when the 

site is taken out of service. This practice is more widely followed in the United States than 

elsewhere in the world. In practice, thïs is a win-win scenario, as the sludge is landfilled while 

replacing some of the earth normally used to cap the daily inputs. The NCASI has investigated 

the use of sludge as a capping material and has found that the matenal perfomed as well as or 

better than the clay barriers that are traditionally used (Wiegand and Unwin 1994). Hydraulic 

conductivity, which is a measure of the wicking potential of the capping material, is found to be 

quite low in sludge and can be reduced further through the addition of coal or fly ash (NCASI 

1989). However, the hi& moisture content and low shear strengths of mixed papennill sludge 

can be a barrier to the widespread use of this method (Coburn and Dolan 1995, Genthe et al. 

1993). In two recent studies, combined primary and secondary sludge was successfully used to 



cap a landfil1 at the cease of site operations (Badu-Tweneboah et al. 2000, Malmstead et al. 

1999) - 

The curent  construction of Iandfills is such that there is Iittle opportunitty for degradation of the 

materihl once it has been encased in the fill area. There have been occasions of old landfills 

being opened and newspapers dating back decades still being legible. Essentially, this means 

that a landfill can be considered a closed system, with little or no material emissions. 

Incineration 
Incineration of sludge serves two purposes; it disposes of the matenal, and it provides heat 

energy that c m  be used in the papemaking process. Because sludge is much higher in moisture 

and a s h  content, certain modifications to traditional incineration practices must be implemented. 

Traditional incinerator grate technology consists of a flat or  angled grate, upon which material is 

placed for incineration. SoIid material such as ash can pass through the grate, but if present at 

hi& levels will clog the surface and lead to incomplete combustion. Brunner (1992) pointed out 

that a qroblern associated with buming sludge on a traditional grate is that the fuel bed must be at 

a hi& temperature (>700°c) in order to totally incinerate the organic matenals, but that this 

temperature is high enough to melt the inorganic salts and silica that are found in sludge. Thus, 

slag develops, which can fill the hearth of a multiple-hearth fumace (Bnrnner 1992). When 

sludge is combined with high ratios of bark, incineration is possible, but the amount of bark 

required is very large which reduces the effectiveness of incineration as a disposal option (Kraft 

and Ozrender 1993, Douglas et al. 1994). Modem incinerators use fluid bed technology. This 

type od furnace uses a bedding material of grave1 or stone, which is heated at the base of the 

h a c e .  The absence of a traditional grate makes it more difficult to clog the oven, allowing for 

better combustion of hi&-ash material. A modification on this is the circulating fluid bed 

fumace, which continually rotates the bedding material, M e r  preventing build-up of slag at the 

bottom of the funiace (Kraft and Orender 1993, Brunner 1992). Finally, bubbling bed 

techndogy, where air is bubbled through the bed of the furnace, is shown to perform the best 

with sludge (McCulloch and Sweeney 1994, Kraft and Orender 1993)- 

The heating values of deink sludge are modest. The effective heat values for the deink sludge 

£kom thtee Scandinavian plants, for instance, ranged fiom 6 up to 14 MJkg dry solids (Raitio 

1992). Ifmixed with Iarge amounts of bark or lignin, the effective heat value can rise to as much 



as 26 MJ/kg dry solids (Srnetanin et al. 1988). By way of cornparison, typicd woods have 

effective heat vdues ranging between 17 and 21 MJkg dry solids. In addition, sludge has a very 

high ash content, which requires a fluidized bed system as opposed to a simple grate boiler. 

Thus, there is a capital cost to using sludge as a heat source. This makes it difficult to measure 

the savings attributed to burning sludge in terms of energy, but one claim pu& the total savings at 

3000 m3 of heating oil per year (Raitio 1992). 

Another problem with incinerating sludge is the need to reduce the moisture content of the 

material before combustion. A great deal of heat is necessary to b m  sludge when it displays 

high moisture content. The economical moisture content levels Vary between 28 and 50% solids. 

In Figure 2.4, the heat produced or required to combust a rneb-ic ton of sludge is shown. The 

negative values of heat required indicate an overall gain in energy, while the positive values 

require excess heat for combustion (Pickell and Wunderlich 1995). 

' (69% volatiles) 

O 50 

S ludge so lids (% b y mas) 

Figure 2.4 Heat required to sustain combustion of sludge 

Source: Pickell and Wunderlich 1995 

One option for indirect combustion of sludge is the production of ethanol. At least one study has 

advocated producing ethanol fiom the sugar-rich prknary sludge (Wiegand and Unwin 1994). 

By fermenting the derived sugars of sIudge with a strain of Escherichia coli, ethanol can be 

produced at a rate that is promising for industrial applications (Ingram and Conway 1988). 

However, it is necessary to use very sugar-rich sludges, preferably containing fibre derived fiom 



chernical pulping. The most likely scenarïo for efficient ethanol production fiom sludge would 

invoive a separate operating Company importing and renning waste from multiple paper mills 

(Glowacki 1994). 

Possibilities for pyrolysis of sludges or supercntical water oxidation have been explored, but 

have never proved economical (Wiegand and Unwin 1994). In studies conducted between 1988 

and 1993, incineration costs have been cited between $50 000 and $75 000 in capital expenses 

and $l5-2O/dry ton in operating costs (Glowacki 1994). 

As an alternative to incineration within the mill, sludge can be pelletized for sale as an 

alternative fuel source. It is necessary to dry the sludge to at least 20% moisture content; in 

order to do this, non-recyclable paper is often added (Wiegand and Unwin 1994). The effective 

heat value associated with pelletized sludge is modest when compared to woods, in the range of 

15 MJ/kg. 

Land application 
The earliest studies for land application of sludges took place in the early 1980's. It was found 

that pulp and paper sludges were weII suited for land application. The main problem identified 

in the earliest trials was the low fertilization value associated with the sludge (NCASI 1984a). 

Today, pilot projects for spreading sludge on land are very comrnon. Pickell and Wunderlich 

(1995) have reported on several different endeavours within North America. Pulp and paper 

installations in Seattle WA, Vancouver BC, and on Vancouver Island BC have al1 initiated pilot 

programs within the 1 s t  decade in which mixtures of pulp and paper mil1 sludge is mixed with 

municipal sludge and applied to the soil. The normal locations for applications are cornpany- 

controlled areas, such as tree farms, or marginal fm land  that has been planted over with 

seedlings. Costs per hectare Vary, but initial reports place the costs at about $50/ha. Similar 

programs have been reported in Asia, Europe, and Russia ( K e ~ y  and Yarnpolsky 1995). 

However, little data is available fiom these trials on the usefhlness of the h a 1  material as a 

fertiiizing agent. 

Sludge is very carbon rich, but tends to have very low levels of nibogen or phosphorus that 

would make it a good candidate for fertilization. It has been shown in studies that sludge 

applications in excess of 50 MT/ha can actually decrease yields of some plants. However, the 

depressive effect of the sludge seems to be neutralized after about 10 months in the field 



(Vasconcelos and Cabral 1993). 

C/N and/or C/P ratios found in 

applications of sludge can lead 

The causes of this depressive effect are thought to be the high 

the sludge. A fixther conclusion of this study is that repeat 

to pollution problerns later on, most notably an increase of 

exchangeable sodium content. Finally, no heavy metal pollution was found or expected with 

sludge application (Vasconcelos and Cabral 1993, Miner and Gellman 1988). 

One study examining yields of Bermuda grass on mine soils treated with prirnary sludge at rates 

of 56 000, 112 000, and 224 000 kgha. However, the yield of Bermuda grass was very poor, 

and in fact was restricted by the application of siudge at higher rates. It was found that it was 

necessary to combine the treatments with fertilizer. When the sludge was combined with 

fertilizer, yields were increased by a factor of ten (Feagley et al. 1994). 

When the primary and secondary sludge streams are separated and applied individually to soil, it 

was found that secondary sludges, due to higher nitrogen and phosphorus content, are actually 

more suitabIe for application. Values of nutrients Vary, but one reported range of secondary 

sludge values are 3 % N, 1 SoA P, and 0% K (Pickell and Wunderlich 1995). 

In one recent study, the growth and yieId of lodgepole pine (Pinus contorta Dougl. ex Loud.) and 

white spruce (Picea glaucm (Moench) Voss) grown on sludge-treated soil were measured. 

Primary and secondary sludge mixed in the ratio of 1:2 was applied to marginal forestland at a 

rate of 80 T/ha per year. The resulting seedling growth showed significant increases of up to 

250% in both height and diameter gain, as compared to control sites (Macyk 1999). 

In examining the suitability of sludge for soil application, the possibility of groundwater 

contamination has not been ignored. In order to determine whether groundwater contamination 

was occurring, the application of secondary sludge to a forest ecosystem was studied. It was 

found that an application of 3 2  T/ha did would not produce NO3-N values greater than 10 mg/L 

in the groundwater, provided that the water table was 1 1.6 metres beneath the forest ffoor. It 

was suggested that M e r  application, up to 46 Tha, would not cause groundwater changes 

exceeding potability standards as long as the groundwater table was > 5.2 metres beIow the 

surface (Bockheim et al, 1988). 

The option of composting m e d  sludges and then applying them to the ground is an option that 

lias been pursued by several miIIs in the USA. This operation can be quite expensive (upwards 

of $30/ton) and thus econornic success is dependent upon market conditions (Pickell and 



Wunderiich 1995, Wiegand and Unwin 1994). Recent studies in Canada have also explored this 

issue and found that even the best-case scenario for sludge composting remained unprofitable 

given current economic conditions (Arrougé et al. 1999). 

The land application of ash after sludge incineration has also been examined, The ash residue 

f?om the incineration of wood and sludge at an unknown ratio was deposited on  surface soi1 

types. The ash, nch in silica, calcium, and aluminum, was found to have no fertilizer value, but 

acted as a suitable liming agent to increase the pH of acidic soils (Ohno and Erkh 1993). 

Recycling 
One way to recycle the fibres within primary sludges is to utiIize the material as feedstock in 

another miil, This type of recycling is known as fibre transfer, and it is an economical way to 

dispose of what was once considered waste. However, the categorizing of the material as waste 

in some jurisdictions has restricted the potential of this type of recycling, as waste substances 

require special permits and equipment for transportation (Cobuni and Dolan 1995). 

Some preliminary work on recycling pnmary sludge has shown that filtration is effective in 

recovering fibrous material fiom the waste stream. A proprietary system developed in the USA 

that employs a disk filter on the primary sludge stream has been successful in removing 20% of 

the total sludge dry matter in the forrn of wood fibres (Moss and Johnstone 1993). 

Another way to recycle is to retuni the primary sIudge strearn to the fibre processing system. 

This is cornmonly used in the paperboard industry (Wiegand and Unwin 1994 ). In Turkey, a 

successful operation managed to combine primary sludge with wood fibre in order to produce 

hardboard. This product, made at a 1:4 ratio, was estimated to Save almost $500 000 (USD) per 

year in wood costs, and a fiirther $150 000 (MD) on electricity costs. However, the cost of 

wood in Turkey is quite high, and such an operation may not be feasible in North Arnerica 

(Ozturk et al. 1993). 

Sludge can be used in the manufacture of new products, including ceramic and building 

materials, such as cernent, bricks and concrete. For combination with cement products, sludge 

can be added to a cernent kiln at a rate of about 2% of the total; or, it can be used as filler or 

aggregate in cement mixtures, where the presence of sludge can actually raise the strength of the 

matenal, although long-tem durability of the matenal has been questioned. Sludge can also be 

pelletized for use as a hel  source or as bedding or litter for animals (Wiegand and Unwin 1994). 



Some investigations have examined the feasibility of blending sludge into animal feed. The 

carbohydrate and ash content of the material limits the total amount that can be added, For 

instance, hardwood pulp residue tends to be more easily digestible than softwood pulps, due to 

the chemical nature of the material (Wiegand and Unwin 1994). Secondary shdge c m  also be a 

source of ce11 protein, which is present in the matenal due to the fermentation of the fibres within 

the waste Stream. This material can be extracted fiom the sludge through concentration of the 

solids in combination with oils. In its concentrated form, the protein has only 1% water and 16% 

oïl. Unfortunately, the process was far too expensive to be attractive to industry (Wiegand and 

Unwin 1994). At least one commercial operation in this area has failed due to poor marketability 

(Bellamy 1995). 

One problem with recycling fibres hom the waste stream is that the remaining sludge becomes 

more coiloida1 in nature as the true fibre fraction is reduced. In practice, fibre is ofien added to 

the sludge stream in order to irnprove dewatering (Pickell and Wunderlich 1995). Another 

problem associated with this endeavour is that lowering the fibre fkaction makes the remaining 

waste significantly less stable as a solid. Genthe et al. explored this issue by measuring the shear 

strength associated with Kraft and groundwood sludges at various densities, As the fibre fî-action 

of the sludge was reduced, intemal shear strength of the solid sludge material declined (Genthe et 

al. 1993). The loss of stability of the sludge solid has ramifications for landfill design and Iimits 

the choices for ultimate disposa1 of the material. Thus, it would appear that there is a balance in 

the arnount of fibre that can be removed kom the material and options of safely disposing of the 

sludge îhat remains. 



Sludge Generation 

The physical and chernical characteristics of sludge are variable, in that the sludge characteristics 

of a single mil1 will Vary over t h e ,  and the sludges fiom different mills - even those with 

similar processes - will exhibit different properties. There are few studies in the literature that 

detail the range of inter- and intramil1 sludge variation. 

2.4.1 Typical generation rates 

In 1993, it was estimated that the global pulp and paper industry removed an estimated 2.3 

million dry metric tons of settled solids fiom their wastewater liquid emuent streams (Genthe et 

al. 1993). These streams are illustrated in Figure 2.5. After drying, primary sludge may contain 

anywhere fiom 30 to 70% moisture, while combined primary/secondary matenal is generally 

well over 100% moisture on an oven-dry basis, which effectively doubles the total mass of 

sludge being generated. 

A single mil1 can produce up to 10 000 m3 of liquid effluent annually, or about 6000 L per metic 

ton of product (Kemy and Yarnpolsky 1995, Badar and Cutbirth 1993). From these liquid 

effluent streams, a typical recovered paper miil will remove in excess of 6000 T per year of 

prirnary deink sludge, or 63 kg of sludge per metric ton of recycled material. This figure c m  nse 

to about 240 kg per metnc ton of recycled pulp depending on the complexity of the recycling 

process being used, and particularly upon the presence or absence of deinking technology (Raitio 

1992). 

The amount of secondary sludge generated at a pulp and paper miil depends mostly upon the 

treatment type used. It has been shown that production of secondary sludge can be reduced by 

up to 43% through control of process parameters, including UV and anoxic conditioning (Elliott 

et al. 1999). 
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Figure 2.5 Simplified layout of sludge generation paths 



A summary of sludge and effluent generation item a recycled paper mi l  is shown in Table 2.4. 

This data clearly shows the large proportion of sludge that c m  be attributed to the recycling 

process, as approximately 1/3 of the total sludge is generated during the notation stage. The data 

also shows the large quantities of water that are used within a paper mill. 

Table 2.4 Sludge and effluent production from a typical deink mill 

SIudge Effluent - 

Stage kghnetric ton Urnetric ton 

High density cleanerd I I )  - - corne screeners 
Flotation deinkinn 70 3 440 
Washing and 

white water clarification 1 250 

Fine screening 10 830 
C t eaning 60 
Rejects to waste 40 
Purge 6 260 
Miscellaneous 830 
TOTAL 200 14 700 

Source: Badar and Cutbirth 1993 

2.4.2 In ter-miif variations 

The arnount of sludge produced, and the toxicity of the resulting effluent, is related to the type of 

process used. Pulp and paper mills can be categonzed in several ways: mechanical vs. 

chemical, recovered vs. virgin, etc- A summary of the variation in effluent characteristics and 

sludge generation rates is shown in Table 2.5. 

Table 2.5 Effluent characteristics and sludge generation rates for differen t processes 

BOD TSS Primary Secondary TOTAL 
Mill type ( k -  (km <%) (%) CW 
Groundwood 0.9 1.9 7.0 1-8 8.8 
Semi-chernical 2.0 2.4 2.0 1.9 3 -9 
Sulphite 10.5 16-0 5 .O 2-8 7.8 
Unbleached Kraft 1 .6 2.6 2.5 0-7 3 -2 
Bleached Kraft 3.2 5 -5 6.0 2.6 8.6 

Non-integrated 2 -4 2 -5 4.0 0.7 4.7 
Waste paper 0.32 0.9 4.0 0.7 4.7 

Sources: Bellamy 1995, Badar and Cutbirth 1993 



It is clear fkom the data presented in the table 

Iiu1Is are by far the greatest polluters, in terms 

above that the effluent associated with sulphite 

of BOD and TSS. The use of sulphite milfs is 

currentiy in decline, both within Canada and around the world, and for this reason little work has 

been can-ied out to improve the characteristics of mil1 effluent from the remaining sulphite 

installations. Interestingly, the effluent associated with waste paper recycling plants that do not 

involve deinking show the lowest BOD and TSS levels. This type of installation uses the 

simplest process with the least chernical input of al1 pulp and paper installations, and therefore 

these mills have the cleanest pulp enIuent by these units of measure. 

The variability in efnuent chemistry, as described by BOD, TSS, and AOX, has been examined 

in 24 Wgin paper mills in the western Canadian provinces. The study showed that variability in 

effluent has actuaily declined eom 1980 levels, due to better spill control and sludge 

management at the mill (McCubbin et al. 1994). This decline in variability does not necessarily 

reduce the amount of effluent produced, however. 

Deink milis are by far the greatest producers of sludge, as a percentage of total paper production. 

These rnills produce more than three times the amount of sludge per ton of product than do other 

papermaking installations. Examination of this dataset also indicates that bleaching plants tend 

to produce greater arnounts of sludge than do installations without a bleaching operation. The 

greatest arnounts of secondary sludge are associated with sulphite mills, which is again related to 

the characteristics of the effluent produced fiom these types of operations. 

While the variability in effluent chemistry has declined, the amounts of sludge produced by 

different mil1 processes, and the ratios in which primary and secondary sludges are combined, 

still Vary tremendously. One recent study examined the generation of solids f?om pulp and paper 

installations across the country, and found that sludge accounts for 23% of al1 solid wastes 

generated by the mill, with the largest component of solid waste being wood and bark used for 

fuel (47%) (Reid 1998). 



Table 2.6 Siudge generation and disposal methods for different mil1 types 

A B 
Secondary Primary sludge Secondary siudge Mix ratio 

Mill Type Disposal Methodology Treatment (Wa) '  la) ' (A:B)~ 
BCTMP Incineratio n AS 1 460 13 140 1:9 
BCTMP Incineration AS 10 950 2 555 4.3 : 1 

BClhlP lincineration Zero Effluent 2 190 - _+_ 

BCTMP Landfiii 

BCrPviP 

Kraft 

Kraft 
Kraft 
Kraft 
Kraft 
Kraft 
Kraft 
Kraft 
Kraft 
Kraft 
Kraft 
Kraft 
Kraft 
Kraft 
Kraft 

LAmdfill (PrimaryY 
Incineration 

25% IncinerationIPower 
75% LandfiLi 

IncinerationfPower 
IncineratiodPower 
IncineratiodPower 
IncinerationIPower 
IncineratiodPo wer 
Incineratioflower 
IncinerationIPower 
Incineratio f l o  wer 
Incineratioflower 
IncineratiodF'ower 

Landfil1 
Lancüiii 
Landfill 
Ixzndfill 

ASB 

AS 
AS 
AS 

ASB 
UNOX 
UNOX 
mox 
UNOX 
UNOX 
UNOX 
ASB 
ASB 
ASB 
ASB 

'Indicates dry solids m a s  of sludge (at 0% moisture content) 

'~ased on dry solids fiaction within the sludge 

Source: Pickell and WunderIich 1995 



Table 2.6 lists the generation rates and mixture ratios for 24 virgh paper mills in the western 

Canadian provinces (Pickell and Wunderlich 1995). Generation rates are controlled by two 

factors: the amount of paper being produced, and the treatment type chosen. 

The data in Table 2.6 indicates that, aithough average generation rates rnay nonnaliy indicate 

greater pruriary sludge production than secondary sludge production, the actual mil1 practice cm 

Vary greatly. The variation is strongest in certain bleaching plants, where the amount of 

secondary sludge produced annually is much higher than the amount of prirnary sludge. 

2.4.3 Intra-nt ill variations 

The variation of mil1 sludge characteristics over thne is an important question when one 

considers the usefulness of extrapolating sarnple data. Published work investigating the intramill 

variation is almost completely limited to effluent toxicity. It has been shown that virtually al1 

aspects of effluent chemistry are quite variable when rneasured repeatedly over tirne. In one 

study, variables such as pH, Ca, volatile solids, sodium, nitrogen, and sulfate were measured 

over a one-year period for mil1 effluents in Ontario. Each of these effluent levels showed 

significant variation over the sampling period, independent of the mil1 feedstock or process 

(Bellamy 1995). However, when variability is considered as reIative to actual output levels, 

conclusions are Iess drarnatic. In the analysis of the efEluent of thirteen Ontario mills, it was 

shown that while one-day variability was quite hi@, the longer term four-day and thirty-day 

variability became quite negligible (McCubbin et al. 1994). This observation indirectly indicates 

that variations in mil1 sludge characteristics, which rnay be highly noticeable over short periods, 

tend to even out over long periods of observation. The use of one-month periods for long-term 

testing was noted. 

Very few studies have exarnined the physical characteristics of sIudge from a single miIl over an 

extended sarnpling period, One of the few to do so examined the hydraulic conductivity of the 

sludge material, which h a .  important implications for the use of sludge as a landfill cap or cover 

material. Variations in the hydraulic conductivity within mills were found to be very low. In 

one such study, hydraulic conductivity was found to range between 5x10-~ and 15x 1 o ' ~  cm/sec 

(Genthe et al. 1993). 



Modeling techniques 

2.5. L Modeiirzg fufurefi6re use 

To anticipate fiiture trends in fibre use, two approaches can be used. The econometric approach 

examines aspects of supply and demand and makes predictions based on trends in these areas. 

As such, these models are affected most by social variables, beginning with income and 

prosperity. Another approach is to andyze absolute trends, and to project these trends into the 

future. Both of these approaches are commonly used in the analysis of wood supply and future 

pulp and paper production. 

The amount of wood fibre that will be available for pulp and paper fibre is unclear. Supply- 

based modeling tends to provide a reassuring view of wood supply. Jaakko Poyry Consuking 

AB of Finland were contracted to assess the global fibre supply in 1995; they concluded that 

there is ample wood fibre for the next two decades (Jaakko Poyry 1995b, Jaakko Poyry 1995a). 

A similar study carried out in the sarne year anticipated no shortage in wood supply, but rather a 

shift in the type of wood available fiom large, old-growth tirnber to second-growth wood and 

smalIer logs (Sedjo and Lyon 1995). The Global Fibre Supply Model, camied out by the FA0 at 

the behest of the forest products industry in 1998, predicted simiIar scenarios (Bull et al. 1998a). 

Each of these predictive models, although conducted using different parameters and modeling 

techniques, predicted that the current trend of increasing production in the tropical and serni- 

tropical regions of the world would increase as time goes on. In addition, because these models 

were global in scale, they tend to gloss over deficits or surpluses in wood supply at the local 

level. 

Econornetric modeling of the supply and demand for paper and paper products tend to be more 

pessirnistic than general models for wood supply. Two studies, each carried out in the late 

1990's, anticipated a large gap between demand and supply for wood products (Nilsson 1996, 

Apsey and Reed 1995). These models, however, reflect a period of consumer growth that is 

unequaled in history, and may in fact overestimate the potential of the marketplace (Chipeta 

1997). Furthemore, while econometric modeling may be accurate in reporting increases in 

pricing and availability of goods, it is not as effective at predicting absolute production or 

supply, as it relies upon economic rather than absolute limits. The Global Fibre Supply Model 



included a working mode1 of paper production, consumption, and recovery that is based on 

factors related to wood supply and population dynamics (Mabee 1998, Mabee and Pande 1997, 

Mabee 1998). This mode1 is more effective at predicting the actual trends, and fiom the years 

1980 to 1995 could map 95% of global production of paper and paper products with a correlation 

value of over 90%. 

Even short tenn estimates of future trends in pulp and paper production show shifts fiom the 

traditional power base of North Amenca and Europe. When looking ahead to 2004, one study 

predicted that the Arnerican share of global pulp and paper production would fa11 from 29 to 

27%. This decline comes about despite predicted growth in the paper and paperboard sectors 

(S tadey 2000). These trends are indicative of the growing importance of the Asian market to the 

global puIp and paper indusûy. 

2.5.2 Modehg carbon budget 

Modeling the carbon budget of the forest products industry has not yet been widely addressed in 

the literature. Rudimentary models that attempt to describe the forests relationship with carbon 

storage and emissions have been constructed in the last few years. Most of these studies 

concentrate on the ability of trees to uptake carbon, and then remove any carbon that the kee 

rnight ernit duing its lifetime. Equation 2.1 provides one such mode1 of forest carbon budget 

(Breymeyer et al. 1996). 

Equation 2.1 

where 
Cve, = annual accumulation of carbon in vegetation 
A = net daytirne canopy photosynthesis by the over- and understory vegetation 
R, = respiration rates, for wood, leaf and root respectively 
D, = amount of detritus produced, for wood, leaf and root respectively. 

In this equation, any use of fibre from the forest must be considered as a debit under Dwood, 

without any consideration for the final use of these fibres. 

More complicated models can address the total value of the land, in terms of it's potential for 

carbon sequestration is given in Equation 2.2 (Hoen and Solberg 1997, Johansson and Lofgren 

1985). 



where 
Cland = annual accumulation of carbon taken up by the forest landscape 
f (n) = annual assimilation of COz in a stand n years after regeneration 
pl(n), pl(m) = the marginal value of atmosphenc COz reduction at the corresponding point of 

time (n) or (m) 
r = real rate of discount 
g7(m) = annual emission of CO2 from a stand rn years after regeneration 
d = decay lag, or the time taken fiom harvesting until total decay of al1 products 

The decay lag varies dependent upon the product. The authors of this study accorded pulp and 

paper products a lag time of between O and 5 years. Timber products, such as lumber, were 

considered to Iast for up to 200 years (Hoen and Solberg 1997). 

In Equation 2.2, forest products are only considered as an emission source, although some lag 

time is inserted to reflect the ability of these goods to sequester carbon for a limited period. The 

decay lag term, however, is an entirely arbitrary figure, and reflects no actual scientific data. A 

significant gap exists in the literature pertaining to the actual role of forest products in the carbon 

cycle. 

2.5.3 Paper productiors 

Most modeIs availabIe in the literature are based upon the econometric model. In this type of 

model, the supply of material is controlled by demand. The arnount of supply can be constrained 

to real-world limits, but this is not ixitnnsic in thÏs type of modeling exercise. The modeling tool 

most often used for this type of exercise is PELPS (Price Endogenous Linear Prograrnming 

System), which uses Iinear programming methods to program supply and demand curves under 

the constraints of supply, distance, and tirne (Zhang et al. 1993). This type of modeling has been 

applied in the North Arnerican pulp and paper mode1 (NAPAP), the North American solid wood 

model (NASAW), and the International Tropical Timber Organization's Asia-Pacific trade 

rnodel (Zhang et al. 1997). 

OnIy a few models existing in the literature have been carrïed out from a non-economic point of 

view. The Global Fibre Supply model, constructed by the author as part of a UN tearn in 1996- 

1998, is the best example of this type of approach, By examining supply parameters without 

considering demand as a discrete variable, it is possible to forecast trends that reflect the realities 



of current supply situations. This type of modeling should be canïed out as part of a balanced 

approach, in which the results can be compared against traditional econornetric rnodeling 

outputs, and a more comprehensive image of future trends can be created (Bull et al. 1998a). 



2.6 Carbon budgeting and the pulp and paper industry 

2.6. l The Kyoto Protocol 

Carbon production is becoming an increasingly important problem, one that has been linked to 

global warming and other aspects of climate change. Currently, 85% of earth's commercial 

energy needs are supplied by fossil fbels, the burning of which ernits a great deal of carbon into 

the atmosphere. Scientists are faced with the challenge of alleviating some of this pollution. 

The issue of carbon generation and sequestration in the forest has been addressed consistently 

throughout the 1990's. At the 1992 Earth Summit in Rio de Janeiro, the first international 

convention designed to stabilize greenhouse gas emissions was signed by a majority of nations. 

However, no clear description of the role of forest products was made in this treaty. The Kyoto 

conference in 1997 made progress towards generating a blueprint for carbon emission reduction, 

which is detailed in the protocol of the sarne name. As in Rio, however, the carbon cycle being 

considered did not include the role of forest products (FA0 1999a). The Kyoto Protocol, which 

was passed in Decernber 1997, is scheduled to be ratified in 2002 (Canadian Forest Service 

2000, O'Driscoll2000). 

The Kyoto protocol groups together six 'greenhouse' gases: CO2, C ,  N20, 

hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and SF6 (O'Driscoll 2000). Until 

recently, COz was considered the gas of rnost concern. Recently, media reports have 

downplayed the importance of carbon to global warming, instead attributing majority of our 

current climatic instability to other gases, particularly methane and PFC's. 

Forests are considered to be one of the most easily manipulated sinks available for sequestering 

atmospheric carbon. Hence, the Kyoto protocol may have long-lasting ramifications for the 

global forest industry, including restrictions on fibre sources, limitations on control over fibre 

supply, and increased tax burdens associated with harvesting operations. Other options for 

sequestering CO2 are being explored, including burying emissions underground, or at the bottom 

of oceans. At this point, however, these options are not considered as practical as changes to 

current forest practices (Herzog et al. 2000). 

One goal of the Kyoto protocol is to stabilize the carbon dioxide concentration at 550 ppm, 

which is double that of pre-industrial ambient atmosphere, and much higher than our current 



Ievels of 360-370 ppm (Herzog et ai. 2000, O'Driscol12000). The target dates for achieving this 

goal range fiom 2008-2012, which provide a 15-year window of  opportunity for changes to be 

made (Canadian Forest Service 2000). 

Canada is a willing participant in the Kyoto protocol. In response to the conference, BIOCAP 

Canada was set up in 1998 in order to b ~ g  together researchers fiom the academic, public, and 

private sectors to address the issue of carbon generation and global warming. This group put 

together a 5-year research plan that wiU elucidate Canada's role in the carbon cycle (LayzeII and 

Leiss 1998). As of writing, however, the fùture of this group was still uncertain. 

2.6.2 Kyoto protocol and the forest r'ndustry 

Forests are arguably the most easily controiled mass of carbon on the planet, and as a species we 

have the ability to significantly alter the forest cover of the earth within a very short tirne. Thus, 

the potential for forests as a place to sequester carbon is considered enormous, aIthough the long- 

term potential of forests for carbon sequestration is still open to debate. 

Several sections of the Kyoto Protocol have a direct relationship with the forest industry. Under 

Article 2 of the protocol, each Party or nation agrees to protect and enhance greenhouse sinks, 

which include forested areas and could affect al1 forest operations that occur in the signatory 

nations. Article 3.3 defines 1990 as the baseline year from which changes in forest cover are 

measured and counted under the agreement, which means that past practices carried out by 

industry may come under scrutiny. Finally, Article 6 provides a mechanism by which carbon 

credits and debits c m  be transferred fiom country to country, and essentially gives the legal 

permission for systems of carbon taxing to be implemented (FA0 1999a). In order for carbon 

taxing to work, an understanding of the tnie Iife cycle of forest products must be achieved, and 

the ultimate disposition of forest carbon must be assessed. 

There has been some progress made towards implementing the ideals of the Kyoto protocol. The 

Canadian government, for example, has organized the Framework Convention on Climate 

Change, which States that anthropogenic production of greenhouse gas should be limited, while 

d l  processes or activities which actively take up greenhouse gases fiom the atmosphere should 

be protected and enhanced (Environment Canada 1998). In some cases, the forest industry is 

singled out over cornpethg resource-based practices. For instance, forest soils are considered as 



sinks for carbon, while agricultural soils are not. The implication here is that forest practices 

might require more stringent carbon accounting in the future. 

The 'Kyoto forest' is the term affixed to the amount of land that must be managed for carbon 

sequestration in order to meet Kyoto Protocol commitments. However, this term has not been 

fiilly defined; for instance, it is unclear how reforestation, &orestation and deforestation areas 

are to be counted, and the role of forest products in carbon balance equations is still unclear 

(Environment Canada 1998). In the long tenn, the Kyoto forest should include most of the 

managed forest within a country. 

The ability of forests to sequester carbon is not h l ly  understood. Great variations can occur 

depending on the species composition and location of the forest. Most conventional wisdom 

tends to view the forest as a sink for carbon. While this rnay be mie for young forests, we will 

see that it may not apply to the mature forest system. Estimates first released in 1998 by the 

BIOCAP initiative show that the forest carbon cycle, far Erom being a c1ea.r sink for atrnospheric 

carbon, is actually fairly balanced in tems of COz sequestration and release (Layzell and Leiss 

1998). This is shown clearly in Figure 2.6, where the Canadian forest carbon cycle is shown. It 

is known that trees take up a great deal of carbon early in their Iifespan, but that this amount 

decreases as the trees mature. It has been shown that the net productivity both above and below 

the ground level tends to peak around the point of canopy closure, and aftenvards suffers a 

serious decline (Breymeyer et al. 1996). This tends to translate into a net carbon uptake of close 

to zero. 
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Figure 2.6 Simplified estimate of the Canadian forest-related carbon cycle 

Source: Layzell and Leiss 1998, Cannell 1995 

Some authors have speculated that Canada's forests shified Erom being a carbon sink to a carbon 

source between 1970 and 1989 (Environment Canada 1998). Changes in disturbance regïmes, 

including climate change and increased harvesting levels, may be changing the ability of the 

forest to sequester carbon. Analyses have shown that there has been a great deal of carbon Iost 

over the past thirty years in Canadian boreal forests; this is due to an increase in disturbance 

impacts and reflects the unsuitability of using past measures o f  CO2 uptake as a measure of  

future controls (Kurz and Apps 1996). To paraphrase, changes in carbon emission levels corn 

Canadian forests may be a reflection of the matunty of these forests, which in turn may reflect 

changes in forest growth that are related to fire suppression o r  harvesting patterns. This is 

closely related to hndings in the tropics, where older, mature forests do act as net sinks o f  

carbon, but where the carbon uptake is being threatened by a variety of factors, including 

logging, climate change, and Eagmentation (Phillips et al. 1998). 

Canada's forest products are theorized to sequester close to 40% of the carbon being currently 

released by its population through fossil fùeI consurnption. This figure, however, may be 

influenced by the amount of land that has been fire damaged and is in recovery state (Cannell 



1995). In this respect, Canada is more fortunate than most countries, which lack large forest area 

that may act as carbon sinks, 

One thing that is almost universally agreed upon is that al1 forests do uptake carbon to some 

extent, particularly during establishment and juvenile growth. Even urbm forests, upon 

rnaturïty, are capable of sequestering between 10 and 20 MT/ha of carbon, with estimates in 

Chicago being in the 14 to 18 MT/ha area (Nowak 1994). The amount of carbon a forest is 

capable of sequestering can Vary by up to 1.4 MTha per year, due to changes in the length of the 

growing season, the average cloud cover, the snow depth, and the amount of drought (Goulden et 

al. 1996). 

The age of the forest at harvest also makes a great deal of difference. When forests and forest 

plantations are compared, it is shown that the maximum arnount of carbon stored in a plantation 

between planting and harvesting is only a third of the carbon stored in a forest at maturity, a 

figure that c m  be related directly to the very young age of most forest plantations at harvest 

(Cannell 1995). 

2.6.3 Forest products and the carbon cycle 

As was stated in the previous section, forest products have not yet been defined under the Kyoto 

protocol, and calculations made regarding the protocol do not yet take into account products that 

are currently in use and in landfills (Environment Canada 1998). There are a few major schools 

of thought in regards to forest products biomass. One is that the biomass being harvested f?om 

forests and tumed into products is replacing older forest products made fkom older biomass, and 

that ail the carbon contained in the forest product is released into the atmosphere. This 

contradicts one scientific fact, which is that most carbon remains in landfills for a very long time 

due to the construction and design parameters currently in use (Micales and Skog 1997). Under 

this school of thought, the emissions related to biomass harvesting and disposal is considered 

static, and therefore not a major concern under the agreement. It has been noted, however, that 

the appropriate accounting of forest products and their emissions could become critical, should 

, these activities corne under the authonty of the Kyoto Protocol (Environment Canada 1998). 

Others take the approach of discounting the carbon in forest products as being imrnediately 

released, rather than being a dynamic part of the carbon cycle of the forest (Kellomaki and 

Karjalainen 1996). 



An opposing view is that forest products can be considered a net sink for carbon. It is theonzed, 

as forests are rotated through multiple harvests, the amount of carbon stored in products, as well 

as in the litter pool, etc., can appreciabIy grow (Cannell 1995). ft has been shown that, in the 

case of short-lived wood products (Le- surviving less than 10 years), more carbon wouId be 

sequestered if the forest were allowed to stand indefinitely. However, as product age increases 

fiom 10 to 50 to 150 years of age, the amount of carbon being sequestered in the forest products 

shifts to the products themselves, rather than the trees (Dewar 1990). Further work by Cannell 

has shown that the amount of carbon stored in forest products, trees, and soi1 increases as the 

hct ion of carbon in the trees is increased. Essentially, converting fast-growing trees into Iong- 

lasting products after achieving maximum growth will sequester the most carbon in any systern 

(Cannell 1995). 

Many estimates have been published which place the amount of carbon annually sequestered in 

forest products as between !4 and !4 o f  the total carbon annually sequestered by the world's 

forests (Kellomaki and Karjalainen 1996, Nabuurs 1996). Some estirnûtes place the amount of 

carbon sequestered in forest products m u a l l y  in the 1980's at high as 27 million MT/% or 72% 

of al1 carbon sequestered during the year by the forest (Houghton et al. 1999). These figures, if 

accurate, represent anywhere ~ o r n  h d f  to a tenth of the total amount of carbon currently 

sequestered in forested lands. 

Recycling has been considered as a potentiaIIy good way in which to increase the usefulness of 

wood products as a carbon sequestering material. By recycling, the amount of new wood needed 

is theoretically reduced, and the useful Iifespan of the existing fibres is extended. One study has 

found that different types of wood, and the products created kom them, have different potentials 

when considered as candidates for recycling. Recycling imparted a net increase in carbon 

sequestenng ability of approximately 29% for most hardwoods, 73% for spruce, and 167% for 

poplar (Nabuurs 1996). The study did not consider the energy required recycling the material, 

nor was any mention made of waste streams and the implicit reduction they may have upon these 

fiagres. 

2.6.4 Sludge and the carbon cycle 

Using waste materïals, like sludge, to help sequester carbon is an issue of key interest. If 

landfilled, the material itself can be considered a sink for carbon. Recycling sludge in a useful 



capacity can also offset curent COa ernissions. By reusing the material as fertilizer or fuel, 

value is added to the waste Stream, but also reduces the overall impact of fertilizing and/or 

energy production options by reducing the amount of CO2 that is emitted into the atmosphere. 

This is completely rational, given the normal practice of modelers to relegate al1 forest products 

and associated streams to the 'emissions' side of the equation- One study in Sweden found that 

by applying liquid wastewater to a Norway spruce plantation, the growth of the trees could be 

ùicreased b y up to 50-5 5 T of dry mass per ha over a six-year penod (Nilsson 1 997). 

Using biomass for energy production is a viable way to reduce the impact of the pulp and paper 

industry on the overall carbon cycle by l o w e ~ g  fossil &el requirements. There are some 

potential problems that are associated with this approach, however, including excess pollution 

generated by combusting wood grown in a polluted environment. When wood grown in the 

heavily polluted Eastern Bloc country of Poland was incinerated under controlled conditions, 

heavy metals, including cadmium, were found within the ash component collected in the 

cyclone. A solution to this problem has been proposed, but little follow-up work has been done 

(Narodoslawsky and Obemberger 1996). It may be possible to use incineration of waste to 

collect heavy rnetals f?om incorning wood streams, providing the industry with a way to 'clean' 

the environment of  these heavy metals and effectively remove them fiom the active ecosystem. 

2.6.5 Carbon taxing 

Carbon taxing is proposed as one way in which the impact of carbon cycle assessrnent can be 

lessened, at both the national scale and for individual forest product companies. One possible 

solution to the buildup of greenhouse gases is to irnplement a carbon taxing system, whereby any 

practice that produces carbon emissions is penalized, whïle non-polluting industries are 

rewarded. This is closely followed by the idea of carbon credits and debits which could be put 

into practice through a system of trade (O'Driscoll 2000). Under a carbon-taxing scheme, a 

Company could earn credits for maintaining a large forest base, or for creating excess recycling 

prograns. Debits could be assigned to companies who do not follow through on regeneration 

and afforestation programs. These debits and credits could then be traded to allow companies to 

optimize their operations, while still meeting requirements for sequestering and releasing carbon. 

It has been advised that proposals for a carbon tax must take into account several factors. One, 

the tax would have to be applied equally to the forest products industry as to the fossil fiels 



industry, as the degradation of one kilo of forest-sequestered carbon is assumed to have the same 

impact as one kilo of fossil &el-sequestered carbon, Two, the tax would have to be applied on a 

per period basis rather than a one-time only tax at harvest; a one-time tax would provide impetus 

to increase rotation ages and delay payment of taxes, when this is counter-productive to carbon 

sequestering (Hoen and Solberg 1997). One effect of carbon taxing is that it will increase fossil 

fiel prices and shift the supply curve for this commodity upwards. This rnay increase interest in 

alternative fuel sources, including biofuels denved fiom trees (Hoen and Solberg 1997). 

UItimately, this rnay have the unfortunate side effect of increasing pnces on wood products, as 

wood becomes a more valued comrnodity. 

Carbor? taxing would affect wood products by pushing the optimal rotation age up, as the cost 

per ton of carbon emitted increases. However, as the discounthg rate appried to the tax is 

increased, the optimal rotation age decreases, in order to limit the impact of Iong-term payment 

schedules by reducing interest charges (Hoen and Solberg 1997). 

A consistent tadsubsidy policy has to tax al1 activities leading up to the production of wood 

products, and subsidize al1 activities that actively sequester carbon fiom the atmosphere. The 

practicality of implementing such a scheme, however, is difficult to gauge (Hoen and Solberg 

1997). 

In considering a carbon tax scheme, one considerable benefit for the wood products industry 

would be the substitution of wood products for other products due to the lower level of overall 

carbon tax due on this type of product. It has been predicted that a type of management for 

forest resources called 'substitution management' could be devised buiIt on this principal (FA0 

1999% Brown et al. 1996). 

Summary of Literature 

Several key gaps have been identified in the literature. No studies have been published which 

describe an accurate method of separating the woody organic component of sludge fkom the 

overall sludge matrix. The chemistry of the woody organic fiaction of sludge has not been 

described, nor has the variation of this chemistry been noted within the literature. Modeis have 

been proposed for paper production, consumption, and recovery, but none of the models 

presented in the iiterature have concentrated upon supply-side data or upon trends in population- 



related variables. Finally, the role of sludge in the carbon cycle of forest products has not been 

described. This thesis will address each of the gaps in the current knowledge in turn. 

2.8 Objectives 

To reiterate, the principal research question as posed in Section 1.2 is to descnbe the role that 

sludge plays in the carbon budget of the pulp and paper industry. 

The objectives of the thesis describe the four major tasks that must be completed to answer the 

research question. Specific objectives are given at the beginning of each chapter. The four 

major objectives are to: 

1. Develop a methodology for characterizing papemill sludge, in terms of inorganic and 

organic chemicd components and fibre morphology; 

2. Assess the degree to which sludge chemistry varies over time, and how processes c m  

affect sludge chemistry; 

3. Account for the variables which drive paper production, consurnption, and recycling at 

the national level; 

4. Extrapolate global sludge production and descnbe the role that sludge plays in the carbon 

balance of the pulp and paper industry. 



3 Identification and characterization of the woody organic 
fraction of mixed paperrnill sludges 

Introduction 

3.1.1 Absiract 

In order to determine the role that p a p e d l  sludge plays in the organic carbon cycle of  the forest 

products industry, the mixed sludge output of six Ontario papemills has been sarnpled over a 

four-year period. A methodology to identi@ and quanti@ the woody organic material present in 

the sludge matrix has been proposed and tested. Using this methodology, the physical 

characteristics of the six sludges have been quantified. The cellulosic and lignosic composition 

of the woody organic fiaction of the sludge has been investigated, as has the inorganic fiaction 

associated with each sludge type. The results of physical and chemical testing were then 

compared to validate the proposed rnethodology. The physical properties of sludge fibres were 

found to be related to the presence or absence of recycled fibres, and showed little correlation to 

the pulping technique or recovery method employed. The chemistry of the organic fiaction of 

sludge is also related to the presence of recycled fibres, but shows strong variation between 

different rnills that indicates that process can significantly change the characteristics of this 

material. Correlations were established behveen the different testing approaches that validated 

the proposed methodology for quantifying woody organic material within the sludge matrix. 

3.1.2 Objectives 

The overall objective of this chapter is to deveiop a methodology for characterizing the woody 

organic components of sludge within the sludge maûix. The specific objectives of this portion of 

the study are to: 

1. Assess the effectiveness of light microscopy as a means to identiQ woody organic 

components; 

2. Quanti* the proportions of the macro components of sludge, including woody organic 

matenal and inorganic detritus; 



3. Characterize the woody organic cornponents of the sludge in terms of cellulosics, lignin, 

and extractable materiak; 

4. Characterize the inorganic component of the sludge, and; 

5 - Validate the rnethodoiogy through cornparison of the different appro aches. 

3.2 SampIe collection 

3.2.1 Criteria for miil selection 

The selection of the mills sampled for this study was based upon several factors, including 

accessibility, location, product, and process. In order to ensure that the sludge coIlected waç 

indicative of typical output of the mill, sampling was canied out to meet the following criteria: 

1. That each mil1 had been firlly operational for over two years at sampling, without any 

major overhauls to the operation within that two year fiamework. This criterion 

ensured that none of the mills sampled were in start-up mode. 

2. That sampling took place on a day of normal operation, without any changes to the 

waste Stream due to downtime, machine breaks or stock spills. 

Because of these criteria, several mills that were initially sampled (including installations at Sault 

Ste. Marie, ON and at Trois Riviéres, PQ) could not be included in the final analysis. 

3.2.2 Mill locations and operational param eters 

Because every pulp and paper plant utilizes different fibre sources, papemaking machines, and 

processes, the sludge produced at different rnills varies in composition and properties. In this 

work, the sludge exarnined was coIlected over a period of four years, fi-om six different mills that 

produced a variety of pulp and paper products. These mills were located in central and southern 

Ontario, with one installation lying on the border of Quebec as shown in Figure 3.1. 

Mills A and B are located at the edge of the boreal forest, and are engaged in producing v i r e  

pulp and paper products. Mill A is a Kraft mill, and has a feedstock of pnmarily black spruce 

(Picea maviana Mill.), although in recent years some poplar (Populus spp.) and birch (Betula 

spp,) has been employed. The secondary treatrnent utilized at this mil1 is an aerated sludge basin 



(ASB) or lagoon system. Mili B chiefly employs the thennomechanical pulping method to 

produce pulps, but at the time of writing was still operating a single sulphite pulping line that fed 

a paper machine. The feedstock utilized at this mil1 is dominated by hardwood species such as 

poplar, birch, and maple (Acer spp.) as well as spruce in order to produce specialty pulps and 

paperboard. The secondaxy treatment system used at th is  installation is an activated sludge (AS) 

system. 

Figure 3.1 Mi11 locations in Ontario and Quebec 



Mills C and D are Iocated on major transportation arteries near the large urban centers of 

Montreal and Toronto, respectively. Both mills are involved in recycling, but do not ernploy 

deinking systems to remove ink fiom the recovered paper. Mill C uses post-manufacture, pre- 

consumer wastepaper in combination with some post-consumer waste and some virgin hardwood 

and softwood fibre to manufacture fine papers. The secondary treatrnent system used at this mil1 

is an AS system. Mill D is a linerboard mil1 that utilkes post-consumer waste cardboard and 

paper to produce linerboard material. No secondary treatment is used at this mill; the wastewater 

is handled by municipal water treatrnent systems. 

Mill E and Mill F are both recycling plants that incorporate a flotation deinking system. Both 

rnills are located within the Golden Horseshoe region of Ontario, a densely urban region that is 

centered around Toronto. Both mills utilize old newsprint (ONP), oId corrugated and cardboard 

(OCC), and old magazines (OM) as feedstock; in addition, Mill E also utilizes some virgin fibre. 

Finally, both mills produce newsprint-grade material for use in the urban newspaper markets of 

Chicago (Mill E) and Toronto (Mill F). Both mills use an AS system for secondary treatrnent of 

wastewater. 

The mil1 characteristics are surnmarized in Table 3-1 below. 

Table 3.1 Sample mil1 parameters 

Mill A MiII B Mill C Mill D Mill E Mill F 
PuIping Process Krafi TMP/Sulphite Recycling Recycling Recycling RecycIing 
Deinking Stage No No No No Yes Yes 
Fibre Source Virgin fibre: Virgin fibre: Post- ONP, OCC ONP, OCC, ONP, OCC, 

Betula spp. Acer spp. manufacture OM,sorne O M  
Picea spp- Betula spp. wastepaper, virgin fibre 
Populus spp, Picea spp. some vugin 

Populus spp. fibre 

Primary products Pulp, Pu~P, Fine paper Linerboard Newsprint Newsprint 
printing- paperboard 
grade paper 

Effluent secondary ASB AS AS None AS AS 
treatment 



3.2.3 Sampie collection 

The sludge collected for the study was taken at the 1st  point before removal h m  the miIl, which 

in d l  cases .was just aRer the sludge press. This is denoted in Figure 2.5 as point A. In five of 

the rnills, the h a 1  sludge output was a mixed sludge, combining the effluent Eom the primary 

and secondary treatment streams. In Mill D, only prirnary treatments are ernployed, Each 

sample was actually a composite sample, taken repeatedly over several hours on the actual 

sarnpling date. 

Each sludge sample was initially hi& in moisture content (MC), with MC'S in the range of 

124% to 250% on an oven-dry basis. These moisture contents were deteniiined following the 

method given in Section 3.3.3. The ratios of primary to secondary sludge were obtained fiom 

speaking to mil1 operators at the t h e  of samphg, and are not based upon quantitative analysis. 

Initial moisture contents, mixture ratios, and dates of sample collection are tabulated in TabIe 

3 -2. 

Table 3.2 Sludge samples -dates, sludge ratios, and rnoisture contents 

Y0 
Mil Pnmary/Secondnry Moisture 
Location Date(s) Collected N Ratio (average) 
Mill A 07/12/1998 1 2: 1 250% 
Mill B 07/13/1998 1 2: 1 124% 
Mill C 03/13/2000 t, 04/14/2000 15 2.5: 1 173% 
Mill D 10/19/1998 t, 11/28/1998 5 1:O 178% 
Mill E 08/24/1996 t, 07/12/1999 5 3.4: 1 190% 
Mill F 10/16/1997 1 3:l 224% 

3.2.4 Sample preparation and storage 

The samples as initially received were high in rnoisture and were therefore dried for a period of 

14 days in a fume hood. This brought the material into equilibrium moisture content with the 

ambient laboratory conditions. M e r  drying, fifty percent of each sarnple was set aside for 

physical testing. The rernaining 50% portion of each dned sarnple was ground into powder using 

a 40 mesh screen, as directed in the TAPPI Standard for sample preparation (TAPPI Standard 

T257 cm-85; TAPPI 1996). The powdered sludge was used for al1 chemicai testing. Al1 

samples were kept in a cold room at  OC, in order to inhibit fùngal development and fibre 

degradation, 



3.3 Methods 

The testing methodology can be divided into three major groups of tests, as shown in Figure 3.2. 

To identiQ wood fibres withui the sludge ma&, light microscopy was used. The preparation of 

microscope slides was done using standard methodologies described in the FOR454S Laboratory 

Manual (Balatinecz 1985, Wilson 1954). Chemical testing was carried out as per standards 

developed by TAPPI (Technical Association of the Puip and Paper Industry) and PAPTAC (the 

Pulp and Paper Technicai Association of Canada), except where otherwise noted. 

Mill B 

Component 
Identification 
100 sampIes/mill W 

Sample Dryhg 
2 weeks @ 2 1°C 1- 

PHSSIC-V, 
TESTING 

Figure 3.2 Flowchart of testing procedures 

Organic 
Chernical 
Anaiysis 

60 samples/miU 

3.3. I Wood component iden tz~catiun 

With one exception, the sludges sarnpled were mixtures of primary and secondary waste streams. 

The sludge contains many materiais in addition to the woody fibres and fine matenal that is of 

interest to this study. Thus, a means had to be f o n d  to separate the wood components from 

bacteria, clays, dirt and other detritus found within the sludge Stream. This was achieved through 

photo microscopy. Slides were prepared according to the following methodology. One hundred 

5-gram sub-samples of mil1 sludge were taken. For each sample, the material was placed into a 

test tube containing distilled water and allowed to soak for 48 hours at room temperature. After 

the designated penod of soaking, the test tubes were shaken vigorously for 10 minutes in order to 

i l 
Y CHEhlICX 

Inorganic 
Chernical 
Analysis 

30 smples/mill 

Sample Prepmaon TESTING 



achieve complete fibre/particle separation. The resulting suspension was irnmediately 

transferreci via a hollow glas  rod (inside diarneter of 5 mm) to standard microscope slides. The 

microscope slides were allowed to dry on a slide w m e r  at temperatures of 65-70°c. The 

suspension was kept fiom overiapping as the slide dried through constant tapping and blowing. 

After full dryîng was achieved, the cornpleted slides were placed in a Coplin jar containing a 

staïning solution of Analine Safianin (1% in 70% alcohol). The slides were allowed to soak in 

the stain for 2 minutes, after which they were removed and washed in 3 consecutive 85% alcohol 

solutions until the slides were clear. Finally, the slides were dipped in xylene to clear the 

material, and cover slips were applied using Permount. 

Special measures were taken with the sludge obtained fiom three of the mills. The recycling 

facilities at Mill D, Mill E and Mill F al1 use post-consumer waste, and thus had varying 

fractions of plastics mixed into the sludge streams. It was necessary to separate the large waste 

fraction Eom the srnaller detritus and the fibrous material desired for the study. Hence, each 

sample was filtered through two rnesh screens (1 O and 20 mesh) and hal ly  through a solvent 

screen. The solvent screen system consisted of a large beaker (2L), into which the sludge was 

placed while wet. Water was added to the beaker to bring the suspension to the 1800 ml mark. 

Finally, 200 ml of toluene was added to create a layer of solvent on top of the water. The 

mixture was stirred slowly at room temperature for 1 hou, over which time most plastics 

migrated to the solvent layer, leaving the fibrous and organic material in suspension in the water. 

The upper solvent layer was then removed, and the mainly fibrous sludge was concentrated. The 

wet material was then spread out and allowed to dry, as described earlier in this procedure. 

Upon completion of the slide manufacture, each slide was examined at xlOO magnification on a 

Riechart light microscope. A representative area on each slide was located and photographed, 

once under normal illumination and once under polarized light. An example of two matched 

photographs is shown in Figure 3.3, where the upper portion of the illustration is shown under 

normal light, and the lower portion under polarized light. 

It is obvious fkom the photographs that the wood fibres are suspended in a mixture of organic 

fines, other organic material and detritus. In the upper view, the Analine Safianin stain has 

turned portions of the material red, indicating Iignosic or cellulosic material. The lower view, 

taken under polarized light, shows the crystaliine regions as glowing hgments on an otherwise 



dark slide. These crystalline regions are always associated with a fibre, and reflect the 

crystalline ceildosic areas within those fibres. 

An analysis of these photomicrographs was carried out using a Hewlett-Packard scanner and a 

custom-developed Visual C* program. Each photomicrograph was s c m e d  as a TIFF file, and 

the resulting image was separated by colour on the RGB (Red-Green-B1ue)l scale. The total area 

of fibres, fines and deûitus was separated fkom the background, as were a l1  areas falling into the 

red (normal light) and white (polarized light) areas of the spectnim. Usimg the total amount of 

sIudge as a baseline, this allowed an inference to be made regarding the total amount of 

crystalline cellulosic matenals (the white areas under polarized light), as wel l  as the total arnount 

of cellulosic and lignosic matenals (the total amount of Andine Safkanin stained material). 

3.3.2 Validation of Testing Meth ad 

In order to ensure that area analysis provided an accurate estimate of mass, a simple test was 

conducted. A mass of cellulose fibre (0.025 g) and secondary sludge (0.025 g) was applied to a 

glass microscope slide within a 1 cm2 area on the slide surface. The slides were then stained as 

described in the section above. A photomicrograph was taken of the slide =der both normal and 

polarized light, and the entire 1 cm2 area was analyzed using the method described above. This 

experiment was repeated 20 tirnes in order to build a level of confidence i n  results, as shown in 

the table below. It was shown that the amount of cellulose and other organic matenal found 

through the test methodology was equal to the amount of cellulose fibre and organic detritus 

applied to the slide surface. The average arnounts of cellulose and organic material found over 

20 samples was 50% for each, which is identical to the amount of matenal ~ ~ p l i e d .  

Table 3.3 Results of test methodology validation 

Cellulose Organic Material 
PA) tw 

5 1% 49% 
55% 45% 
52% 48% 
48% 52% 
49% 51% 
49% 51% 
50% 50% 
51% 49% 
52% 48% 

- - -  

Cellulose Organic MateriaI 
PA) t%) 

51% 49% 
49% 51% 
47% 53% 
48% 52% 
48% 52% 
47% 53% 
52% 48% 
50% 50% 
50% 50% 



Figure 3.3 Photomicrographs of papermill sludge fibres and detritus (Mill A), stained with 
Analine Safranin, under normai light (top) and under polarized light (bottom) 



3.3.3 Organic chernical anaiysis 

Moisture Content determination 
Throughout the testing procedures described in the following sections, moisture content of the 

sarnple was measured and accounted for. The reported values are always based on an oven-dry 

basis, where rnoisture content is equal to O%, in order to ensure consistency in results. 

Moisture content was measured following the oven-dry rnethod. A representative sarnple fiom 

every population was weighed and placed in the oven at 1 0 3 ' ~  (k 2 ' ~ )  for a period of 48 hours. 

Upon removal fiom the oven, the sarnple was immediately placed in a desiccator, where it could 

cool without reabsorbing moisture. After cooling, the sample was weighed again. The 

calculation used for moisture content is shown in Equation 3.1, and is taken from TAPPI 

Standard T 412 0111-94 (TAPPI 1996) and PAPTAC Standard G.3 (PAPTAC 1998). 

Equation 3.1 %MC=(M,, - M , ) / M ,  -100 

where 
MW = wet mass of the sarnple (g) 
Mod = oven-dry mass of the sarnple (g) 
%MC = overall moisture content (%) 

Note that the k a 1  moisture content is always reported as a fraction of the oven-dry weight of the 

specimen. 

Extractive determination 
The testing methods used to determine extractive content are outlined in TAPPI Standard T 264 

om-88 (TAPPI 1996), as well as in PAPTAC Combined Standards G.13 and G.20 (PAPTAC 

1998). Three extraction stages were employed to rernove the full range of extraneous substances 

from the matenal, leaving behind the three major wood polymers contained within the sludge 

matrix. 

The solvent systems utilized in the extractions have been honed over a number of years to 

remove the widest variety of extraneous rnaterial possible. The first extraction is carried out with 

a 1:2 mixture of 95% ethanol and analyticd grade toluene. As a non-polar solvent, this mixture 

is effective at removing substances fkom the sludge that inchde waxes, fats, resins, salts, wood 

gums, phytosterols, and non-volatile hydrocarbons. The second extraction utilizes 95% ethanol, 

and serves as a rime, removing any of these materials that the first cycle left behind. The third 



extraction uses pure distilled water, and removes tannins, gums, sugars, and colouring matter that 

are found in the matenal. This stage is effective at removing polar substances that are unaffected 

b y the ethanol or ethanoi-toluene solvent treatments. 

Extractive content is calculated using Equation 3.2. 

Equation 3.2 % E C = ( A - B ) / S ,  -100 

where 
A = oven-dried mass of extracted material (g) 
B = oven-dry mass of the blank detemination (g) 
SOd = oven-dry weight of the sludge sample (g) 
%EC = overall extractive content (%) 

The blank determination referenced in the equation is obtained by ninning 5 samples composed 

only of string and Kimwipe, a cellulose tissue product. Blank nuis were conducted to determine 

if any extractives were associated with these materials- These rnaterials were then used to wrap 

individual sludge samples for the extraction procedures. The sludge material subjected to this 

procedure, having been rigorously cleaned with solvents and water, should now be composed 

only of  the three major wood polymers as well as the other components of the sludge matrix. 

Therefore, these sarnples are used to determine the percentage that each of these polymers 

composes of the total sludge mass. 

Holocelluiose determination 
As descnbed in Chapter 2, holocellulose is the celIuIosic portion of woody rnaterials, containing 

alpha-, beta-, and gammacellulose. Together, beta- and gammacellulose are comrnonly known 

as hemicellulose. Testing of ho Iocellulose was carried out following the method first p ioneered 

by Zobel and McElwee (1966). This method involves treating the samples with an acid chlorite 

medium, which decomposes the Iignin and allows the cellulosic material to be filtered out. Due 

to the intrinsic nature of wood, however, perfect separation of these polymers is not possible. It 

is accepted that some Iignin will remain in the matrix, and that some holocellulose will be 

precipitated out after the acidic treatrnent (Lewin and Goldstein 1991, Zobel and McElwee 

1966). As this method is not a standard test, a bnef outline of the procedure is provided. 

To conduct the holoce~lulose determination, 0.70 g of the extractive-fiee sample was weighed 

out and placed in a tared Erlenrneyer flask. 10 ml of an acid solution (60 ml glacial acetic acid 

and 20 g NaOH per liter of distilled water) was added to each flask. 1 ml of a chlorite solution 



(200 g NaClOt) was quickly stirred into each sample, and the flasks were placed in a hot-water 

bath regulated to 70'~. Subsequent 1 ml chlorite additions were made after 45, 90, and 150 

minutes. The flasks were left in the water bath for 4 hours in total, after which time the samples 

were removed fiom the water bath, and the contents of each flask drained into an oven-dried, 

tared coarse crucible. The liquid portion was removed under suction on a filter fiask, and the 

solids were then washed with 100 ml of 1% acetic acid. A final rime with acetone was carrïed 

out to ensure complete removal of moisture. The crucibles containing the samples were then 

placed in a conditioning chamber and allowed to equilibrate for 4 days, which brought the final 

moisture content of the material down to minimal amounts. The final step in holocellulose 

determination involved weighing the crucible and reporting the mass of holocellulose as a 

percentage of extractive-free sludge. 

Alphacellulose determination 
The alphacellulose fiaction is determined by m e r  reducing the holocellulose fraction of the 

sludge. Hemicellu~oses are susceptible to the application of basic solutions such as sodium 

hydroxide, which degrade the bonds in cellulose and hemiceHulose polyrners and allow the 

smaller structures belonging to the hemicellulose group to be filtered out of the total mass. 

Because of the nature of the experiment, timing is very important. These methods are based 

upon the pioneering work done by Zobef and McEIwee (1966); a brief synopsis of the 

methodo togy is provided. 

The crucible containing holoceIIulose is placed in a watch glass filled with water to a depth of 1 

cm. The reaction begins when 3 ml of 17.5% NaOH is added to the contents of the crucible. A 

g l a s  rod is used to macerate the matenal and thoroughly combine the fibres with the sodium 

hydroxide. M e r  five minutes, an additional 3 ml of 17.5% NaOH is added to the crucible to 

maintain the reaction. The crucibles are then allowed to stand for 35 minutes, after which the 

crucibles are placed on a filter flask and rinsed with 60 ml of distilled water under suction. The 

suction is then refeased, 5 ml of 10% acetic acid is added, and crucibles are allowed to drain by 

gravity for five minutes. The acetic acid serves to clean the fnts of the crucible and thus allow 

the remaining hemicelluloses to be rinsed out of the mix. After reconnecting suction, the 

cmcibles are rinsed with an additional 60 ml of distilled water. Finally, two 5 ml portions of 

acetone are rinsed through the alphacellulose to remove any trace of moisture. The crucibles are 



then oven-dned for 48 hours, and weighed. The mass of aIphacellulose can then be calculated 

and reported as a percentage of extractive-free wood. 

In order to determine the hemicellulose content of the sludge, the difference between 

holoceliulose and alphacellulose measured in each sampIe is taken- 

Klason Lignin determination 
The techniques available for measuring lignin Vary greatly, but the most widely accepted is the 

one that was originally pioneered by Klason and Hagglund (Lewin and Goldstein 199 1). This 

method uses an acidic digestion to remove the polysaccharides in wood, and follows the 

assumption that lignin does not degrade to any great degree in acidic mediums. This method has 

been codified in TAPPI Standard T 222 om-88 (TAPPI 1996), as well as in PAPTAC Standard 

G.9 (PAPTAC 1998). It should be noted that while the insoluble lignin portion is by far the 

greatest, there is always slight dissolution of l i e n  in the method. Following the standard 

procedures, the celMosic in the extractive-fiee sample was removed using a sulfiinc acid wash 

under heat. The amount of acid-insoluble lignin is reported as a percentage of extractive-fiee 

wood mass. 

Soluble Lignin determination 
Soluble Lignin is the portion of the polyrner that is dissolved in acid during the determination of 

Klason lignul content. The method was first described by Johnson et al. in 1961, and was for a 

t h e  listed as TAPPI Usehl  Method 250 (TAPPI 1990, Johnson et al. 1961). Normally, the 

dissolved fraction of lignin is very small, in the range of 1% for most softwood species, and as 

such is often ignored. Given the variable nature of the sludge being analyzed in this study, 

however, it was felt that al1 avenues should be explored. 

The concentration of soluble lignin can be measured through the use of ultraviolet 

spectophotometry. The filtrate collected in the previous subsection was placed in a cuvette and 

measured for absorbance in the spectrophotorneter, using a 10 mm light path at an ultraviolet 

wavelength of 205 nm. This wavelength and path are chosen to match the charactenstic peaks of 

soluble lignin, and have been found to demonstrate sensitivity for variations in lignin 

concentration (White 1965). A standard solution of 3% sulfuric acid was used as a blank for 

this procedure allowing the spectrophotometer to dismiss the variation caused by the presence of 

acid in the filtrate. 



The calculation for % soluble lignin content shown in Equation 3.3, which is taken straight fiom 

the TAPPI Usefiil Method. 

Equation 3.3 % S L = ( A - V - F ) / M - 1 1 0 0  

where 
A = absorbency of the filtrate (nm) 
V = total volume of the filtrate (mL) 
F = dilution ratio (&NO, where Vd = diluted volume and V, = original volume) 
M = oven-dry mass of the sample (g) 
%SL = Soluble Lignin as a percentage of extractive-fkee materiai 

3.3.4 In O rganic ci. ern ical analysis 

Ash content of sludge was determined by igniting samples at 5 2 5 ' ~  for four hours. This 

procedure follows TAPPI Standard T 2 1 1 om-93 (TAPPI 1996) and PAPTAC Standard G. 10 

(PAPTAC 1998). The material remaining after incineration is completely inorganic, as a11 

carbon complexes within the sample are combusted. Note that combustion also removes the 

plastic polymers, which are not composed of carbohydrates but which contain carbon that is 

ignited in the presence of oxygen. 

A M e r  reduction of the ash produced in the fmt part of the procedure c m  be carried out 

through acid hydrolysis. This method follows TAPPf Standard T 244 om-93 (TAPPI 1996) and 

PAPTAC Proposed Method G.33P (PAPTAC 1998). The ash is repeatedly dissolved in HCI, 

and then the resulting material is dried at 5 7 5 ' ~  for four hours. The remaining matenal after the 

hydrolysis and subsequent incineration is prirnarily silica and silicates, and is treated as such for 

the purpose of this experiment. 



Results and Discussion 

3.4.1 Wood Component Iderrîi'cation 

The results of the wood fibre identification tests are shown in Table 3.4. The data show strong 

variability in the fractions of detritus, ceIlulosic and lignosic materials. 

In analyzing the data, several assumptions were made. The first assumption is that the 

crystalline fiaction of matenal revealed under polarized light correlates to the holocellulose 

content of the sludge Stream. It is acknowledged that the tmly polarized area will only 

correspond to crystalline cellulosic materiai; however, in practice, the amount of area recorded 

by the computer included dim areas around the edges of the bright crystallïne zones. This in 

effect biases the results to correspond more closely to the holocellulose, or total cellulose 

content. In each photograph examined, the o d y  regions that glowed under polarized light were 

found on fibrous material, which corresponds to  this assumption and precludes the possibility of 

other crystalhe matenal being included in the sludge matrices. 

A second assumption is that the material stahed red with Analine Safianin is completely woody 

in origin, and that no woody material remained unstained on the slides- Visual exarnination of 

the slides could not verifi or refite this assumption, but it is prudent to note that other, 

nonwoody organic rnaterial does respond to this stain and may have been included in the total 

area figures generated. An exarnination of the photomicrograph in Figure 3.3 (page 57) reveals 

several ambiguous areas that may or may not b e  woody in origin but do exhibit a red coiouration. 

There was no way to differentiate this using the proposed test rnethodology, however, and no 

inferences were made at this point. 

In Table 3.4 below, the total area revealed under polarized light has been subtracted £tom the 

total area stained with Analine Safianin in order to reveal the difference in areas. The third 

assumption here, therefore, is that the difference between these two areas represents the Iignin 

fraction of the woody organic material suspended in the sludge. 



Table 3.4 Results of wood fibre identification 

M U A  MiiiB MiiiC M U D  M U E  MillF 
Detritus (Organic & Inorganic) Average.- 31.6%. 35.1%' 3 5 . ~ % ~  3 6 . 8 0 ~ ~  42.2%' 575%" 

Standard Deviution: 2,4% 1.8% 2.8% 2.3% 1.4% 1.1% 

Crystaiihe Cellulosic Material Average: 58.1%. 56.8%" 17.1 % 47.2% 38.4%' 33.1%' 
Standard Deviarion: 4.6% 4.9% 4.0% 1.3% 2.4% 2.5% 

Lignosic Materiai Average: 10.3%. 9.1%' 17.4%~ 16.0%" 19.4%' 19.40hC 
Standard Deviarion: 1 -3% 1 -0.6 2.3% 2.1% 3 .O% 27% 

Sample means followed by the same letter (a,b,c) on the sarne row are not significantly different 
at a = 0-05. 

It can be seen £kom the table above that the cellulose component is highest in the virgin fibre 

mills (A and B), as might be expected- In these rnills, the Ieast amount of degradation has taken 

place and the fibres used are still in optimum condition, which would influence the amounts of 

cellulose present in any waste material. At the other four mills, the amount of crystalline 

cellulosic material fouad was lower, which may reflect upon the degradation that recycled fibres 

undergo. 

In analyzing the macro characteristics of the sludge, it is usefiil to compare the data to the 

general parameters of the mil1 in question. It can be hypothesized that mil1 furnish and the 

processes used in the installation each play a role in determining sludge characteristics. 

The fiunish used in Mill A and Mill B are sirnilar, as both rnills use virgin fibre with a mixture of 

softwood (generally black spruce) and hardwood (various species, but typically poplar). Mill B 

does utilize a wider variety of hardwoods for different puips, including maple and birch. The 

rnacro characteristics of the sludges Eorn these two milIs do not exhibit significant variation. 

The recycling operations at Mills C, D, E and F use completely different sources of wastepaper 

as furnish. Mill C relies upon pre-consumer recovered waste with some virgin fibre and post- 

consumer waste added to the process as available. In cornparison, Mills D, E, and F that rely 

alrnost completely upon post-consumer waste of different grades, with Mill D using mainly 

cardboard and linerboard waste, and Mills E and F utilizing old newspaper and magazines with 

some virgin fibre. Of these four mills, the sludges fYom Mills C and D exhibit mean 

characteristics that are not significantly different at low p-values. Mills E and F are significantly 

different, both fiom each other and from the other recycling operations, in two of the three 



categories rneasured. Thus, the two mills that use similar fiirnishes to create sirnilar products (E 

and F) produce sludge with significantly different macro characteristics, and the two mills with 

different fiunish, statistically similar sludges. 

There does not seern to be a relationship between the mil1 process used and the macro 

characteristics of studge. For instance, Mill A is a chemical pulping plant that uses the Kraft 

process, while Mill B is primarily manufacturing thenno-mechanical pulp. These processes are 

completely different, and yet the sludge characteristics found using the sampling technique are 

very similar, and statistically show no difference at p<0.001. Treatment processes at the two 

mills also differ; Mill A uses an aerated sludge basin (ASB), while Mill B uses an activated 

sludge (AS) treatment, The amount of detritus found at each mil1 is not significantly different, 

although the bacterial compounds used in each of the treatments varies based on the treatment 

type utilized. Mill C and D also utilize different processes to recycle Ebres; different numbers of 

screens, washers and clarifiers are used. Finally, Mills E and F are both modern mills that use 

very sirnilar processes in recycling, deinking, waste treatment- The macro characteristics of  

the sludge korn these installations, however, are significantly different. 

It is clear upon analysis that some differentiation may be made between mills using virgin fibres 

vs. recycled fibres as fumish. It may be hypothesized that furnish does play a role in 

determining the sludge characteristics in virgin fibre operations, In recyclhg operations, fùmish 

seems to have little relationship to the macro characteristics of the material. The processes used 

do not seem to have an influence upon the macro charactenstics of the sludges of either virgin or 

recycled paper rnills. 

3.4.2 Organic chernical composition 

The tests carrïed out to determine organic chemical content were originally designed for use wïth 

solid wood or pulp specirnens. Accordingly, assumptions were made when applying these tests 

to papermill sludge. The first assumption is that each test overestimated the proportions of the 

relevant chemical component. The digestive processes used to remove and separate woody 

organic cornponents should not affect extraneous materials present in the sludge, such as clays 

and inorganic fillers. Thus, the presence of these materials will be recorded in the proportions of 

each chemical component. The second assurnption is that the proportions of woody organic 



components recorded are biased to the same degree, as similar amounts of extraneous matenal 

should be present in each. 

- 

i Soluble Lignin , 

1 Extractives 

Figure 3.4 Average organic chemical composition of six papermiIl sludges 

The results of the organic chemical testing are shown in Figure 3.4. The bars represent the mean 

primary data obtained during the experiment, while the error bars represent the standard 

deviation of each sample group. On the whole, the organic testing showed little variation within 

sample goups, an indication of the repeatability of this testing process. 

Figure 3.4 illustrates several general trends. Holocellulose (comprishg both alphacelluIose and 

hemicellulose) is the dominant chemical group found in the sludges of al1 six mills. At the two 

virgin pulp mills, the relative amount of cellulose is higher than in the four recycled pulp mills. 

Lignin is found at lower levels in al1 mills, but at proportionally higher levels in the recycled 

paper installations. Finally, the arnount of extractives seems to Vary quite significantly fkom miIl 

type to miII type, but is found at relatively small proportions in the sludges of Mills E and F. 



An explanation for the reduction in celluIose and increase in lignin is c m  be found in the fact 

that most of the Eee çelluIosic components in the fomi of  broken fibres, shives, or fines, are 

removed during the formation of Wgin paper. This leaves behind less woody cellular material 

that can be removed durhg recycling, and thus reduces the amounts of cellulose found within the 

waste stream. In response to this, the amount of lignin measured would increase. The presence 

of bark, or other materials that are present in virgin operations and not in recovered fibre 

operations, rnay also help explain the presence of additional ceIXulose within the sludge matrix 

for the virgin pulp mills. 

The proportions of the various chemical components shown in Figure 3.4, while highly variable, 

are similar in four of the six mills tested. There are two exceptions, which both pertain to 

alphacellulose content. Mill D displays a much higher proportion of aIphace1Iulose than the 

other five mills, with almost the entire holocellulose fraction consisting of pure alphacellulose. 

Conversely, Mill F is the only mil1 tested where alphacelLdose is found at a lower concentration 

than Klason lignin. The rnethodology used in separating alphacellulose fiom the holocel1uIose 

matrix may account for some of the variability in the data regarding the pure cellulose fiaction. 

The test was ongindly designed to analyze solid wood, not paper. The pulping process 

significantly changes the surface chemistry of wood fibres, which rnay affect the accuracy of the 

secondary hydrolysis utilized in this testing methodology (Section 3.3.3). 

The statistical testing of the dataset was carried out using Duncan's test. The relative chemical 

components of the sludges fi-om six rnills were compared at a significance level of 0.05, as 

shown in Table 3.5. 

Table 3.5 Results of Duncan's test comparing organic chemical components of six miil 
sludges 

Mill A Mill B Mill C Mill D Mill E Mill F 
Holocellulose a b c b d d 
Alphacellulose a b a c a d 
Klason Lignin a a b c d d 
Soluble Lignin a a b b c c 
Extractives a b c c a a 
Mills with the same letter showed no statistically significant difference in mean component level 



Of the six mil1 sludges tested, ody  two showed statistically similar chemical compositions. Mill 

E and Mill F, both recycled paper plants using similar fumish and processes, have similar 

compositions in four of the five components tested, with the exception of alphaceilulose. The 

variation between these installations and the other four mills considered would seem to indicate 

that the individual processes at each plant are driving the organic chemical characteristics of the 

sludge. Mills A and B, which use similar fùmish but different processes, generate sIudges with 

significantly different organic chemical charactenstics, 

It is usehl at this point to address the assumptions made about the chemical testing procedures. 

By rearranging the data presented in Figure 3.4, the following illustration can be produced. 

Z Extractives 

k Soluble Lignin 
' t7 Klason Lignin ' 
I 

Figure 3.5 ProportionaI composition of cellulose, Iignin, and extractives 

From the graph above, it can be seen that in rnost cases the sumrned proportions of  holocellulose, 

Klason and soluble lignin, and extractives do not exceed 100%. Only Mill D displayed a total in 

excess of 100%. While these results might be typical in the analysis of solid wood, in this case 

the sludge being analyzed contains know-n contaminants such as dead organic material and 

inorganic detritus, as shown by visual examination in the previous section. Thus, the assumption 

that each of these fiactions is idiated to some degree is warranted. Testing was carrïed out to 

determine the amount of non-woody material that remains d e r  cellulose digestions or lignin 



hydrolysis testing. Unfortunately, these tests were inconclusive, and were not able to determine 

a consistent ratio of woody organic vs. other materials. This may be due to the variabIe nature of 

the sludge. 

The testing of organic chernical composition of six mil1 sludges showed no clear relationship 

toward fumish characteristics. There was some indication that sludges Eoom virgin pulp mills 

have higher proportions of cellulosic material, and lower proportions of Klason lignin. The 

results for recycled paper installations, however, were not consistent and reflected the variability 

associated with both fumish quality and process parameters. It is surmised that process is a 

stronger controlling factor in determining the chemical composition of mixed papermill sludges. 

3.4.3 fnorgan ic ch emical composif ion 

The inorganic components of sludge are shown in Figure 3.6. Uniike the organic detednations 

carried out in the previous section, the nature of testing used here provides a precise 

measurement of the inorganic rnaterial within the sludge. 

: Ei Total Ash 

1 Acid-Bisolubt Ashi 

A B C D 
Min 

Figure 3.6 Inorganic composition of six papermiïï sludges 



It is evident fiom this figure that soluble and insoluble ash contents are highly variable fiom mill 

to mill- The datasets of inorganic material observed had a great deal of inherent vanability, as is 

s h o w  by the high standard deviations associated with many of the mean observations. In 

particular, Mill D displayed a great deal of varïability, which may reflect the lack of secondary 

treatment on the site of this installation. Of the six mills tested, Mill A had the smallest 

inorganic fiaction. At the other £ive mills, the inorganic hction was substantially higher, 

although the proportion of soluble and insoluble components varied significantly. Mill A uses 

the Kr& process to pulp softwood and hardwood chips, while the other installations use 

mechanical processes to pulp or recycle more variable fibre sources. The chemical pulping 

process may act as a cleaning process, removulg much of the inorganic material £ h m  the wood 

fibres and thus removing inorganic materid fiom the soiid waste stream. This may indicate a 

relationship between mill process and the inorganic fraction present in sludge. 

Upon m e r  examination, the data also suggests a relationship between the funiish used and the 

amount of inorganic material present in the sludge. Mills E and F, which are both charactenzed 

by significantly high ash content, are both recovered paper plants dealing primarily in newsprint 

that utilize a deinking stage. Inorganic elements present in inks and paper surface treatments 

may account for the higher proportion of ash in this material. There was a great deal of variation 

between recycling installations, however, with no two installations standing out as being 

statistically similar. The results of statistical testing, where the inorganic content of mixed 

sludges were compared at a significance level of0.05, are s h o w  in Table 3.6 

Table 3.6 Results of Duncan's test comparing six mill sludges 

Mill A Mill B Mill C Mill D Mill E Mill F 
Total Ash a b b c d e 
Acid-inso luble 
Ash a b b c c b 
Mills with the same Ietter showed no statistically significant difference in mean component level 

The statistical tests indicate that, of the six mills tested, MilIs B and C have statistically sixnilar 

inorganic content, while the other four mills are significantly different fkom both these mi1Is and 

from each other. Mills B and C do not share common sources of fibre or intenor mill processes, 

however, and thus the similarity indicated may in fact be coincidental. The data indicates that 



mil1 processes, rather than fibre source, is more likely to influence the inorganic composition of 

mixed papermill sludges. 

3.4.4 Verification of testing methodoiogy 

In order to verifi the identification of woody organic material, a cornparison can be made 

between the prelimhary results obtained through photomicrography and the data obtained 

through standard test methods. 

In identifjhg woody organic material, quantities of holocellulose and lignin were determined on 

a visual basis. These figures can be compared to the absolute vaIues of holocellulose, Klason 

and soluble lignui observed. As the absolute values already contain a significant proportion of 

non-woody organic and inorganic material, a straight cornparison is impossible. The ratios of 

cellulose-to-lignin should be similar for both techniques, however, and these ratios are compared 

in Figure 3.7. 

O Microscope -sis 

Figure 3.7 CelLu1ose:Lignin ratios, microscope and chernical analyses 

At each of the six mills in question, there was no significant difference in the mean ratios of 

cellulosics to lignosics (a = 0.1). The similarïty between each test method lends suppoa to the 

proposed methodology. The amount of inorganic material measured in each mixed sludge 

sample is an absolute figure that indicates the tme size of the inorganic fraction. These data, as 

illustrated in Figure 3.6, are considerably lower than the measured amount of organic and 

inorganic detritus reported in Table 3.4. This fact also confirms that the proposed methodology 

for identiSuig wood components withui the sludge matrix is valid. 



The principal conclusions that can be drawn fiom this section of work are: 

1. The proposed analysis technique for quantimg the presence of woody materials within 

the sludge ma& provides reasonable measurements of components that are not 

contradicted by more accepted methodologies o f  chemicai de temat ion .  It can be 

deemed effective in the absence of a more precise tool for measurement. 

2. The chernical nature of mixed papermill sludge is, on average, dominated by the 

presence of non-woody organic and inorganic material (>35%) and by alphacellulose 

(>25%). Components onginating fkom wood fibres compose more than 60% of the total 

sIudge solids on average. 

3. The macro charactenstics of papemiil1 sludge do not show a relationship to 

papermaking process, but is related to the raw material used, particuIarly in virgin pulp 

mills. 

4. The organic and inorganic chemistry of sludge is influenced more by pulping process 

than by raw material, and particularly by the presence or absence of recycling. 



4 Effects of time and process on mixed sludge 
characteristics 

4.1 Introduction 

4.1.1 Abstract 

As wood is processed and recycled, the arnounts of fibre and fines within the effluent stream 

varies, both in physical characteristics and in chemical composition. In order to measure this 

variability, the six mills in the study were grouped into three mil1 categories, in order to descnbe 

sludge composition more specifically. The sludge output fiom 2 recycling mills was measured 

over extended periods to determine in-stream variability, and the average values and confidence 

intervals for several physical and chemical parameters of sludge have been described. It has 

been shown that alphacellulose is the most variable woody organic component found within 

sludge. The other woody components tend to be less variable, and it was shown that three mil1 

categories describing sludge output could be established through an analysis of these 

components. The inorganic cornponents of sludge were not found to correspond to the proposed 

groupings, however, and the physical charactenstics of papermill sludges showed little variation 

between proposed mi11 categories. 

4.1.2 Objectives 

The overall goal of this chapter, as described in Chapter 1, is to assess the degree to which sludge 

chemistry varies over time, and how processes can affect sludge chemistry and woody carbon 

content. In order to do this, effluent material was collected fiom six mills representing three 

general mil1 types. Mean levels of wood chemical components and confidence intervals for each 

were determined. 

The specific objectives of this study are to: 

1. Quanti@ the variation in the woody organic portion of sludge over time, in terms of 

organic chemical components such as cellulose, hemicellulose, and lignin; 

2. Compare the sludge composition of different mills, and group mills into categones based 

upon the chemical characteristics of the sludge; 



3 .  Descnbe the unique chemical and physical properties of sludge fiom each mil1 grouping, 

and; 

4. Express the sludge outputs of different mills in terrns of woody carbon, in terms of 

average levels and inherent variation based upon the source. 

4.2 SampIe Collection 

The anaiyses completed in this chapter are based upon the sample sets described in Chapter 3,  

4.2.1 Criteria for nz iii selecfion 

The selection of the mills sampled for this study was based upon several factors, including 

accessibility, location, product, and process, as described in Section 3.2.1. In addition to the two 

criteria set out in the aforernentioned section, a third criterion was added as follows. 

3. That, when sarnpling was carried out over sequential days, there was no deviation fi-om 

the normal operation of the miIl in the form of downtime, machine breaks or stock spills, 

fkom the initial sarnple point until the final sampZe point inclusively- 

Inclusion of this criterion was important to control for possible changes in sludge characteristics 

due to process or fûrnish variation. 

4.2-2 Mill locations and operation al parant eters 

A complete description of mil1 locations, processes, treatrnent systems and products can be found 

in Section 3.2.2. 

4.2.3 Sampie collection, preparatian, and d o  rage 

The sarnples were collected according to the methodology set out in Section 3.2.3. Samples 

were prepared for anatysis as descnbed in Section 3-2.4. 

The total number of sarnple dates at each installation depended upon mil1 accessibility. Mill C 

was sampled 15 times over a five week period, while Mill D was sampled only 5 times over 

another five week period. 

Mill E was sampled 5 times, but sampling at this installation was discontinuous and was carried 

out over several years. These sarnples do not meet the criteria established for sampling described 



in Section 4.2.1. The results are included here, however, as they shed light upon changes that 

sludge Stream chemistry can display over the long term. 

Methods 

The identification of the woody organic components within the sludge ma& was carried out 

using the methodology described and tested in the previous chapter. Chemical testing methods 

used to identie are also found in Chapter 3, Sections 3.3 -2 - 3-3 -3, 

Additional testing was canïed out to measure fibre characteristics such as  length, kink, and 

coarseness, in order to descnbe the physical properties of the woody component of sludge. The 

overall testing methodology followed the flowchart shown below. 

Aflill C Mill D 

Sample DryiDg 

Sample Preparation 

Component 
Identification Y Chemical Analysis 

Fibre Quality 
Anal ysis 

30 samples/mill * 1-5 
mg/samplc * 6 milis 

CKEmCIL 
TESTING 

Figure 4.1 Modified flowchart of experimental design 

4.3.1 Fibre qua[* anabsis 

In testing for physicai properties such as fibre length, curl, kùik and coarseness, analyses were 

carried out using an automated fibre analyzer comrnonly known as FQA tesMg apparatus. The 

operating manual for FQA by OpTest Equipment Inc. was followed 

Fibre length was deterrnined foIIowing the procedure outlined in PAPTAC Standard B.4P 

(PAPTAC 1998), which closely approximates TAPPI Provisional Standard TW 1 pm-9 1 (TAPPI 



1996). A 5L pulp suspension was made with a consistency of 0.01% (A 0.002%). This 

suspension was then nui through the FQA, which passes the suspension through a fibre-orienthg 

cell (FOC) where the projected length of the individual fibres in the solution is measured. The 

calculation for fibre length is shown in Equation 4.1. 

Equation 4.1 

where 
Lw = the length-weighted average length 
ni = the total number of measured fibres in category i 
li = average length of category i 
N = total number of categories 

Because there was concem over the expected large fraction of fines, it was decided that analysis 

of the length would be done on a weight-weighted basis. By creating an average length based on 

the weight of the fibres, a more representative average can be created (PAPTAC 1998). 

The fkequency distribution of this data was created on length-weighted basis. The equation for 

this distribution is found in Equation 4.2. 

Equation 4.2 

where 
PL i = the percentage of length in category i 
ni = the total nurnber of measured fibres in category i 
Ii = average length of category i 
N = total nurnber of categories 

The fkequency distribution was created on a length-weighted basis in order to create a more 

balanced distribution of the results, for similar reasons as above. 

Fibre coarseness was directly measured within the FQA analysis. It is defined as the oven-dried 

mass per unit length of fibre (Pande 1999), and is normally expressed in units of dg, which 

denotes mg of ce11 wall rnaterial per 100 metre of fibre. It is noted that the value of coarseness is 

greatly iduenced by the accuracy of the mass measurement. 



4.4 Results and Discussion 

4.4-1 Sfudge streum variations 

When the chemical characteristics of the woody organic &action of sludge are examined over an 

extended sample penod, natural variations in the chemistry of the material become apparent. 

The analysis of sludge fiom Mill C indicates that this variation is actually quite small. The 

results of chemical testing are s h o w  in Figure 4.2. 

Days aller niitial sample 

Figure 4.2 Variation in mean sludge chemistry (Mill C). Error bars indicate standard 
deviation 

When subjected to ANOVA, it can be shown that the Ievel of holocellulose, lignin and 

extractives each do not Vary significantly over time (a = 0.05). At this confidence level, 

aIphacellulose does show significant variation within individual samples, as indicated by the 

large standard deviations associated with many of the sarnple dates. Alphacellulose is also the 

only component that is found at mean levels that differ by more than one standard deviation fiom 

the mean of the previous sample, on more than one occasion. While this is not a standard test, it 

is an indication of the real variance in this chemical group. Holocellulose, lignin, and extractive 

levels do not v q  to the sanie extent. 



The level of inorganic matenal in the sludge does not show any statistically significant variance 

over time (a = 0.05). At this particular mill, the papemaking process does not include deinking 

or recycling of a large arnount of post-consumer waste, which would reduce the arnount of 

inorganic contaminants that might enter the sludge stream. 

Extended sampling undertaken at Mill D provided a different viewpoint, While the number o f  

sample points was reduced, some of the same patterns in woody cornponent variance can be 

seen, as shown in Figure 4.3- 

0% 

1 8 22 25 35 

Days afier initial sample 

Figure 4.3 Summary of sludge variation (Mill D). Error bars indicate standard deviation 

At this installation, none of the four wood chernical components measured showed significant 

variation (a = 0.05). This rnay be a reflection of the small sample size. Unlike Mill C, the mean 

leveI of holocellulose in Mill D sludge did not show extremely high standard deviation. 

Alphacellulose levels did not Vary significantly, and also showed lower standard deviations than 

found in the samples taken at Mi11 C. There were no outlying data points in the results of this 

testing, which again can be attrîbuted to the small sampIe size. 

The levels of inorganic material found in this sludge did Vary significantly, and showed very 

hi& standard deviations. This may be associated with the feedstock associated with the mill, 

which used post-consumer waste cardboard and paper. Post-consumer paper is often dirty and 



can be highly variable in nature, and the type of cardboard being recycled rnight differ fiom day 

to day. In addition, wtiile the number of sample points is lower, the sampling period is 

significantly longer for Mi11 D than for Mill C. The quality and source of recovered post- 

consumer waste might change significantly in one or two-week increments- 

Samples were taken from Mill E on five occasions, beginning in 1996 and ending in' 1999. As 

stated in Section 4.2.3, this sampIing regime did not meet the established critena for sludge 

collection. Thus, there may have been changes to process, feedstock, and waste treatment 

practices in between one or more of these data points, and the mill may not have been in constant 

production, From the point of view of waste characteristics, however, these data provide a 

realistic picture of how sludge chemical charactenstics may change over the long term. The 

results of chemical testhg are shown in Figure 4.4. 

Days afier initial sample 

Figure 4.4 Summary of sludge variation (Mill E). Dotted lines indicate non-consecutive 
samples 

It can be seen fiom the graph above that the results of chernical testing are higlily variable over 

the long tem.  The mean levels of each fraction displayed show significant variation (a = 0.1). 

The actual variation in mean holocellulose levels is approximately 5% by m a s  of total sludge 

solids. The actual variation in alphacellulose levels is even higher, at approximately 13% by 



mas.  The mean variations found in Iignin and extractive levels are substantiaily lower, 

however. The mean inorganic fraction of this sludge varied by approximately 5%. These results 

indicate that long-term variation in sludge properties can be significant when production 

processes, feedstock, and operation are not held constant. 

The data collected at Mills C, D, and E al1 indicate that aiphacellulose levels vary the most in 

sludge composition over time. The variation associated with holocellulose, lignin, and 

extractives is lower and perhaps more predictable. 

4.4.2 Provisions f grouping of sludges by m acro ch aracteristics 

In Chapter 3, the analysis of data indicated that the macro characteristics of sludge, in tems of 

detritus, cellulosics, and lignosics, do not show a strong relationship to the pulping processes 

employed. At the same the ,  the woody organic and inorganic chemistry of sludge seemed more 

influenced b y process, and less b y the raw material employed. 

The macro characteristics of sludge were fkst presented in Table 3.2. In Table 4.1 below, the 

significant differences in sludge characteristics are indicated by the use of different letters. The 

mil1 atîributes are listed below for comparison. 

Table 4.1 Macro characteristics of sludge and corresponding miil attributes 

Mill A Mill B Mill C Mill D Mill E Mill F 
Organic/Inorganic 
Detritus: a a b b c d 
Crystalline Cellulose: a a b b c d 
Lignin: a a b b c c 

Mill Type: Recycling Recycling Recycling Recycling 
Kraft Sulphite 

Flotation Deinking: No No No No Yes Yes 

Fibre Source: Pre- Post- Post- 
Virgin Virgin Post- 

consumer consumer consumer consumer 
Secondary Treatment: ASB AS AS - AS AS 

Of the six mills indicated in the table above, three distinct categories of sludge characterized by 

sirnilar compositions can be discemed. Category 1 includes Mills A and B. These installations 

both pulp virgin fibre, aithough they utilize different processes. The treatrnent of effluent 

streams is also different at these installations, with Mill A using a lagoon system and Mill B 



employing an activated sludge system. Despite these differences, the rnacro characteristics of 

the sludges generated at these mills are very similar. The inference that may be made here is that 

v i r e  pulp mills, each employing efficient yet different pulping processes and effluent treatment 

systems, will produce sludges that have similar solid compositions. 

Categories II and III both apply to recycling installations. Category II encompasses Mills C and 

D. The feedstock used at these milis is different, as are the processes employed and the end 

product; Mill C is a fine paper plant while Mill D is a duaI line linerboard plant. Neither Mills C 

nor D employ advanced deinking operations, however, and neither use large quantities of post- 

consumer magazines or newsprint. Bo th mills, however, recycle pre- and post-consumer waste 

without a deinking stage. 

Mills E and F are assigned to Category ID. Both mills produce recycled newsprint, and both use 

advanced flotation deinking cells within their process. The macro characteristics of Mills E and 

F are not completely similar, and yet are more similar to each other than to any of the other mills. 

4.4.3 Corroboration of MiCC Cutegory assignrnents 

Cornparison of organic chemical composition 
The three mil1 categories tentatively assigned in Section 4.4.2 are based solely upon the macro 

characteristics of the solid portion of sludge. In order to validate these assignments, a careful 

examination of the chemistry of this matenal must be undertaken. 

Using data originally presented in Table 3.2, Figure 3.5, and Figure 3.6, the total composition of 

sludge solids from each of the six mills can be estimated, and is shown in the figure beIow. The 

combined value of organic and inorganic detritus corresponds with the total amount of detritus 

reported in Table 3.2. The proportion of inorganics reflects the absolute arnount of ash measured 

in the studge solids. The proportions of woody organic chernicals in the figure below correspond 

to the proportions of chernicals shown in Figure 3.5, but have been scaled to reflect the fraction 

of organic material shown in Table 3.2. The transformation of data was necessary to reflect the 

true proportions of cellulosic and lignosics material present in the sludge solids. The total 

amount of sludge solids was assumed to be 100% of the solid mass. 



Figure 4.5 Proportional levels of chernical components of sludge 

O Organic Detritus 

Ei Inorganic Detritus 

O Edractives 

Ili Soluble Lignin 
El Klason fi& 

iB Hernïcethilose 

IBi Alphacellulose 

It c m  be seen from the figure above that there is significant variation in the levels of various 

wood components between rnills. In particular, the reported levels of alphacellulose and 

hemicellulose show no distinct pattern and do not seem to bear any relationship to the category 

assignments appIied in the previous section. 

Table 4.2 describes the proportional arnounts of wood chernical components indepeiidently, in 

order to illustrate the variation found wïthin this fraction of the sludge. 



Table 4.2 Organic chernical components of the woody fraction of sludge 

Klason Soluble 
Location HoIoceIluIose Alphacellulose HemicelluloseY Lignin Lignin Extractives 

All Mills 
Mean 66.4 % 43.8 % 22.6 % 22-7 % 2.0 % 8.9 % 
Standard Deviation 10.0 % 10.9% d a  4.6% 1.0% 2.2 % 
95% Confidence i n t  2.0 % 2.4 % d a  0.9% 0.2% 0.3 % 
Mill A 
Mean 78.5 % 42.1 % 36.5 % 14.8 % 1-7 % 5.0 % 
Standard Deviation 1.2 % 1.1 % d a  1.7% 0.1% 0.6 % 
Mill B 
Mean 78.2 % 37.8 % 40.4 % 13.6 % 1.3 % 6.9 % 
Standard Deviation 3.5 % 2.4 % d a  1.0 % 0.1 % 1-1 % 
Mill C 
Mean 64.2 % 43.0 % 21.3 % 23.6% 3.0% 9.2 % 
Standard Deviation 3.8 % 2.7 % d a  1.3% 0.8% 1.7 % 
Mill D 
Mean 66.6 % 61.9 % 4.7 % 21.5 % 2.1 % 9.8 % 
Standard Deviation 2.2 % 1.9 % d a  0.9 % 0.7 % 0.7 % 
Mill E 

Standard Deviation 2.0 % 0.6 % d a  0.1% 0.2% 0-3 % 
Mill F 

Standard Deviation 1.6 % 1.4 % d a  0.7 % 0.1 % 0.8 % 

'~orrected to 100% of ash-fke, woody organic component 
'Calculated as Holocellulose - Alphacellulose 

The data shown in the table above quantifies the amount of variation associated with 

holocellulose, alphacellulose and hemicelIulose within the sludge matrix. As alphacellulose is 

deterrnined through a secondary hydrolysis of the material derived through holocellulose testing, 

it is not surprising that the variation s h o w  by both components should be within the same range. 

The relative mean values that are shown in the table, however, indicate that alphacellulose is a 

much more variable component than holocellulose. This is supported by the wide confidence 

interval associated with alphacelIulose. 

Based upon these observations, and upon the observations found in Section 4.4.1, it can be 

postulated that the alphacellulose component is too variable to base conclusions upon. By 

ignoring the alphacellulose levels in individual mills, and considering the other wood chemical 

components as an independent group, Figure 4.6 can be constructed. 
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El KIason Lignin 

I Holocellulose 

Figure 4.6 Mean chemical components of the woody fraction of sludge, considered 
independently 

In this figure, each woody organic component present in the sludge is expressed as a fiaction of 

the total arnount of woody organic material. The three tentative groupings of A & B, C & D, and 

E & F are clearly delineated by the resulting data. The fist category, grouping sludges fiom 

Mills A & B, exhibits a significantly higher relative proportion of holoceIlulose than the other 

two groupings, and the Ievels of al1 wood chernicals found at the two mills are very similar. The 

second category, including Mills C & D, exhibits a higher relative proportion of lignin and 

extractives than the £kt category, and the two rnilIs once again show similar wood chemical 

characteristics. Finally, the third category of rnill has the highest relative proportion of lignin 

and the lowest relative proportions of holocellulose. As this cornparison is of relative values 

only, it is impossible to conduct any statistical tests of significance u p m  the dataset- The figure 

does support the initial category assignments, however, and illustrates the relative wood 

chemical components of each category effectively. 

Analysis of data distributions 
A technique that may be used to veri@ the category assignments is to review the distribution of 

observations of the wood chemical components in the three provisional categories under 

consideration. If the datasets display a normal distribution, it will add a degree of statistical 

confirmation to the validity of the category assigmnents. 

It is important to note that the distributions provided are based upon the actual measured values, 

and that these data have not been transformed in any way. The use of transformed data for this 



portion of the analysis would influence the distribution curves and lead to false conclusions, In 

the previous subsection, the relative proportions of holoceIlulose, lignin, and extractives were 

examined in order to facilitate cornparison. 

The kequency distributions of holocellulose observations for each category are shown in Figure 

4.7. 

Category 1 Category II 

% of Total S Iudge 
Solids 

% of Total Sludge 
Solids 

Category III 

% of Total SMge 
Solids 

Figure 4.7 Histogram of Holocellulose observations 

The fist  thing that is immediately obvious fiom the figure above is that the size of the datasets is 

not optimal. Serious gaps exist in the data avaiIable, and this influences the degree to which 

observations c m  be made. The kurtosis of each distribution was measured and is presented in 

Table 4.3. 

Table 4.3 Factors describing the distribution of holocellulose observations 

Al1 Mills Category 1 Category 11 Category III 
Standard Deviation (d) 10.0 % 7.5 % 3.7 % 1.8 % 
95% Confidence Interval 1.96 % 1.89 % 1-61 % .O77 % 
Kurtosis - 0.0032 O. 198 1.325 

The measure of kurtosis indicates the peakedness of the distribution, or the degree to which the 

cuve  follows the normal distribution. In each case here, the kurtosis is positive, and in two out 

of three cases the number is quite close to zero, which indicates that the curve lies relatively 



close to the normal distribution- The small data set used may contribute to the peakedness of the 

third sample, which more closely resembles a t-distribution in shape. 

The Kiason lignin test was more repeatable than the test for holocellulose, and this is reflected in 

the distributions shown. Each of the ttiree provisional mil1 groupings displayed observations that 

most closely resembled a t-distribution. This reflects the small sample size, and the presence of 

gaps in the observed values. The distribution of Klason l i a  observations is shown in Figure 

4.8. 

Category 1 Category II Category III 

% of Totai Sludge % of Total Sldge % of TotaI Sludge 
Solids solids Solids 

Figure 4.8 Histogram of Klason lignin observations 

The distributions of Klason lignin demonstrate strong peakedness, which indicates that each 

provisional grouping is characterized by a range of Klason Iignin concentrations that center on a 

common value. The test for soluble lignin provided similar results, as shown in Figure 4.9. 
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Figure 4.9 Histograrn of soluble lignin observations 

In the case of Klason lignin, the observations were strongly peaked, as indicated by the high 

kurtosis values, and the very Iow standard deviations and confidence intervals associated with 

each category of sludge, as shown in Table 4.4. Soluble lignin values, shown in the same chart, 

tended to be closer to flat values. The standard deviation and confidence intervals indicated for 

soluble lignin indicate that the actual range of values was very hi&, in proportion to the low 

values typically observed for this component. 

Table 4.4 Factors describing the distribution of Klason and soluble lignin observations 

Al1 Mills Category 1 Category II Category III 
Klason lignin: 
Standard Deviation (2) 4.6 % 1.6 % 1.7 % 2.7 % 
95% Confidence Interval 0.90 % 0.41 % 0.76 % 1.20 % 
Kurtosis - 1.436 2.292 2 .O90 
Soluble lignin: 
Standard ~eviat ion (02) 1.0 % 0.8 % 0.2 % 0.5 % 
95% Confidence Interval 0.20 % 0.20 % 0.10 % 0.24 % 
Kurtosis -- 0.2 14 -0.444 -0.23 7 

The fkequency distribution of observations for the extractives was also examined, as shown in 

Figure 4.10. A s  might be expected, the results for this group of chernicals did not display any 

trend towards a normal distribution. The ongin of  the extractible chemicals within papermill 

sludge is not easily identified, however, and is in al1 likelihood iduenced not only by the typical 



chemistry of the woody chemical component, but also b y  minute changes in both fumish quality 

and in process variables. 

Category 1 

% of Total Shidge 
SoMs 

Category II Category Ili 

% ofTotal Shdge 
Solids 

% of Total SIudge 
Solids 

Figure 4.10 Histogram of Extractives observations 

The distribution of extractive content within the sludge is typified by large standard deviations, 

high 95% confidence intervals, and strongly negative kurtosis values, as shown in Table 4.5. 

Table 4.5 Factors describing the distribution of extractive observations 

AI1 Mills Category 1 Category II Category III - 
Standard Deviation (aL) 2.2 % 1.9 % 1.1 YO 1.0 % 
95% Confidence Interval 0.28 % 0.26 % 0.49 % 0.46 % 
Kurtosis -- 1.802 -0.463 -1.213 

With the exception of the extractive contents, the fiequency distributions of each of the woody 

organic chemical components of sludge within the provisional category assignments follow a 

distribution that approximates the normal or t-distribution. In addition, relatively low corifidence 

intervals and values for standard deviation were observed for each of the provisional categories 

for the holocellulose, Klason lignin, and soluble lignin components of sludge. None of the data 

collected contradicts the provisional category assignment. 



Cornparison of sludge inorganic chemical compositions 
The inorganic material found in each of the provisional categones of sludge was found to be 

highly variable. When inorganic materiai was considered independently, the variation between 

soluble and acid-insoluble ash content was found to be quite hi& as shown in Figure 4.1 1- 

Cl Acid- inso hhle Ash 
El Soluble Ash 

Figure 4.11 Mean inorganic components of papermili sludge, considered independently 

The ratios of soluble and acid-insoluble ash displayed in the figure above show little or no 

relationship with the hypothesized categories assigned earlier. In fact, no relationship can be 

discerned between these characteristics and mil1 processes. It is therefore assurned that the 

presence of soluble and acid-insoluble inorganic components is related to qualities inherent in 

mil1 feedstock. Mills A and B, grouped into Category 1, show fairly similar inorganic content, 

and this could be related to the virgin raw material used by each of these installations. The other 

four installations each use recovered fibre as fknish, and this material is notoriously variable in 

tems of the presence of dirt and other extraneous materials. The data is summarized in Table 

4.6 below. 



Table 4.6 Summary of Ash characteristics 

Mill A 
Mill B 
Mill C 
Mill D 
Mill E 

Mean (CL) Acid-soluble AshW Acid-insolub le ash 
Ail Mills 61.9 % 38.1 % 

Mill F 57.5 % 42-5 % 1 21 % 
YCalculated as Total Ash (100%) - Acid-insoluble Ash 

Total Ash 
(% of Dty SZudge) 

16 % 

Cornparison of the physicai properties of sludge fibres 
One final analysis technique remains by which the provisional grouping of papermill sludges c m  

be corroborated. An malysis of the physical properties of the woody organic component, i.e. the 

sludge fibres and fines, may indicate any significant differences among the six papermill sludges 

tested. Values for length, coarseness, and percent fines are provided in Table 4.7 below. 

Table 4.7 Summary of sludge fibre characteristics 

Al1 
Mills Mill A Mill B Mill C Mill D Mill E Mill F 

Average length 
(weight-wei&ted) (mm) 1.68 1.72 1.70 1.66 1.66 1.63 1.65 
Average Coarseness 
(dgY) 18.3 22.3 17.5 20.4 16.0 14.3 18.2 
Percent fines 
(length-weighted) 25 % 24% 25 % 26 % 26 % 25 % 26 % 
Ydg = decagrams of ceIl wall matenal. Derived as mg of ce11 wall matenal per 100 m of fibre. 

From the table above, it is immediately obvious that there is very little actual variation in fibre 

length between the three mil1 types. A close examination shows that there is a minute difference 

between Mills A & B, C & D, and E & F, following the category assignments made in Section 

4.4.2. The slight differences that do exist, however, are not statistically significant at a = 0.05. 

n i e  percentage of fines is also statistically sïmilar between each of the six mills. These hdings  

do not corroborate or invalidate the groupings that have been made. 

The coarseness of the sludge fibres is found to be quite variable from mill to mill, and between 

the groups that have been delineated. The values are lower than might be expected in a pure 



s o h o o d  sample, but higher than might be expected in hardwoods. The coarseness values 

directly relate to the fumish type, and are typical of a mixture of hardwood, sohood ,  or 

recovered fibres. 

The overall distributions of fibre lengtfi are very closely rnatched between the three tentative 

categories, as shown in Figure 4.12. 

CategoryI ; - Category II 

Fibre Length (m) 

Figure 4.12 Frequency distribution of sludge fibre length 

An example of a typical sludge fibre c m  be found in Figure 4.1 3. This particular example was 

obtained firom the sludge of Mïll B, and was stained with Fast Green in order to improve clarity 

of the image. The figure illustrates the charactenstics of sludge solids, including fibres with 

broken ends (A), fibre fragments (B), and the presence of fibrous and non-fibrous debris (C). 

The encrusted debris that surrounds each fibre in the image may not reflect the actual conditions 

within the solid sludge rnatrix, but instead may be an artifact of the slide preparation process. 



Figure 4.13 Long fibre remnants in papermill sludge (Mill B) 

The results of testing indicate that sludge fibres have very similar properties, despite the process 

or fumish used to create these fibres. Thus, the assignment of mills to categones based upon the 

rnacro characteristics of sludge is not invalidated, although not corroborated in any way. 

There is convincing evidence that papermill sludge can be grouped according to miIl types. The 

physical and organic chernical characteristics of sludge have been found to support the suggested 

grouping, with a clear delineation shown between virgin pulp mills, recycling mills that do not 

utilize deinking, and recycling mills that do use deinking. 

There was no evidence produced to contradict the assigned groupings. A review of the inorganic 

chernistry of each papermill sludge type, however, did not corroborate the selection of these 

categones. Since the inorganic composition of sludge is of secondary importance to this thesis, 

M e r  investigations were not undertaken at this time. Of primary importance is to identify and 

mode1 the role of woody organic material within papermill sludge, and the results of testing 

supported utilizing the proposed mil1 categories as part of a predictive tool for this material. 

The woody organic chemistry of papermill sludge is visually presented in the following graph. 
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Figure 4.14 Woody organic composition of papermill sludge by mil1 category 

Sludge originating from mills in Category 1 contains approxirnately 67% woody organic 

material. Sludge originating fiom miIIs in Category II contains slightly less woody organic 

materia1 at 64%, while Category III mil1 sludge contains only 55%. These differences are based 

upon the actual wood chernical components of holocellulose, Klason lignin, Soluble lignin, and 

extractives, which are each significantly different in the three mil1 categories (a = 0.1). 



The principal conclusions that can be drawn from this chapter are: 

1. An observation of the variability of woody organic components within papermill sludge 

over time reveals that alphacellulose is the most variable component found within 

sludges. Very long term observations confirm that changes in process or fhnish can 

greatly influence the woody organic chemistry of papermill sludges. 

2. Three mill categories c m  be identified through the rnacro characteristics of papermill 

sludge. These categories are: vira% pulp mills, recovered paper rnills without deinking, 

and recovered paper mills with a flotation deinking stage. 

3. The woody organic chernical components of sludge correspond to these categories. 

Observed levels of holocellulose, Klason lignin, and soluble lignin, as measured in sludge 

£tom multiple mills within these categones, follow a normal or t-distribution, indicating 

that the sarnples resemble a nomal population- 

4. The inorganic components of sludge do not correspond to the proposed grouping, but are 

considered of secondary importance to the entire study. 

5. The physical characteristics of papemill sludge fibres, in terms of length and percent 

fines, do not change significantly fi-om mil1 to rnill. The coarseness of fibres within 

papennill sludge is variable, and reflects differences in funiish and in processing. 

6. The woody organic component of sludge is significantly different in the three mill 

categories descrïbed, comprising 67% of Category 1 sludge, 64% of Category II sludge, 

and 55% of Category III sludge. 



5 Development of a predictive mode1 for pulp and paper 
production, consumption, and recycling 

5.1 Introduction 

In order to describe the proportion of organic matenal contained within sludge on a global scale, 

it is necessary to understand the driving factors behind global sludge production. 

5.1-1 Abstract 

Papermill sludge production is directly related to the production of virgin and recycled pulp, 

paper and paperboard products. Future trends in the production, use and recycling of pulp and 

paper products can in turn be shown to be dependent upon supplies of raw material, and upon the 

characteristics of the population that manufactures and uses these products. Three output factors 

(paper production, consumption, and recyciing) were compared to six discrete input factors (fibre 

supply fiom forests, plantations, and nonwoods, population, popuIation density, and literacy). A 

regression model was constnicted that identified the pertinent input variables on a national basis. 

The input variables were s h o w  to be distributed in distinct geographic groupings. Population 

variables were most important in developing countries, where rapidly changing populations are 

driving paper manufacture and use. Fibre supply variables are found to be more important in the 

western hemisphere, where large forests are being managed for fibre supply. Plantation and 

nonwood fibre supply is most important in the southern hemispheres where clirnate is more 

suitable for the development of these ventures. The proposed models for paper production and 

wastepaper recycling were very successfül, accounting for 94 and 96% of global totals in the 

baseline year. The proposed model for paper consumption was less successfül, with only 8 1% of 

global consumption accounted for in the baseline year. 

5.1.2 Objectives 

The overall objective of model development is to account for the variables that drive paper 

production, consurnption, and recycling at the national level. The  specific objectives of this 

portion of the study are to: 



Identie discrete input variables that relate to pulp and paper production, consumption 

and wastepaper recycling; 

Quantifi the historical trends described by each of the input variables identified, and 

extend these trends to the year 2050; 

Relate the trends described by each variable ta the historical production, consumption 

and recycling of  paper and paper products on a national basis, and; 

Verifi the validity of the model by correlating projected data to historical data, and by 

comparing global outputs to the model scope. 

The work in this chapter builds upon work originally conducted by the author at the Food and 

Agriculture Organization of the United Nations (FM). Portions of the work have been 

previously published in Unasylva (Mabee 1998) and in working papers by the author (Bull et al. 

1998b, Mabee and Pande 1997). An early version of  the model was included in the Global Fibre 

Supply Model, which was released worldwide by the FA0 in 1998 (Bull et al. 1998a). 



5.2 Definition of mode1 parameters 

5.2.1 Iden tijication of output variables 

The quantity of sludge being produced is directly correlated to the amount of paper 

manufactured. As was made clear in Chapter 4, the characteristics of sludge change depending 

on whether Wgin or recovered fibre is used as a source of raw material. The wastepaper 

rec ycling rate reflects the total arnount of paper and paperboard consumed nationally. Given 

these facts, it is possible to identiQ three principal output variables. 

1. National production of paper and paperboard; 

2. Rate of wastepaper recycling, and; 

3. National consumption of paper products. 

Each of these output variables cm be linked and compared with historical datasets, which are 

included in model development and are later used for model validation. 

5.2.2 Mentiflicaion of input variables 

Some of the discrete variables that affect pulp and paper production and consumption, as well as 

wastepaper recycling, are shown in Figure 5.1 on the next page. 

The discrete variables illustrated in Figure 5.1 can al1 be described using established histoncal 

datasets. To a varyhg extent, each of these factors has an impact on the three output variables 

defined in the previous section. The strength of this impact is hypothesized by the placement of 

variables within the diagram. 

The suggested variables cm be initially divided into primary and secondary categories. The 

pnmary variables are those related to fibre supply and population. These variables are simple 

measurements of quantities within the country itself, which are less subject to fluctuation due to 

extemal influences, such as econornic depression or shifts in global market demands. The 

secondary variables include indicators of econornic health, such as GNP, as well as imported 

supplies of raw materials. These variables are influenced as much by international events as by 

national trends. 
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Figure 5.1 Variables that affect paper production, consumption, and recycling 

Primary input variables 

Fibre suppiy 
Fibre supply is a factor that is most directly related to pulp and paper production, since without 

adequate sources of fibre, the manufacture of pulp or paper is physicalIy impossible. Fibre c m  

be supplied through domestic markets or through trade. It may be supposed that having an 

adequate supply of fibre will also influence the consumption of paper and paper products, as 

paper should be widely available at 1ow cost to the consumer. It rnay also be hypothesized that 

wastepaper recycling may be related to the amount of Wgin fibre available domesticaily, as 

nations with a surfeit of virgin fibre rnay have less economic or environmentai incentive to 

recover and recycle paper. 

Fibre supply has been identified as having four or five principal components in several 

international studies, including the Global Fibre Supply Model (GFSM) released by the F A 0  

(J3ull et al. 1998a). These components include forests (both undisturbed and disturbed by 

hurnan influence), plantations, and nonwood fibres. Each of these components can be considered 



a separate variable, which can influence the overall production, consumption, or recycling of 

paper. 

A f i f i  component of fibre supply, that is not considered here, is the arnount of recovered fibre 

available on the open market. As wastepaper recycling is a desired output of the current model, 

this component is not considered as an input variable. 

Population characteristics 
An important factor relating to pulp and paper consumption is the population of the country, and 

the characteristics of that population. Consumption trends will be heavily affected by positive or 

negative gains in population over tirne, as more people can consume more products. A larger 

population also increases the likelihood of developing domestic rnanufactuing installations, 

which wiU have an impact upon the production of paper and paper products. Large populations 

also rnay increase the chances of paper production and recyclüig, as the dernand for paper and 

recycled products will rise with population. Supplies of waste paper for recycling are also more 

Iikely to exceed the minimum economic threshold necessary to make recycling ventures 

profitable, provided that a large enough population is generating waste paper. 

An educated population is more likely to consume paper and paper products. A proxy for 

measuring education is to consider the literacy rates within the country. Educated people are 

more likely to bave disposable incomes necessary to purchase packaged goods, and are more 

likely to spend on books, magazines, diapers, and other paper products. 

Population density is also quite important, particularly in regards to waste paper recycling. 

Recycling programs are only economicaily feasible in high-density populations, and then only 

when the population is high enough to provide an adequate supply of raw material. Accordingly, 

the percentage of urban population is an important factor in determining waste paper recycling 

potential. 

Secondary input variables 

Economic healtiz of the nation 
The construction of mills to manufacture virgin or recycled paper products requires a high level 

of capital investment. Domestic or international corporations are less likely to embark on such a 

venture if the economy of the nation in question is poor. The econornic health of a country is 



also an indicator of  the personal wealth of a country's citizenry, and describes the potential 

domestic market for paper products. It is therefore not unreasonable to consider the economy as 

equally important to paper production, consumption, and recycling, as shown in Figure 5.1. The 

economic health o f  a country can be estimated through the analysis of a variety of statistics, 

including the Gross National Product (GNP). 

Raw material intports 
A sufficiently wealthy country can af5ord to supply its citizenry with paper products, and its 

mills with raw material, by purchasing commodities such as fibre, pulp, paper, or wastepaper on 

the international market. The ability of a country to do this is related directly to the purchasing 

power of its currency, and to the economic robustness of its dornestic economy. hpor t s  make 

up an important part of fibre supply in many countnes, particularly in continental Europe and 

Asia. 

ProbCems with secondary input variables 
The difficulty with using GNP as a variable in predicting fibre supply is this factor combines 

both Gnancial and social values, and is subject to both domestic and international influences. 

The combination of  values fiom a variety of sources means that the final GNP figure can show 

large fluctuations Corn year to year. In order to compare GNP values Tom a variety of 

countries, conversions must be made to a single currency, which further cornpounds the 

possibility for error. More comprehensive measures of economic welfare are available for some 

countries, but are not widely tabulated by the WorId Bank or by independent auditors (Blomqvist 

et al. 1987). 

Similar problems are evident when exarnining the usefulness of raw matenal imports as a 

variable. Much o f  the historical data that exists describing fibre, pulp, paper, or wastepaper 

irnports is based on estimates, as the original data are collected using a variety of measures 

(dollar values, volume and mass measurements) that must be standardized before the national 

total can be calculated. The abiiity of a nation to &ord these irnports is based upon ihe 

economic health of  the country, which is related to both international as well as domestic affairs. 

The definitions for pulp and paper products are not always standard £rom country to country, and 

thus there is an additional possibility for error. Furthermore, the mode1 when fûlly developed 



will not include every country in the world due to incomplete data, and thus cannot be baianced 

for imports and exports. 

Indiscrete input variable 
Occasionally, statistically significant trends will be identified in the historical data of production, 

consumption, or recycling that may not display a significant correlation to any of the discrete 

input variabIes that have been listed within this section. In anticipation of this eventuality, it is 

proposed that time be included as an indiscrete input variable. Thus, changes that cannot be 

explained by the input variables identified, such as increasing rates of wastepaper recycling due 

to policy implementation, can be linked to year rather than ignored by the model. 

Summary 
The set of discrete input variables has been described. A range of problems has been associated 

with the secondary input variable group; these problerns stem fi-om the fact that these variables 

reflect international as well as national trends. In order to avoid possible errors within the 

modeling exercise, the decision has been made to concentrate upon the primary variables 

identified above, with the inclusion of time as an indiscrete variable. Therefore, it is possible to 

define the input variables as follows. 

1. Year 

2. Fibre supply avdable f?om forests (undisturbed and disturbed); 

3. Fibre supply available from plantations; 

4. Fibre supply available from nonwood sources; 

5. Total population of the nation; 

6. Literate population of the nation, and; 

7. Urban population of the nation. 



5.2.3 Deveiopment of the model 4xpression 

The model is a multiple regression equation that utilizes sub-fimctions to describe each of the 

discrete input variables Listed in the previous section. Given the input and output variables 

defïned in the two sections above, it is possible to write the basic model function as follows. 

Equation 5.1 

where 
P = Paper and paperboard production 
C = Paper and paperboard conslunption 
R = Paper and paperboard recycling 
x = year 
mi - m, = Coefficients correspondhg to each model element 
C = Constant 

and where six sub-functions are defined as 
FO = Fibre available from forests 
IP = Fibre available fkom industrial plantations 
NW = Fibre available flom nonwood sources 
TP = Total population 
DP = Population density 
LP = Literate population 



5.3 Historical data collection 

The historical data was collected in an SQL database designed for the modeling exercise. For 

each of the subtitles listed in this section, a single table was created in which individual records 

were identified by country code, data reference year, and data reference code. Each unique 

record was assigned a code, and estirnated data points were noted within the database. 

5.3.1 Paper production, consumpiion and recyciing 

The histoncal data available for global paper production, consumption, and recycling is available 

fiom three principal sources. 

The Food and Agriculture Organization of the United Nations has collected data on these 

commodities for several decades, and this data is available on-line through FA0 Stat or in print 

through the FA0 Yearbook of Forest Products (published annually) (FA0 2000, F A 0  1999b, 

FA0 1998, FA0 1997, FA0 1996, FA0 1995, FA0 1994, FA0 1993, FA0 1992, FA0 

1991, FA0 1990). FA0 data is collected through government reports and is analyzed by experts 

in the field of pulp and paper before it is pubIished. Estimates are included in these datasets 

where actual data is not available, based upon the best knowledge at the time of pubiishing. 

These estimates can be updated fiom year to year as new infornation is made available, which is 

why it is important to check each subsequent release of statistics. 

Pulp and Paper International, a widely-read peer reviewed journal, also publishes a yearly 

sumrnary of pulp and paper activities, including the relevant data on trends (PPI 2000% PPI 

2000b, PPI 1999% PPI 1999b, PPI 1998, PPI 1996, PPI 1997, PPI 1995, PPI 1994, PPI 

1993, PPI 1992, PPI 1991, PPI 1990). The data collected by this journal also includes 

government data, but relies heavily upon input fkom the pulp and paper industry. Data submitted 

are peer reviewed and summarized by country. Again, estimates are included where no data is 

available, and these estimates are updated on an annual basis when new information is made 

available. 

Finally, datasets are occasionally available from national-level organizations or from national 

govemrnents. When these datasets were available, they were utilized in both mode1 development 

and in data validation. An example of these datasets is the Reference Tables report published 

annually by the Canadian Pulp and Paper Association (CPPA 1999). 



5.3.2 Fibre available from forests 

The values for forest fibre available for supply are provided in cubic rnetres, and are taken from 

the Global Fibre Supply Mode1 (GFSM) published by the FA0 in 1998. 

In order to detennine the amount of forest-grown fibre available for supply, it was necessary to 

assess the total forest area, the total and commercial volumes of existing forest, the removal rate 

currently employed, and the increment or additions to the forest. Data was coIlected ftom a 

number of sources, which were classified as primary, secondary, or tertiary- Primary sources 

documented on the ground reviews of standing timber, usually conducted as part of a 

govemment or industry review of forest inventory. Secondary sources quoted primary reports, 

and were the most cornrnon literature source found. Examples of secondary reports include 

govemment yearbooks describing forest activities, or secondary reports. Tertiary sources 

include unsubstantiated data on forest inventory or growth. These reports were used to verie 

data in prirnary and secondary sources, or as guidelines in the establishment of estimates. 

When the data were fully collected, a country assessment team consisting of experts fiom the 

FA0 as well as fiom the nation in question was gathered to assess the information. In some 

cases, data could be cornpared with GIS-based data collected as part of the Forest Resource 

Assessrnent 2000 initiative also ongoing at the FAO. In other cases, best estimates had to be 

made using the expertise available. As many countries do not declare their statistical 

assumptions in defining their forest inventories, extensive efforts had to be made to validate data. 

Critical issues still remain in the definition of commercial species, volume expansion factors, and 

wood increment values (Bull et al. 1998a;Bull et al. 1998b). 

When assessment of the data was cornplete, official GFSM estimates were made of forest area 

and growth. These estimates were made at the closest possible resolution, given the available 

data. In Brazil, for instance, six forest types were identified and separate values for growth, 

yield, and areas were used within each of these six forest types. Thus, when fibre supply is 

calculated at the national scale the figure better reflects the dynamics of forest cover in different 

ecoregions within the country (Bull et al. 1998a;Bull et al. 1998b). 



5.3.3 Fibre available from plantations 

The values for plantation-grown fibre available for supply are provided in cubic metres, and are 

taken fkom the Global Fibre Supply Mode1 (GFSM) published by the FA0 in 1998. 

In order to detennine the amount of plantation-grown fibre available for supply, it was necessary 

to assess the totd area available for industrial pIantations, the rate of plantation establishment, 

the conversion of forest to plantation area, the species groups used, and the possible gains 

associated with improved silviculture and genetic manipulation of growing stock. As with al1 

assessments carried out in the GFSM, a variety of data sources were examined and classified 

according to the primary, secondary, and tertiary system employed with forest data (see Section 

5.3.2). A country assessment team was assembled, consisting of experts fiom the FA0 and fiom 

the country in question, when possible. 

Critical issues in data validation were centered upon the definition of plantations, the growth 

rates associated with various species groups, and the effects of successive plantations on soi1 

quality and fibre yield. As before, an official GFSM estimate of plantation area, rates of 

establishment, and growth were made by the assessment team. These estimates were based on 

plantation species groups being used within the country, in order to improve data resolution Bull 

et al. 1998a;Bull et al. 1998b). 

5.3.4 Fibre availuble front norzwoods 

The values for nonwood-grown fibre avaiIabIe for supply are provided in cubic metres, and are 

taken fkom the Global Fibre Supply Modei (GFSM) published by the FA0 in 1998. The term 

nonwood, as used here, refers to specialty-grown annual plants, such as hemp or kenaf, as well as 

agicultural waste such wheat or rice straw. 

In order to determine the amount of nonwood-grown fibre availabIe for supply, international 

experts were brought in to assess the potential fibre supply available fkom nonwoods based upon 

pulping capacities. As with al1 assessments carried out in the GFSM, a variety of data sources 

were examùied and classified according to the primary, secondary, and tertiary system employed 

with forest data (see Section 5.3.2). The experts were then given the task of determining the 

official GFSM estimate. 



Critical issues were identified in relation to pulping efficiency, gains in technological expertise, 

and crop substitution. GFSM estimates of nonwood-grown fibre availability were based upon 

existing trends in nonwood pulping capacity, which represent invesûnents in equipment that 

differs fkorn traditional woody pulping technology- The role of nonwoods was found to play a 

small but significant role in global fibre supply, particularly in parts of Asia and Central Arnenca 

(Bull et al. 1998a;Bull et al. 1998b). 

5.3-5 Population trends 

The Population Division of the United Nations Secretariat prepared the estimates and projections 

of total population utilized in this study. These estimates are revised every two years in order to 

incorporate new data. In general, these population figures are estimates of persons resident in 

the country or area at mid-year. They are usually based on  population census data adjusted to the 

specified year, taking account of birth, death and international migration rates as determined 

fiom population surveys and registers and other national sources as available. Short-term 

residents and visitors in the country or area for less than one year are usually excluded. The 

most recent estimates of population were made for the year 1999 (PopuIation Division of the 

United Nations Secretariat 2000% Population Division of the United Nations Secretariat 1999, 

Population Division of the United Nations Secretariat 1998, Population Division of the United 

Nations Secretariat 1997, Population Division of the United Nations Secretariat 1 W6a, 

Population Division of the United Nations Secretariat 1 W6b, Population Division of the United 

Nations Secretariat 1995). 

5.3.6 Population Derzsig 

The Population Division of the United Nations Secretariat originally made the estimates of rural 

and urban population percentages utilized in this study. Reports detailing world changes in 

population and trends towards urban or rural population are published every two years. The data 

presented is based on national census or survey data that has been evaluated and, whenever 

necessary, adjusted for deficiencies and inconsistencies by professionals working on behalf of 

the United Nations. Urban-mal classification of population in internationally published 

statistics follows the national census definition, which differs fiom one country or area to 

another. National definitions are usuaily based on critena that may include any of the following: 

size of population in a locality, population density, distance between built-up areas, predorninant 



type of economic activity, Iegal or administrative boundaries and urban characteristics such as 

specific seMces and facilities. For the purpose of this study, the exact definition of urban and 

rural populations is not of primary importance. Rather, trends illustrated towards one or the 

other extreme are of interest, as an increasingly urban population may have more need for and 

exposure to paper and paper products. 

The approach used in estimating rates of population density change is one of continuous growth, 

which considers that population grows exponentially. The most recent estimates were made in 

the year 2000 (Population Division of the United Nations Secretariat 2000b, Population Division 

of the United Nations Secretariat 2000a, Population Division of the United Nations Secretariat 

1997, Population Division of the United Nations Secretariat 1995). 

5.3.7 Literacy 

Al1 literacy data used in this study were compiled by the United Nations Educational, Scientific 

and Cultural Organization, and hosted by the United Nations Statistical Division. Regional 

specialists working within the UN system made professional estimates of literacy for most of the 

world's countries. The most recent estimates were made for the year 2000. Other estirnates are 

available for many coutries at intervals of 5-7 years. UNESCO does not provide estimates of 

literacy for many developed countries. In these cases, estimates of literacy were put at 99%, as 

adult illiteracy is considered eliminated in these nations (UNESCO Institute for Statistics 

1999;UNESCO Institute for Statistics 1998;UNESCO Institute for Statistics 1996;UNESCO 

Institute for Statistics 1995a;UNESCO lnstitute for Statistics 1995b). 

The restrictions put on literacy data used in this study were that al1 countries considered have 

more than 3 data reference points, and that these data series show low variation. As the same 

UN Organization compiled al1 data points for each country, the data senes were very 

homogenous. 

The literacy data utilized here should be treated with some suspicion, as verification of this data 

is impossible in the scope of Lhis thesis. The fi,wes provided by UNESCO are widely quoted, as 

this organization is the primary global caretaker of  these types of statistics 



5.4 Development of discrete input variables 

5.4.1 Definifion of future scert arios 

To create a range of possible future values for paper and paperboard production and 

consumption, and for wastepaper recycling, separate calculations were made for each of the 

discrete variables identified in Section 5.2.2, These calculations were based on three future 

scenarios, which provide a range of fùture values for each of the six variables. These fùtures 

were defined by taking a philosophical approach, and are as follows. 

1. The 'status quo' fiiture. Current trends in fibre supply fkom forests, plantations, and 

nonwood sources continue without any deviation. Population growth continues at the 

current rate, and trends in literacy and in urbanization continue as they have in the p s t .  

2. The 'industrial' future. Fibre supply ftom forests is increased and plantation 

establishment rates increase exponentially. Nonwood supplies of fibres are increased as 

cornpanies hplement technological changes to take advantage of this source of fibre. 

Population growth increases at a rate exceeding the current trend as technological 

advancements make increased populations more sustainable. Urbanization increases 

above the current trend as more people rnove to cities to seek employrnent. Literacy rates 

decrease as rising populations put pressure on social systems. 

3. The 'green' future. Fibre supply fkom forests is decreased as the arnount of forest land 

under protection increases. Plantation establishment is increased over the current rate, 

but to a lesser extent than in the industrial fùture due to lack of availab'te land. Nonwood 

supplies of fibres are decreased as the older technology is phased out of service. The rate 

of population growth declines under the current trend as spending is directed towards 

social prograrns and education. This also sparks a nse in literacy rates. Less 

technological development reduces the rate of urbanization. 

It is important to note that these futures are entirely arbitrary in nature. The mode1 is designed to 

be flexible, and to allow the user to create unique scenarios that reflect individual requirements. 

The exact parameters that each future curve follows will be discussed in the sections that follow, 



5.4.2 Fibre available from forests 

Equation of fibre supply 
The first discrete variable encountered in the overail mode1 is f (FO), or the h c t i o n  describing 

fibre available fkom forests. This function is based on work previously published as part of the 

GFSM (Bu1 et al. 1998a)- In order to determine fibre supply, equations that defhe harvest 

IeveIs based on volume were estabfished- The equation of the forest fibre supply line is shown in 

Equation 5.2. 

Equation 5.2 F =  4 , D  t ( i -  A,) 
cc 

where 
F = Fibre available fi-om forests (m3) 
H = Harvesting intensity (rn3.ha/a) 
Cc = Cutting cycle (a) 
AuD = Forest area, undisturbed by human influence (ha) 
AD = Forest area, disturbed by human uifluence (ha) 
i = Mean annual incrernent (m'ha) 

The fist halfof Equation 5.2 refers to the undisturbed forest area. In these areas, the sustainable 

harvest level is more closely related to the cutting cycle and harvest intensity than to mean 

growth indicators. This is because many undisturbed forest areas around the world are 

associated with mature or over mature forest types, where annual growth is minimal. The second 

part of the equation refers to the disturbed forest areas within a country, where forest ages tend to 

be younger. In these areas, the growth rates reflect the establishment and growth of the forest. 

Note that the second half of the equation essentially defines the sustainable harvest level, as it 

only takes into account the annual increment o f  growth. 

The variables for forest areas c m  be furttier defined as shown in the two equations below. 

Equation 5.3 Am=A,-A,-A,-A, 

Equation 5.4 A, = (A, - A, - A, - AEI ) [1 - (d  / IOO)]'~~-"" 

where 
Am = Total forest area (ha) 
Am = Legally protected forest area (ha) 
AEI = Economically inaccessible forest area (ha)' 

' Economically inaccessible forest area include forest areas that are too remote for harvest, forest areas on dopes too 
steep for harvest, and forest areas with rotation ages > 30.0 years. 



d = Deforestation rate (+ve) or afforestation rate (-ve) (% based on # of ha fkom 1980 - 2000) 

The forest areas available for hanrest are therefore directly related to the legally protected forest 

area, as well as to the econornically accessible forest areas at the time of the assessrnent and to 

the deforestation rates observed within that forest type. The deforestation rate as used is based 

on data collected for the Forest Resources Assessrnent (FIL%), as carried out by the FA0 in 1980, 

1985, 1990, 1995, and 2000. Here, deforestation is meant to refer to forest land being converted 

into non-productive land through poor harvesting practices, or through conversion to agricultural 

or urban areas with a permanent crown cover of less than 10% (Bull et al. 1998b). The overall 

rate is pro-rated to 1980 in order to provide a consistent view of trends for both histoncal and 

projected data. 

Future definitions 
Given the equations above, three scenarios of fibre supply fiom the forest c m  be defined. 

2. Deforestation rates continue along historical trends, The average cutting cycle used in 

the nation will continue to be impkmented. The legally protected forest area within the 

country will stay the same. 

2. Deforestation rates will increase by 10%. The average cutting cycle will be reduced by 5 

years, providing more timber in the short term. The legally protected area of the country 

will be increased by 10% over its current land base. 

3. Deforestation rates will decrease by 10%. The average cutting cycle will be increased by 

5 years, providing Iess timber but preserving more of the forest. The legally protected 

forest area of the country will be increased by 20% over the current area thus protected. 

Mode1 outcomes 
Three examples of mode1 outputs are given in Figure 5.2, Figure 5.3, and Figure 5.4. These 

graphs illustrate three patterns of fùture fibre supply fiom the forest. 

The first comrnon pattern of füture fibre supply is marked by rapid decrease in available fibre. 

This is well illustrated in Figure 5.2, which describes fiiture fibre supply trends for Malaysia. In 

each of the three scenarios, fibre supply drops extremely over the first 10 years or so of the 

outlook. This is because the amount of undisturbed forest available for harvesting has dropped 

drastically within this country. 
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Figure 5.2 Projected fibre supply from forests, Malaysia (1980 - 2050) 

In the graph above, it can be seen that fibre supply c m  be stabilized to some degree by 

decreasing rates of deforestation. Scenario 3, in which deforestation rates are relaxed 

substantially by 2050, shows rnarkedly higher fibre supply curves in the friture than do the other 

futures, in which fibre supply consistently drops towards zero. It c m  also be seen that short-term 

gains in fibre supply that are achieved by liquidating undisturbed forest area, as shown by Future 

2 in particular, results in long-term loss of fibre supply due to loss of productive forest land, 

The second cornmon pattern of fùture fibre supply is that of steady state. The arnount of fibre 

available in Canada, as shown in Figure 5.3, is not predicted to nse or fa11 to any great extent 

over the next 50 years. A slight decline in fibre supply associated with Future 3 is likely related 

to the establishment of additional protected areas. The actual deforestation rate in this country is 

very low, as little forest land is currently being converted to urban or agricultural land; in actual 

fact, Canada has experienced positive afforestation over the p s t  20 years. 
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Figure 5.3 Projected fibre supply from forests, Canada (1980 - 2050) 

The third common pattern associated with hture scenarios is that of a fairly level supply, rnarked 

by a sharp drop in overall supply as undisturbed forest stock nuis out but remaining fairIy level 

as the projection continues. In some cases, the harvesting of the remaining vestiges of the 

natural forest results in a significant increase in short-term fibre supply, followed by a significant 

drop as the available natural forest reserves are converted to disturbed or unforested area. In 

Figure 5.4, future fibre supply for Brazil is shown. Only in Future 2, which describes an 

industrial scenario characterized by hi& deforestation rates, does the fibre supply drop 

significantly. In the more environmentally optimistic scenario descnbed by Future 3, fibre 

supply remains steady as deforestation rates dedine. 
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Figure 5.4 Prodected fibre supply from forests, Brazit (1980 - 2050) 

5.4.3 Fibre available from plantations 

Equation of fibre supply 
The second discrete variable encountered in the overall mode1 is f (IP), or the h c t i o n  describing 

fibre availabIe Eom industrial plantations. The term industrial is included here to differentiate 

those plantations grown for wood supply fiom those plantations planted for other purposes, 

including soi1 stabilization and agroforestry. This function is based on work previously 

published as part  of the GFSM (BuIl et al. 1998a). In order to delennine fibre supply, equations 

that defme harvest levels based on volume were established. The equation of the plantation fibre 

supply line is shown in Equation 5.5. 

Equation 5.5 IP = [iv(l+g)]- A, 

where 
IP = Fibre available from industrial plantations (m3) 
i = Mean annuall increment (m3/ha) 
g = Gains in incirement due to improvements in silvicultural practices or genetic gains (%) 
Ap = Area of industrial plantations (ha) 



In this equation, the variable for plantation area can be expanded as follows. 

Equation 5.6 A, = A, - (1 + (n / 100)) 

where 
a = Afforestation rate (% based on # of ha fiom 2980 - 2000) 

A s  shown in Equation 5.6, the &orestation rate is the key controlling factor in determining the 

area of plantations contributhg to fibre supply. 

Future definitions 
Given the equations above, the tfiree scenarios of fibre supply from industrial plantations c m  be 

defïned as follows. 

1. Afforestation will continue at historical rates. Increment gains, which reflect 

improvements in silvicultural practices and genetic stock, will not result in any increase 

in plantation yieId over the next 50 years. 

2. Afforestation rates will increase by 5% fiom the year 1995 until the year 2010, or until 

the maximum amount of land available for plantations is reached. Increment gains vI-ill 

result in a 50% gain in plantation yield. 

3. Morestation rates will decrease by 5% ficorn the year 1995 until the year 2010. 

Increment gains will result in a 5% gain in plantation yield. 

Mode1 outcornes 
The model outputs for plantation fibre supply were very homogenous, with most countries 

showing a remarkable increase in future fibre suppIy. A typical example of the model output is 

shown in Figure 5.5. In Indonesia, output fiom plantations is anticipated to increase by at Ieast 

100% over 2000 levels. 
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Figure 5.5 Projected fibre supply from industrial plantations, Indonesia (1980 - 2050) 

With increases in genetic stock potential or in silvicultural practices, the total arnount o f  fibre 

available fiom plantations can rise dramatically beyond the current trends. This is best 

illustrated by Future 2, which shows significant gains over current trends in industrial pIantation 

fibre output. Even in Future 3, where afforestation rates are anticipated to decrease, the modest 

gain assigned £tom improved silviculture will improve fibre yield over the current baseline trend 

illustrated by Future 1. 

5.4.4 Fibre avaifuble from non wood sources 

Equation of fibre supply 
The third discrete variable encountered in the overall mode1 is f or the fimction describing 

fibre available from nonwood fibre sources. This function is based on work previously 

published as part of the GFSM (Bull et al. 1998a, Mabee and Pande 1997). The fibre supply of 

nonwoods was based on the technological capacity of the country to process agicultural wastes 

such as wheat and nce straw, or specialty annual plants such as kenaf or hemp. The equation of 

the nonwood fibre supply line is shown in Equation 5.7. 



Equation 5.7 

where 
NW = Fibre available fiom nonwood sources (MT) 
C%NW = Total nonwood pulpïng capacity (% based on nonwood pulping capacity/total pulping 
cap acity) 
PTC = Total pulping capacity (MT) 

Future de finitions 
Based on the equation given above, the three scenarios of future fibre supply fkom nonwood 

sources can be defined as follows. 

1. No change in current trends in nonwood pulping capacity 

2. Trends in nonwood pulping capacity will increase by 10% over the current trend, fiom 

the year 1980 to the year 2050 

3. Trends in nonwood puLping capacity will decrease by 10% beneath the current trend, 

fiom the year 1980 to the year 2050 

An overall assumption that cornes into play is that nonwood pulping capacity never reaches O, 

but instead remains at about 10% of the initial capacity recorded in 1980. 

Mode1 outcornes 
Two patterns of future nonwood fibre supply could be discerned fkom the mode1 outputs. In 

some countries, the trend in nonwood capacity is rising. In Figure 5.6, future nonwood fibre 

supply is shown to nse at an exponential rate. This reflects the current trend in India and in other 

similar countries where traditimnal woody fibre supply is limited, and where breakthroughs in 

nonwood pulping technology such as high pressure and temperature pulping have made 

previously uneconornical fibre sources feasible and attractive to industry investrnent. 
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Figure 5.6 Projected fibre suppIy from nonwood sources, India (1980 - 2050) 

In other countries, the opposite trend is shown, with the use of nonwood fibre becoming 

insignificant as old mills are taken offline and as new sources of woody fibres becorne available 

for the pulp and paper industry, This trend is illustrated in Figure 5.7. 
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Figure 5.7 Projected fibre supply from nonwood sources, PR China (1980 - 2050) 

China is an example of a country that once utilized a great deal of nonwood fibre, but which is 

now losing capacity without any indication of a future reversa1 of this trend. The difficulties 

associated with using nonwoods, such as the high silica content and variable fibre lengths, make 



wood a more attractive material for pulping. The establishment of successfùi plantations in parts 

o f  China has also reduced the need to rely heavily on nonwood fibres. 

5.4.5 Total Population 

Equation of total population 
The fourth discrete variable encountered in the overall model is f (TP), or the function describing 

total population of a nation. The data presented in this section cIosely approximates sorne of the 

recent projections made by the United Nations Population Division Statistics (Population 

Division of the United Nations Secretariat 1999). The function for total population is shown as 

Equation 5.8. 

Equation 5.8 TP=rn, - x + m 2  -x2 +m, .x3  +C 

where 
TP = Total population (#) 
mi - m3 = Coefficients corresponding to date 
x = Year 
C = Constant 

Ln this equation, the number of coefficients used depends on the initial regression test conducted 

on the historical dataset. If the dataset corresponds better to a linear trend, the dataset utilizes a 

linear equation with a single coefficient. Conversely, if the dataset corresponds to a second- or 

third-degree pofynomial trend, then the model activates the second and third coefficients. This 

allows exponential curves to be projected as well as flat trends. 

Future definitions 
Three scenarios of future total population can be defined as follows. 

1. No change in current trends in total population growth 

2. The nsing trends in total population growth will increase by 10% over the current trend, 

fiom the year 1995 to the year 2050, 

3. The nsing trends in total population wiI1 decrease by 10% beneath the current trend, fkom 

the year 1995 to the year 2050 

An overall assumption that cornes into play is that negative trends of population growth will 

gradually approach the steady state, rather than decreasing to zero. 



Mode1 outcornes 
The most typical outcome of the population mode1 was of rising populations. The overall global 

trend predicted by the mode1 is shown in Figure 5.8. It can be seen that population is predicted 

to rise by 100% over its current level. ShouId current trends be followed, as in Future 1, the 

global population will reach 10 billion around the year 2050. A 10% increaçe over the current 

trend would add an additional billion, while a 10% decrease would reduce the curve by a h o s t  as 

much. As stated before, these predictions are very close to global outlook scenarios developed 

by the United Nations Population Division Statistics (Population Division of the United Nations 

Secretariat 1 999). 
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Figure 5.8 Projected world population, 1980 - 2050 

In certain countries, the current trend is one of decline. For instance, Bosnia and Herzegovina 

has decreased in population drastically over the past 10 years. This decrease is related to unusual 

internal social pressure, in the form of a civil war, and is expected to slow. In the case of a 

negative population trend, the curves were modified to reflect a sIow adjustrnent fi-om decline to 

steady state, and eventuaIly to increase. The modification is carried out by the formula described 

by Equation 5.9. 



Equation 5.9 

where 
x = Mode1 year x 
x, = Most recent data reference point (year) 
PT = Total population in mode1 year x (#) 
r = reducing factor 
PTLL = Lower limit of total population (# based on national population trends) 

Zn this equation, al1 the factors are lcnown except for r, which is the reducing factor appropriate 

for any given c w e .  In order to solve this equation, it is necessary to take its derivative as shown 

in the equation below. 

Equation 5.10 

where C is a constant. 

Sirnplimng this, we can rewrite Equation 5.10 as shown below. 

Equation 5.11 

Equation 5.1 1 has many solutions, but only one is appropriate for the portion of the cuve  under 

consideration. The equation can be solved for r using an iterative process. 

In Figure 5.9, the modified population trends for Bosnia and Herzegovina are shown. 
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Figure 5.9 Projected population, Bosnia and Henegovina (1990 - 2050) 

5- 4.6 Population Density 

Equation of population density 
The fi* discrete variable encountered in the overall mode1 is f @P), or the function describing 

population density within a nation. Density is modeled by considering the urban component of 

national population. The projected data presented in this section closely approxirnates some of 

the recent projections made by the United Nations Population Division Statistics (Population 

Division of the United Nations Secretariat 2000b, Population Division of the United Nations 

Secretariat 1999). The equation of population density cm be described as follows. 

Equation 5.12 DP=m, - x + m ,  -x2  +C 

where 
DP = Urban population fraction (%) 
mi - m2 = Coefficients corresponding to date 
x = Year 
C = Constant 

In this equation, the number of coefficients used depends on the initial regression test conducted 

on the historical dataset. If the dataset corresponds better to a linear trend, the dataset utilizes a 

linear equation with a single coefficient. Conversely, if the dataset corresponds to a second- 

degree polynomial trend, then the mode1 activates the second coefficient. As a maximum of ten 



data points could be coI1ected between 1980 and 2000, third-degree polynomial trends could not 

be calculated with any degree of confidence. 

Assumptions 
In the calculation of hture trends in population density, three principal assumptions were made. 

They were: 

1. That fiactions of urban population and rural population are complementary and total 

100% of the population of a given nation; 

2. That cunent trends in urban or mal population density in any given country would not 

rise above 85% of the national population, describing an upper limit labeled DPuL, and; 

3. That current trends urtian or rural population density in any given country would not fa11 

beneath 15% of the national population, describing a lower limit labeled DPLL. 

If population density in a nation was initially higher than the set upper limit of 90% and 

described a rising trend, the assumption was modified as shown in Equation 5.13. 

Equation 5.13 D P ~  =k-(100-DP,)]+DP, 

where 
D P u ~  = Upper limit of urban population (%) 

If urban population density was initially lower than 10% and characterized by a declining trend, 

the assumption was modified as shown in Equation 5.14 until the actual urban population 

component rate, as reported in the last available year of data, was higher than the lower limit 

provided by the equation. 

Equation 5.14 OPLL = DrLL - - (100 - D P ~ ) ]  

where 
DPLL = Lower limit of urban population (%) 

In most cases, the urban population trends have been found to be dynamic but within the bounds 

of the set upper and lower k t s .  In many cases, the trend will cross these limits within the 50- 

year mode1 horizon, In these cases, Equation 5.15 is used to calculate the tails of the equation 

corn the last referenced data point until the year 2050. Note that this equation derived in the 

same way as Equation 5.1 1. 



Equation 5.15 

where 
x = Model year x 
x, = Most recent data reference point (year) 
DP = Urban population component in model year x (%) 
r = rnodiwng factor 
DPL = Limit (upper or lower) of urban population (%) 

Future definitions 
Based on the equations given above, the three scenarios of future urban population can be 

defined as follows. 

1. No change in current trends in urban and rural population development. 

2. Trends in urban population growth will increase by 10% over the cunent trend, k o m  the 

year 1995 to the year 2050, while rural population trends will decline by the same 

amo unt . 

3. Trends in urban population growth will decrease by 10% beneath the current trend, fkom 

the year 1995 to the year 2050, while rurai population trends wiIl increase by the same 

amount. 

Model outcornes 

Two distinct patterns of urban and rural population development could be discemed fiorn the 

model output. In the fîrst, urban population experiences a gentle but increasing growth, balanced 

by a reduction in the rural population component. This is typified in Figure 5.10, which shows 

changes in the Canadian population. 



Year 

Figure 5.10 Trends in population density, Canada (1980 - 2050) 

Some cnticism may be raised of the Canadian example, since increases in population density in 

this country in the last decade may have much to do with the creation of municipalities with 

large areas incorporating both urban and rural land. The fact that rural land is incorporated into a 

municipal govemment fhmework however, means that services provided might approach those 

of the urban landscape. This in turn might increase the possibilities for paper consurnption and 

rec ycling. 
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Figure 5.11 Trends in population density, Italy (1980 - 2050) 

The second major trend displayed by population density is a static line, indicating very little shifi 

between mal  and urban population cornponents. In countries such as Italy, the urban population 

density has remained stable for years and can be raised up and down through fùture scenarios, as 

illustrated in Figure 5.1 1. 

5.4.7 Literate Population 

Equation of literacy rate 
The sixth and final discrete variable encountered in the overall mode1 is f (LP), or the function 

descnbing Iiterate population within a nation, taken as a percentage. The projected data 

presented in this section closely approximates sorne of the recent projections made by the United 

Nations Educational, Scientific and Cultural Organization (UNESCO Institute for Statistics 

1999). The equation of literacy c m  be descnbed as follows. 

Equation 5.16 f (LP)  =m, -x+C 

where 
LP = Literate population fiaction (%) 
ml = Coefficient corresponding to date 
x = Year 
C = Constant 



In this equation, only a lïnear trend could be estimated due to the limited amount of data 

available. 

Assumptions 
In the calculation of future trends in literacy, three principal assumptions were made. They 

were: 

1. That Iiteracy rates in most developed countries approaches 100%; 

2. That Iiteracy rates in any given country would not rise above 98% of the national 

population, providing an upper limit labeled LPUL, and; 

3. That literacy rates in any given country would not fa11 beneath 15% of the national 

population, describing a lower limit Iabeled LPLL. 

If literacy rates were initially higher than the set upper limit of 98% and described a nsing trend, 

the assumption was modified as shown in Equation 5.17. 

Equation 5.17 

where 
LPur = Upper Iimit of literate population (%) 

If literacy rates were initially Iower than 15% and still falling, the assumption was modified as 

shown in Equation 5.18 until the actual literacy rate, as reported in the last available year of data, 

was higher than the lower limit provided by the equation. 

Equation 5.18 L P ~  = L P ~  - ~ . ( ~ o o - L P ~ ) ]  

where 
L P L ~  = Lower limit of literate population (%) 

In most cases, the literacy trends have been found to be dynamic but within the bonds  of the set 

upper and Iower limits. In many cases, the trend will cross these lunits within the 50-year mode1 

horizon. In these cases, Equation 5.19 is used to calculate the tails o f  the equation fiom the last 

referenced data point until the year 2050. Note that this equation is derived in the same way as 

Equation 5.1 1. 



Equation 5.19 

where 
x = Mode1 year 
x, = Most recent data reference point (year) 
LP = Literate population in mode1 year (%) 
r = reducing factor 
LPUL = Upper limit of literate population (%) 

Mode1 outcornes 
Literacy rates were found to follow three distinct patterns in the forecasting exercise. The first 

common pattern was one ofrising literacy rates, as shown in Figure 5.12. 
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Figure 5.12 Trends in literacy rates (left) and total population (right), Nigeria (1980 - 2050) 

The predicted literacy rates for Nigeria are shown. As is common in many developing countries, 

male literacy is much higher than femde literacy. The trend displayed is similar for both 

genders, with female literacy rising at only a slightly lower rate than male literacy. In the case of 

Nigeria, literacy rates more than double within the 50-year forecasting horizon. 

While the literacy rates follow a fairly linear distribution, it is interesting to note that the nse in 

population associated with this particular country means that the gain in actual literate population 

follows an exponential distribution. This is shown clearly on the right side of the graph, where 

literate population is exponentially growing in comparison to the total population. 



Two other distinct patterns could be seen in projections of literacy rates. In one pattern, literacy 

nses at a very low rate. When adjusted according to Future Scenario 2, the result is a change 

kom a net positive trend in adult literacy to a negative trend. This is illustrated by the example 

shown in Figure 5.13. 

Year 

Figure 5.13 Trends in literacy rates, Saudi Arabia (1980 - 2050) 

The other distinct pattern evident in the forecasts was related to countries where literacy already 

approaches 100% of the total adult population, and the curent trend is stable. In these cases, 

literacy cannot be adjusted above or below the cument trend. Developed countries, where 

literacy rates are very stable and no change is anticipated in the foreseeable future, often display 

the resulting flat projection. 



5.5 Mode1 synthesis 

5.5.1 Combination and anaZysis of input and output variables 

Having identified the equations for each of the model factors and projected these factors fkom the 

baseline year of 1995 until the planning horizon of 2050, it is possible to combine al1 of these 

factors into the equation first hypothesized in Equation 5.1. By taking the historical trend lines 

associated with each of the discrete factors and regressing them against the histoncal data for 

paper production, consumption, and recycling, the overall equation can be derived. The stages of 

the model synthesis consisted of the following. 

In order to determine which factors are relevant for which country, the histoncal datasets 

for input and output variables were compared to each other using a stepwise regression. 

In a stepwise regression, the historical datasets attached to each of the discrete input 

variables was analyzed against each of the three output variables. This was done in order 

to exclude those variables that either have no predictive ability within the country at 

hand, or those variables that are highly correlated with other predictor variables. A 

stepwise regression can also reduce the nsk of multicollinearity that is present in normal 

regression analysis (Kvanli 1988). One new variable was added at each stage of the 

analysis. The resulting partial F values for al1 variables were examined to determine the 

degree to which each variable contributed to the revised overall equation. In order for 

variables to be included in the model, their inclusion had to increase the 2 value at a 

significance level of 0.1. In order for variables already included in the model to be 

considered superfiuous and removed upon the addition of a new variable, their presence 

had to decrease the I? value of the model at a significance level of O. 15. 

Upon completion, the stepwise regression essentially provided a list of the input variabIes 

that dernonstrated high correlation with each of the three output variables (paper 

production, consumption, and recycling) in turn, for each of the 230 nations initially 

included in the model. 

For each of the three output variables, a unique regression equation was compiled using 

only those input variables found to demonstrate high correlations in the relevant country. 



A simple regression was carried out on each of these equations to detennine the unique 

coeEcients associated with to each comtry. 

4. Using the projected datasets of each input variable in conjunction with the regression 

coefficients calculated for each of the output variables, friture projections of paper 

production, paper consumption, and wastepaper rec ycling were created ftom the baseline 

year of 1980 to the final year of 2050. 

The analysis was carried out using the SAS Systern for Windows version 7.0. 

5.5.2 Distribution of sign zpcant input variables 

From the stepwise regression, the significant input variables were identified for each of the 

countries in which significant correlations could be found. From the point of view of mode1 

validation, it is interesting to see if there is a pattern to the distribution of these controlling input 

variables. 

The distribution of significant input variables is listed in hl1 in Appendices 1-3, for production, 

consumption, and recycling respectively. Note that the highlighted entries correspond to those 

countries where the correlation was considered acceptable. 

The geographic distribution of each of the six discrete input variables for paper production is 

shown on the next page. From Figure 5.14, it can be seen that the countries that share common, 

statistically significant input factors, are clurnped into discrete geographic regions. For instance, 

Map A indicates those countries in which fibre available fkom disturbed and undisturbed forests 

contributes significantly to one of the three output rnodels- These countries are concentrated in 

Europe, North America, and South America. In North and South Amenca, most nations control 

large forest areas and produce a large quantity of paper. In Europe, both forest areas and paper 

production levels are lower. Even within Europe, however, much of the supply for pulpwood is 

still grown domestically, particularly in Scandinavia and Western Europe (PPI 2000a, PPI 

2000b, PPI 1996). 



Figure 5.14 GIobal distribution - statistically significant input variables, paper production. 

A: Undisturbed and disturbed forest fibre supply 
B: Indus triai plantations 
C: Nonwood fibre supply 
D: Total population 
E: Population density 
F: Literate population 

Map B indicates those countries for which plantations are a controlling factor in paper 

production. Not surprisingly, these countries are grouped into parts of East Asia and South 

America. These are geographic regions that have been found to be ideal for the establishment 

and propagation of plantation species. Note that some other countries, which might be expected 

to relate ctosely to plantation establishment, do not include plantation fibre supply as a 



controlling factor. For instance, India has large plantation areas and one rnight expect plantation 

fibre supply to be a controlling factor in paper production. In the case of  India, however, the 

correlation between population and paper production proved to be strong enough to force the 

removd of plantations from the model- 

Map C indicates those countries for which nonwood fibre supply correlates strongly to paper 

production. With one exception, these countries are clustered around the equator, where year- 

round growing seasons and a dry clirnate provides an impetus for the use of nonwoods. In 

China, the use of nonwood fibre supply is declining rapidly, and this has perpetuated a loss in 

overall fibre capacity. This in turn has resulted in a strong correlation between nonwood fibre 

supply and paper production (PPI 1997). 

Map D rndicates countries in which trends in total population can be closely related to trends in 

paper production. These countries seem to fa11 into one of two criteria: those countries where 

populations are fairly stable or growing slowly, and where the paper industry has matured, and 

those countries where population is rising significantly, and where the paper industry is still 

developing. The countries of North America fa11 into the former category, while India and parts 

of W c a  c m  be grouped into the latter. 

Map E indicates those countries where population density can be related to paper production. 

With a few exceptions, these countries are grouped in Afiica and Asia, and reflect the correlation 

between nsing urban populations and a developing paper industry. The population densities of 

Germany, Sweden and Finland can also be related to paper production. Closer examination of 

these countries will show that trends in both paper production and population density are rising 

slowly, and show signs of being collinear. 

Map F indicates those countries where changes in literacy rates can be related to paper 

production. Note that almost every country where literacy was found to be significant is found 

in South America, f i c a ,  or in Asia. In these regions of the world, literacy is found to be rising 

significantly as educational programs are established. This nse in literacy is a mark of the 

developing nature of these countries, and it is no surprise that rising trends in paper production 

may be related to this phenornena. 



5.6 Mode1 vaIidation 

Model validation took place in several stages. At each stage of data rnanipuiation, checks were 

included in the system in order to ensure that no country was included in the mode1 without a 

statisticdly valid relationship between the input and output data. These relationships were tested 

within each of the discrete input variable functions, as well as during the mode1 development for 

each of the three output variables. 

In the end, the ability of the model to account for sipnificant portions of global paper and 

paperboard production, consumption, and wastepaper recycling was dso analyzed to determine 

the validity of applying this mode1 on a global scale. 

5.6.1 Tesfing for correlation 

S tepwise regression 
One of the parameters set in the stepwise regression analysis was that no variable could be added 

to the overall equation unless its inclusion resulted in an increase of the total r2-value at a 

significance level of 0.1. This ensured the al1 variables included in the model were sipificantly 

correlated to the dataset in question. 

For the 230 countries initially included in the model, the following results were found. 

In 93 countries, at least one of the six discrete input variables displayed significant 

correlation with paper and paperboard production; 

In 162 countries, at least one of the six discrete input variables displayed significant 

correlation with paper and paperboard consumption, and; 

In 79 countries, at least one of the six discrete input variables displayed significant 

correlation with wastepaper recycling. 

Thus, afler the stepwise regression was complete, the modehg exercise continued using the 93, 

162, and 79 countries identified with each of the three output variables respectively. 

Non-hear regression 
After each non-linear equation was created using the countries and variables identified during the 

solved, the correlation that the calculated trend had with historical data was determined. A 

minimum ?-value was set at 0.85. If an equation displayed a lower correlation value than the 



minimm ?-value, it was considered to be inaccurate and that country was removed eom the 

global model. In this way, many countries were screened fiom the model output. 

Of the countries anaIyzed through non-linear regression, the following results were found. 

Of 93 countries analyzed in relation to paper and paperboard production, 55 (59%) were 

found to have positive correlations with &values exceeding 0.85; 

Of 162 countries analyzed in relation to paper and paperboard consumption, 65 (40%) 

were found to have positive correlations with ?-values exceeding 0.85, and; 

Of 79 countries analyzed in reIation to wastepaper recycling, 38 (48%) were found to 

have positive correlations with ?-values exceeding 0.85. 

5.6.2 Testing for global scope 

In order to verify that the model can accurately represent global trends in production, 

consumption, and recycling, it is important to know the extent to which the model represents the 

total outputs in these areas. The desired goal is the development of rnodels that can describe 

more than 80% of global totals for each of the three defined output variables. 

The three models were each found to be valid in a select number of countries. The relevant 

production, consurnption, and recycling statistics were summarized for these countries, as shown 

in Table 5.1, Table 5.2, and Table 5.3. These sums were compared to the global totals for each 

of the three commodities, and the kaction of global output that the models described was 

calculated- 

It was found that the rnodel for paper and paperboard production, which was valid in 55 

countries, accounted for 94% of the global production in the baseLine year of 1995. This means 

that only 6% of worldwide production was not accounted for by the model. 

The mode1 for paper and paperboard consumption was less successfil, but still accounted for 

8 1 % of the global consumption of these products in the baseline year of 1995. Interestingly, the 

consurnption model was valid in 65 countries, which is more than either of the other two models. 

The lower scope of this model, however, indicates that consumption of paper is not limited to a 

select group of c o d e s ,  but rather is spread across a very Iarge number of countries. It also 



indicates that the variables chosen for the mode1 do not explain al1 the variation in actual paper 

consumption. 

The model for wastepaper recycling was very successful, accouriting for 96% of total global 

recycling in 1995. The model was only valid in 38 corntries, which is an indication of the 

limited number of countries that have invested in recycling techno togy. Adrnittedly, this could 

result in the model becorning Iess accurate as it approaches the forecasting horizon, as the 

number of countries that utilize recycling will probably increase within the next 50 years. 



136 

Table 5.1 Paper and paperboard production (1995) for countries included in the mode1 

r-square Paper & paperboard 
Country value production (MT) 

Albania 
Argentins 
Aus tralia 
Ausîrïa 
Bangladesh 
Brazd 
Bulgaria 
Canada 
China 
Colombia 
Costa Rica 
Cuba 

E ~ Y P  
Estonia 
Finland 
France 
Germany 
Greece 
Hong Kong 

Hungary 
india 
Indonesia 
Israel 
Italy 
Jordan 
Laivia 
Malaysia 
Mexico 

r-square Paper & paperboard 
Country value production (MT) 

Netherlands 
North Korea 
Norway 
Pakistan 
Philippines 
Portugal 
Romania 
Saudi Arabia 
South Afxica 
South Korea 
Spain 
Sudan 
Swaziland 
Sweden 
S witzerland 
Taiwan 
Tanzania, United Republic 
Thailand 
Tunisia 
Turke y 
Uganda 
United Kingdom 
United States of America 
Uruguay 
Viet Nam 
Yugoslavia SFR 
Zimbabwe 

- 
TOTAL (Accepted Countries): 269 367 850 MT 

TOTAL (Global): 286 350 970 MT 
Mode1 scope: 94% of total global production 
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Table 5.2 Paper and paperboard consumption (1995) for countries included in the mode1 

r-square Paper & paperboard 
value consurn~tion MT) 

Albania 
Austraiia 
Ausûia 
Bahamas 
Bangladesh 
Belgium-Luxembourg 
Bosnia and Herzegovina 
Bulgaria 
Canada 
Chile 
China 
Christmas Island 
Cocos Island 
Colombia 
Costa Rica 
Cuba 
Czech Republic 
Denmark 
Ecuador 
Faeroe Islands 
France 
Guatemala 
hdia 
Indonesia 
fran 
Ireland 
Israel 
Italy 
Japan 
Jordan 
Li thuania 
Malaysia 
Mauri tius 

r-square Paper & paperboard 
Country value consump tion (MT) 

Mexico 
Micronesia 
Netherlands 
New Zealand 
Norway 
Pakistan 
Palau 

Paraguay 
Philippines 
Portugal 
Romania 
Saint Helena 
Saint Kitts & Nevis 
S ingapore 
Spain 
South Korea 
Suriname 
Swaziland 
Switzerland 
Taiwan 
Thailand 
Tunis ia 
Turke y 
Tuvalu 
United Arab Exnirates 
United Kingdom 
United States of Arnenca 

Umguay 
Viet Nam 
Wake Island 
Wallis and Futuna Islands 
Yugoslavia (SFR) 

I 

TOTAL (Accepted Countries): 332 034 694 MT 
TOTAL (Global): 409 278 5 16 MT 

Mode1 scope: 81% of total global consumption 
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Table 5.3 Wastepaper recycling (1995) for countries included in the mode1 

r-square Wastepaper 
Country value recycling (MT) 
Albania 
Auslralia 
Austria 
Belgium-Luxembourg 
Brazil 
Canada 
China 
Denmark 
Ecuador 
Finland 
France 
Gerrnany 
Greece 
Iran 
Israel 
Japan 
Lebanon 
Macau 
Malaysia 

r-square Wastepaper 
Country vaIue recyding (MT) 

Mauritius 
Mongo lia 
NetherIands 
North Korea 
Norway 
Poland 
Saudi Arabia 
South Afiîca 
South Korea 
Spain 
Sweden 
S witzerland 
Taiwan 
Thailand 
United Kingdom 
United States of America 
Venezuela 
Viet Nam 
Zimbabwe 

TOTAL (Accepted ~ounbies): 100 405 000 MT 
TOTAL (Global): 104 544 000 MT 

Mode1 scorie: 96% of total global recvciin~ 



Conclusions 

The principal conclusions that c m  be  drawn fforn this section of work are as follows, 

1. The choice to utilize various social and physical factors in the modeling exercise were 

supported by the geographic distrÏbution of countries where each factor was statistically 

significant. Literacy rates and population density, for instance, were most prominently 

recognized as correlating factors in Afnca, Asia and South America, where the number of 

developing nations currently undergoing rapid social change is very high. Fibre supply 

from forests, plantations, and nonwoods could be related to countries where these sources 

of supply are in abundance. 

2. The use of social factors (population, population density, and literacy rate) in 

combination with physical factors (forest fibre supply, plantation fibre supply, and 

nonwood fibre supply) c m  result in effective modeling of paper and paperboard 

production. The mode1 was statisticdly sound in 55 countries and explained 94% of total 

world paper production in the baseline year (1995). Potential problems for future 

forecasting are reIated to the coutries that were not incorporated into the model. Due to 

poor correlations or bad data, the model eliminated countries that are currently or may 

become dominant forces in the supply of pulp or paper products, such as New ZeaIand 

and Russia. 

3. The use of social and physical factors can also result in the effective modeling of 

wastepaper recycling. The model was found to be statistically sound in 38 countrïes, and 

explained 96% of the total world wastepaper recycling in the baseline year (1995). The 

principal concern for future error in the projection of wastepaper recycling is tied to the 

fact that only counû-ies seriously involved in wastepaper recycling during the baseline 

year are considered within the model. Countries that as of 1995 had not begun to recycle 

wastepaper to a significant extent could not successfully match the criteria set out in the 

model. n u s ,  any additional countries that enter the recycling market before the model 

horizon are not included in the forecast. 

4. The use of social and physical factors does not result in the effective modeling of paper 

and paperboard consumption- While the model was statistically sound in 65 countries, 



the model could o d y  explain 81% of the g1obaI consumption of paper. This was 9% 

short of the arbitrary limit initially set for the model. The principal error was iïnked to 

the fact that consumption of ail forest products is linked to imports and to economic 

factors that were not included in the model. 



6 Implications of sludge disposal practices 

6.1 Introduction 

Fundamental information about the chernistry of sludge, published rates of sludge generation, 

and models of paper production and wastepaper recycling were combined to create a predictive 

model. The goal of the modeling exercise was to determine and project global sludge production 

until the year 2050. Tt was predicted that a global shift in paper and paperboard production will 

result in the Asia-Pacific region emerging as a major producer of papermill sludge. Global 

production of papermill sludge will nse over the next 54 years by between 48 and 86% over 

current levels. SIudge was found to contain a large amount of woody organic material, but the 

proportion of this rnatenal in the sludge was found t o  drop as recycling programs were 

implemented. Sludge was also found to contain a large amount of woody carbon, which 

compnsed about 30% of the total sludge solids. The presence of such a large proportion of 

woody carbon may become important if a system of carbon crediting is irnplemented for the 

forest industry. 

6.1.2 Objectives 

The principal goal of this section of study was to extrapolate global sludge production and 

descnbe the role that sludge plays in the carbon baimce o f  the pulp and paper industry 

The specific objectives of this study are to: 

Synthesize a model using fundamental data on sludge composition, published rates of 

sludge generation, and venfied models of paper production and wastepaper rec ycling, 

that can identiQ trends in total sludge productimn, the woody organic component and 

the woody carbon component; 

Forecast global sludge production to the model horizon of 2050, and identiQ 

geographic and absolute trends in papermill sludge production distributions; 

Analyze the impact that paper production and wastepaper recycling trends have upon 

the woody organic and woody carbon cornponents of sludge over time; 



4. Discuss the implications of the organic and carbon contents of sludge, in relation to 

possible disposal problems and policy positions. 

6.2 Mode1 development 

The development of a model to predict sludge production is based upon three existing datasets. 

The chemical characteristics of sludge, in terms of organic and carbon content, have been 

descnbed in previous sections of this study. The generation rates associated with papermill 

sludge have been elucidated in the literature, and will be adapted for use within this model. 

Finally, the datasets derived f?om estimates of paper production and wastepaper recycling 

developed in the previous chapter will be incorporated. 

6.2.1 Sludge characteristics 

The sludge parameters used in the model combined the physical and chernical characteristics 

determined earlier in this study, and the generation rates and proportions gleaned fiom the 

literature in order to develop a mode1 that can estimate sludge production in terms of total 

production, woody organic content, and organic carbon content. 

In Table 6.1, a summary of the chemical characteristics used is presented. The information in 

this table was originally developed in Chapter 4, with supplementary information from the 

literature provided in Chapter 2 (Sjostr6m 1993). 

Table 6.1 Chernical characteristics of the woody portion of sludge (% of total sludge solids) 

Total Carbon To ta1 Carbon To ta1 carbon' 
Category 1: 52.6 % 23.1 % 10.5 % 6.5 % 3.9 % 2.0 % 

Category II: 44.7 % 19.7% 16.0 % 9.9 % 6.1 % 3.1 % 

Category III: 33.5 % 14.7 % 18.4 % 11.4 % 3.1 % 1.6 % 

'% of Total sludge solids, based on oven dry rnass 
2 Estimated values based on a random sarnpling of extractive structures 

The three categones of mills described in the table above were found to be statistically 

significant in Chapter 4. By utilizing different categories of rnills, the ievel of resoiution that c m  

be attained by the model of sludge production will be increased. 



6.2.2 SIudge generation rates by mill cafegory 

The siudge generation rates used in this study are based on a report released by Ortech (Bellarny 

1995). This report examined sludge production fkom a nurnber of mills in Ontario. Papermill 

sludge generation rates were measured in terms of pnmary and secondary sludge. The specific 

mil1 operations, in terms of mechanical or chernical pulping process, were categorized and 

sludge generation was reported based on these operations. The generation rates are reproduced 

in the table below. 

Table 6.2 Effïuent characteristics and sludge generation rates for different processes 

BOD TSS Primary Secondary TOTAL 
Miil type ( k g m n  /kR/MT) W )  /%) 

Groundwood 0.9 1.9 7-0 1.8 8 -8 
Semi-chernical 2.0 2.4 2 .O 1.9 3 -9 
Sulpbite 10.5 16.0 5.0 2.8 7.8 
Unbleached Kraft 1.6 2.6 2.5 0.7 3 -2 
Bleached Kraft 3.2 5.5 6.0 2.6 8 -6 

Non-integrated 2.4 2.5 4.0 0.7 
Waste paper 0.32 0.9 4.0 0.7 

Deinking 2.1 3 -7 26.0 2.4 28 -4 

Sources: Bellamy 1995, Badar and Cutbirth 1993 

In order to determine a single, national-level sludge generation rate, the pulp and paper 

produchg capacities in each country were examined. Historical databases of paper production 

define capacity by the pulping operations, as shown in the Pulp and Paper International Annual 

Reviews (PPI 2000% etc.)'= well as in annual yearbooks published by the Food and Agriculture 

Organization of the United Nations (FA0 2000, etc.). These methods of paper production were 

incorporated into the model database, in order to utilize the full range of generation rates 

provided by the table above. Once paper production was organized by mil1 type, the generation 

rates reported in the Iiterature could be applied. An overall sludge generation rate for each 

country within the model was determined by averaging generation rates across the full variety of 

mil1 types present in that country. This data is presented in Table 6.3. 

The examination of historical data on mil1 types also allowed the sludge output for each country 

to be divided by the mil1 categones assigned in Chapter 4. This division allows the model to 



utilize the full range of sludge characteristics as descnbed in Table 6.1. The division of mills by 

mill category is dso presented in TabIe 6.3. 

For all estimates of generation rates, 1995 was utilized as the baseline year. 

Table 6.3 Estimates of sludge generation rates, by mil1 type and country 
-- 

Type I Type I I  Type III 
C0~nh-y PrîmarySecondary % Pcïmary Secondary % PrimarySecondary % 

(k /MïJ  fk~iMT) Nctignal (kg/Mn fk~/MïJ National (kg/MT) (k,g/MT) National 

Australia 5.06 
Austria 5.00 
Bangladesh 5.26 
Belgium 6-45 
Bosnia & Herzegovina 0.00 
B razil 
Bulgaria 
Canada 
Chile 
China 
Colombia 
Cuba 
Czech Republic 
Denmark 
~~t 
Estonia 
Finiand 
France 
Germany 
Greece 
Hong Kong 
Hungasr 
India 
lndonesia 
Israel 
Italy 
Japan 
Lithuania 
Malaysia 
Mexico 
Net herlands 
Norway 
Pakisian 
Philippines 
Portugal 
South Afica 
South Korea 
Spain 
Sweden 
Switzerland 
Taiwan 
Th ail and 
Tunisia 
Turkey 
United Kingdom 
United States 
Viet Nam 
Yugoslavia 5.77 2.23 5 9 -2% 4.0 0.7 243% 26.0 2.4 16.5% 



6-2.3 Paper production and recyciing 

The third component of the sludge production model is the input required fkom the models 

developed in Chapter S. For the purposes of this study, models of paper production and paper 

recycling will be utilized. The output fiom these models, based on the input variables and future 

scenarios defined in the previous chapter, are shown in Figure 6.1 below. 

Paper Production 
--  ----c--- 

Future 3 

Future 1 
Future 2 

Future 3 

f _ _ _ _ _ - - - -  Future 1 
100 O00 O00 7 Future 2 

Figure 6.1 Projected Paper Production and Recycling (1980-2050) 

The futures described in the figure above are t h e  same as those described in Chapter 5. The 

paper production model and wastepaper recycling model are successfiil in describing above 90% 

of the global total in these two categories, in the base year of 1995. 

Note that the curve for wastepaper recycling indicates the total level of recycled paper being 

produced, while the curve for paper production includes both recycled and virgin paper. The 

additional paper supply provided through increased recycling efforts in Future 3 is partially 

responsible for the extremely high cuve of total paper production that is descnbed for this 



6.2.4 Development of the modef expression 

The proposed expression for sludge production utilizes several input vmiables, as described in 

the previous three sections. Two of these input variables incorporate multiple regression 

equations that were developed in the previous chapter. Each of these equations utilizes sub- 

bct ions ,  which in turn describe the discrete input variables associated with these equations. 

Given the parameters defined in the three sections above, it is possible to write the basic mode1 

Equation 6.1 

~ , = g ,  -n, - m , - [ ~ , - ~ , ] + g , - n ,  -m2-R, +g3 -n3  -m3-Rr 

where 
S ,  = SIudge production at year x 
Px = Paper and paperboard production at year x 
Rx = Paper and paperboard recycling at year x 
gi - a = Sludge generation rate in Mill Category 1, II, and III 
mi - m3 = M o d i m g  factor to determine organic woody/organic carbon composition of s1udge2 
ni - n3 = Fraction of total sludge generation in Mill Category I,H, and III at the national level 

This model can be used to calculate total sludge production by setting ml, mz, and m3 equal to 1. 

Due to the inclusion of other models in the proposed expression, the sludge model necessarily 

provides outputs describing the same future scenarios as defined in Chapter 5. 



6.3 Mode1 outcomes 

6.3.1 Geograpkic distribution of sludge production 

Trends are evident in the geographic distribution of fùture sludge production. In Figure 6.2, the 

distribution of sludge production in 1980 is shown- In this figure, the nations that are coloured a 

Iight green are those that are included in the rnodel, while those coloured dark green were 

omitted on a statistical basis. The size of the pie chart on each nation indicates the relative 

contribution that that nation makes towards global sludge production. 

It can be seen fkom the figure below that sludge production in 1980 was centered in North 

America and Europe, with Japan, China, and Brazil each contributhg significant levels of sludge 

output. The incredibly large amount of sludge produced by the United States is a reflection of 

the dominance of the papemaking industry within this nation. 

Note that this figure excludes the sludge produced by Germany, as in 1980 this nation was still 

politically separated into two sister-states. 

Figure 6.2 Estimated sIudge production (1980) - Future Scenario 1 



In Figure 6.3, the projected values of sludge production are shown for the year 2010. Here, the 

distribution of sludge production has begun to balance itself across three regions rather than two. 

A large amount of sludge is predicted to be produced in southeast Asia, as papermaking capacity 

cornes ordine- This is met to some extent by increases in sludge production in North America 

and Europe, but the proportional uicrease is much greater in Asia- 

Figure 6.3 Projected sludge production (2010) - Future Scenario 1 

Predicted sludge outputs in South America are quite low relative to the rest of the world, but 

represent a Iarge proportional increase over  30 years. The projection for South America aIso 

reflects a trend that is currently dominating the South Arnerican industry, in which countries like 

Brazil are focusing on their role as supplies of puIp rather than rnanufacturers of paper products. 

Development in the South Arnerican paper industry over the next decade could result in a much 

different fbture than these projections suggest. 

Figure 6.4 illustrates the global distribution af papermill sludge production in the year 2050. By 

the end of the forecasting horizon, Asia has become the second-largest producer of papemill 

sludges behind North America. Development of the industry in Europe and North America has 

continued to increase sludge production, but at a much slower rate than in the Asian region. 



Figure 6.4 Projected sludge production (2050) - Future Scenario 1 

Two major sources of potential error in the model are evident fiom this series of figures. One 

source of error stems fkorn the fact that some regions exhibit future trends in sludge production 

that are based on curent trends only. As the industry in these regions develop, these trends 

could change, and the fiiture projections could be greatly infiuenced by these changes. 

A second source of potential error is the number of countries for which no statistically valid 

model of paper production or recycling could be created. Most of Afiica and a11 of the former 

Soviet nations were eliminated fiom the global model due the absence of good histo~cal  data, 

and the lack of clear trends in whatever data did exist. Whether or not these nations become 

major players in the global paper industry is uncertain. Certainly Russia, with one of the world's 

last fkontier forests, has the potential to become a major contributor to the worldwide paper 

industry. The model is unable to anticipate the impact that these countries may have on sludge 

production in the future. 
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Figure 6.5 Future Scenario 1 - Projected sludge outputs by region, 1980-2050 

In Figure 6.5, the historical trends in papermill sludge production are shown, as are the projected 

sludge outputs for the next 50 years. This friture forlows current trends in the manufacture of 

paper and paperboard products, and in the recycling of wastepaper. 

It can be seen fiom this graph that North Amencan production of sludge is higher than in any 

other region. It is anticipated to nse by almost 100% in the next 50 years, fiom 1 090 000 MT in 

2000 to 1 750 000 MT in 2050. The Asia-Pacific region is anticipated to become the second- 

highest producer of sludge by the year 2010, and may produce about 1 480 000 MT of sludge by 

the year 2050. European trends in paper production and wastepaper recovery are slowly leveling 

out, and this is reflected in a fairly flat fùture projection that rises to only 1 250 000 MT of 

sludge by the year 2050. The three other regions of the world combined only forecasted to 

produce 265 000 MT of sludge by the year 2050. 
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Figure 6.6 Future Scenario 2 - Projected sludge outputs by region, 1980-2050 

Future scenario 2, as illustrated in Figure 6.6, represents a more industrial future. Perhaps not 

surpnsingly, the amount of paper produced in this fûture is Iower than in a friture that sirnply 

follows current trends. This may be due to a decline in long-term fibre supply that offsets an 

initial short-term gain, and it may also be an indication of the lack of investment in recycling 

prograrns and alternative sources of fibre. 

In this future, North Arnerican production of sludge in 2050 is forecast to be 1 625 000 MT/a, 

which is 130 000 MT/a less than by following current trends. The Asia-Pacific outlook passes 

the European forecast in 2008 rather than 2010, and ends at 1 306 000 MT/a or 174 000 MT Iess 

than in Future 1. The projections of European sludge output after 2025 are very flat, which 

indicates that in this scenario the European industry has reached maturity. The final projections 

for European sIudge output are 1 040 000 MT/% or 246 000 MT less than in Future 1. 
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Figure 6.7 Future Scenario 3 - Projected sludge outputs by region, 1980-2050 

Future scenarïo 3 represents a more environmental fbture, where short-term losses in fibre supply 

are offset by an increase in long-rm-ge supply. In this future, the population has been reduced 

slightly but is characterized by greater literacy and a lower urban component. 

In this fùture, North America remains the largest producer of papermill sludge, producing 

1 970 000 MT/a or 210 000 MT more sludge per year over current trends. In this future 

scenario, the Asian-Pacific industry very nearly surpasses the North American industry in 2022, 

but then loses ground over the last half of the forecast. It is anticipated that Asia may produce 

1 763 000 MT/a of papermill sludge, which is 183 000 MT more than if current trends are 

followed. Finally, Europe again loses ground but rernains in a growth phase, with sludge 

production anticipated to rise throughout the forecasting period. Ultimately, it is anticipated that 

European sludge outputs could rise to 1 390 000 MT/% which represents additional sludge output 

of more than 140 000 MT. 
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Figure 6.8 Projected global sludge production, 1980 - 2050 

When the data shown in Figure 6.5, Figure 6.6, and Fiame 6.7 are tabulated, the global total 

sludge production can be denved. Figure 6.8 shows the predicted range of global sludge 

production across the three deiïned scenarios. It is anticipated that global sludge production 

could nse fkom 2 900 000 MT/a in the year 2000 to between 4 300 000 MT/a and 5 400 000 

MT/a in the year 2050. This represents anywhere fiom a 48% to 86% rise in global sludge 

production over the 50 year forecasting period. 

6.3.3 Implications of sludge production 

The figures in the previous section have demonstrated that sludge production will defuiitely nse 

in the future. The degree to which shdge production rises depends greatly upon the actions that 

are taken in the fûture. The models indicate that seemingly environmental choices, such as 

increasing recycling prograrns, decreasing deforestation and increasing the establishment of 

plantations, can result in higher production of papermill sludges, creating a disposa1 problem and 

contributing to pollution. 



There is an implication for policymakers if sludge production shouId rise to this extent. 

Establishg guidelines for the disposa1 of sludge now can direct friture waste towards one of the 

three options currently available for sludge disposal. Incineration, landfill, and recycling of the 

material could feasibly be joined by other options if economic and legal incentives are provided 

to the industry. 

In terrns of scale, it is obvious that the three regions that produce the majority of sludge, North 

Arnerica, Europe, and Asia, will have the greatest problem to deal with in tems of pure 

economics. Much more physical landnll space will be required for disposal in the future. As 

landfill sites become scarcer and tipping fees increase, the use of alternative disposa1 techniques, 

including incineration, wilI be ernbraced more readily. The economic and environmental casts 

of alternative disposal practices should be addressed now. 

In tems of proportional increases in sludge production, a much different picture emerges, as 

shown in Figure 6.9. 

Figure 6.9 Projected proportional increases in sludge production by region, 2000-2050. 
Error bars indicate limits set by 3 future scenarios 

In this graph, it c m  be seen that three regions have a much lower proportional increase in sludge 

disposal to deal with. m c a ,  North America, and Europe will dl experience a low proportional 



rise in sludge production, which means that these regions may be better equipped to deal with the 

problem than the other three regions. 

In Asia, Oceania, and South Amenca, however, the proportional increase in sludge production is 

anticipated to be much hi~'ier. In Asia, the amount of sludge produced could increase by almost 

600% over 1980 Ievels, and in Oceania, this figure could be as high as 800%. Essentially, this 

means that for ton of sludge produced in 1980, eight tons could be produced by 2050. This could 

have strong ramifications in terms of landfill space or incinerator capacity required. While the 

Company normally picks up the economic cost of disposal, the environmental costs of increased 

sludge production could have strong ramifications for national governments. 

According to North Amencan figures, about 45% of papemil1 sludge is currently Iandfilled, 

while an additional 4540% is incinerated for power or disposal and 5% is used as a land 

application for soi1 enrichment (Badar and Cutbirth 1993, Pickell and Wunderlich 1995, K A S I  

1991). Using these figures, it was possible to create three arbitrary scenarios for global 

papermill sludge disposal, as shown in Figure 6.10. 

Ln the first scenario for sludge disposal (A), the amount of sludge to be incinerated and IandfiIIed 

is doubled, resulting in twice as much Ioad on Iandfills and incinerators by the year 2050. By 

decreasing the amount of landfill or incineration that is permitted, an additional 1 000 000 MT of 

sludge is diverted to the alternative option (B and C). 

These scenarios are limited in that they assume that one disposal technique can always be 

substituted for the other. There is a very real possibility that increasing womes over clhate 

change and lack of space for new landfill sites will add to the costs of each of these forrns of 

disposal. Should this occur, the ody  real alternative today is in land application. Unfortunately, 

land application of sIudge has been shown to be a very costly disposa1 technique. One last 

option, which involves recycling the sludge material, has been explored to some extent in the 

literature but does not yet provide a feasible option for handling millions of tons of dry sludge 

material. 
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6.4 Options for sludge disposa1 

6.4.1 Reduction of sludge through fibre recovery 

One option for disposal of sludge is to recover fibre fiom within the sludge rnatrix. Many 

attempts have been made at this, as discussed in Section 2.3 of the literature review. One 

problem with fibre recovery f?om sludge is that removing fibre ofien destabilizes the ma& of 

the sludge material that is le& making it barder to deal with in traditional disposal practices. In 

addition, there are high costs to fibre recovery that offset any gains in matenal that may be 

experienced, 

Using the global sludge production mode(, it is possible to estimate the total amount of woody 

organic material that is present in global sludge, as shown in Figure 6.1 1. 
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Figure 6.11 Global production of woody organic material as a component of sludge (1995- 
2050) 

The graph above illustrates the estimated trends for woody organic loss through papemill sludge 

disposal. The actual amount is quite high, with data at the baseline hovering around 1.5 million 



MT/a of material. It has been shown in Chapter 3 that a great deal of 

consists of fines, but a significant component is compnsed of fibre that 

paper or board product. 
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Figure 6.12 Proportion of woody organic material in sludge (%) 

Due to the advent of recycling, the amount of woody organic material present in the sludge is 

actually expected to decline slightly over the next 50 years. The sludge gleaned fkom recycling 

operations does not contain as much fibre, and increasing recycling during the forecasting period 

rneans that less woody organic material is ending up within the sludge itself. 

While the woody component makes up a large fiaction of sludge solids, it is not recornrnended 

that recovery of this component in situ be pursued as a viable option in reducing sludge disposal 

costs. Should the decision be made to reduce costs by reducing the woody component withh the 

sludge, the ideal approach would be to recover every possible fibre during the primary screening 

and cleaning processes. Moreover, the fact that the woody component of sludge is declining, 

however slightly, means that the amount of raw matenal to be recycled fÏom the sludge will be 

lower in the future. This does not bode well for the development of new recovery practices. 





the industry. This codd have serious repercussions if carbon credits become a senous 

proposition in the ongoing discussion about clhate change, although the likelihood of this 

eventuality remains to be seen. 

The second important implication is that a significant portion of the carbon associated with the 

pulp and paper industry, which until now is normally considered to be locked into short-terni 

products and therefore not useful for sequestering carbon, is actually being carried by the waste 

stream. If this material is Iandfilled, the carbon that is associated with the sludge is essentially 

being sequestered. 

Given these observations, it is important to know if there is a trend in the amount of woody 

carbon contained in sludge. The proportional amount of carbon present in mked papermill 

sludge is represented in Figure 6.14. While there is a very stight downward trend in the amount 

of carbon held within the sludge, the actual decline is minimal. It can be concluded that carbon 

levels remain at approximately the same level, despite the changes in recycled paper production. 
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Figure 6.14 Proportion of carbon from woody organic material in sludge (%) 



6.4.3 Implications of sludge disposa1 practices 

Sludge disposal practices may corne into question as the amount of sludge being produced 

continues to rise. Furthermore, with the rapid consolidation of the paper industry, the 

importance of large multinational companies creating and maint aining strategies to deai with 

papermill sludge disposal becomes even more crucial. Currently? rccycling fibre is not a widely 

pursued option due to high initial costs and Iow market value for fibre, The research does not 

support fûrther inquiries in this direction at this tirne, although changing economic conditions 

could improve the feasibility of this option. Land application of sludges is afso an option, but 

has been found to be expensive and produces varying results. The most cornmonly used 

practices for sludge disposa1 today are incineration and Iandfïlling, and these practices will not 

change overnight. Given the evidence that sludge may comprise a significant portion of the 

forest products carbon cycle, it is necessary to re-evaluate these practices. 

Incinera tion 
A large portion of sludge being produced by papermills is being disposed of through incineration 

for power. In these cases, the roIe of the decision maker is to balance the savings gained fiom 

generating power on site, and the costs of cornplying with increasingly strict environmental 

regulations. In fact, it is shown in the literature that papermill sludge has a low heating value, 

and the emissions of greenhouse gases associated with bumuig this material may offset any 

energy gained. 

From an environmental perspective, a question that needs to be examined in every installation is 

whether or not the burning of sludge offsets the use of fossil fiiels enough to justiQ its use. The 

answer to this question normally lies with the accountability of the power Company that is 

providing service. Often power is purchased through a grid, and deterrnining its exact origin 

(hydro-electric, nuclear, or fossil-fbel) can be difficult. 

From an econornic perspective, a question that needs to be examined is whether or not carbon 

credits are going to be enacted, and how these credits will be counted. Incinerating sludge for 

power rnay offset the burning of more dangerous fossil hels, which should deserve a carbon 

credit of some form. 



Land filLing 
The other widely used disposal technique for paperrnill slridges is landfilling This method of 

disposal is becomuig more difficult in North America and Europe as environmental regulations 

grow more stringent (Raitio 1993, Harrison 1989). Tipping fees are rising, and the practice of 

creating company-owned landfills near mills rnay not be feasible in al1 jurïsdictions. Properly 

designed landfïlls are expensive and require constant maintenance. 

From an environmental perspective, the question that needs to be asked is whether or not the 

Iandfilling of sludge material can be considered a sequestering action. Deterrnining the 

usefûlness of landfills to sequester carbon is highly dependent on the quality of the landfill 

construction, whicfi of course incurs extra costs. 

From an economic perspective, the question that needs to be answered is in reference to carbon 

credits. If carbon credits are assigned to the mills for landfilling sludge and sequestering the 

organic carbon associated with this matenal, will the credits be enough to offset the cost of 

actually landfilling this material- 

6.5 Conclusions 

The principal conclusions derived ~ o m  this section of study are as follows. 

1. Projections of the geographic distribution of sIudge production indicate that three global 

regions dominate most sludge production. North Amenca and Europe are regions in 

which the paperrnaking industry has matured, while Asia-Pacific is a region experiencing 

tremendous growth. 

2, North America will remain the dominant producer of sludge well into the twenty-first 

century. At current rates of growth, the countries of southeast Asia will replace Europe 

as the second highest sludge producing region early in the forecast penod. 

3. By the year 2050, global sludge production is projected to rise between 46% and 86% 

over 2000 leve!~. This rise rneans that current s1udge production levers of 2 900 000 

MT/a will increase to somewhere between 4 300 000 MT/a and 5 400 000 MT/a by 2050, 

creating up to 2 500 000 MT/a of extra sludge to be disposed of. 

4. In the year 2000, about 2 000 000 MT of woody organic matenal was incorpo~ated into 

sludge. This may increase by another 1 500 000 MT/a by the year 2050. This amount of 



wood fibre, while significant, does not justie the expenditure of developing technology 

to recover this fibre. Furthemore, the proportion of woody organic material found in 

papennill sludge is found to dedine slightly over the 50-year forecasting period. 

5. In the year 2000, 800 000 MT of woody carbon was incorporated into sludge. This 

represents approximately 4% of the carbon sequestered annually by the forest products 

industry, which in turn indicates that a significant portion of the carbon associated with 

the pulp and paper industry is actually being cmïed by the waste stream and has the 

potential to be sequestered. 

6. Based on the observations in the previous section, the most beneficial way of dealing 

with the problem of increasing levels of papermill sludge production might be consider it 

as part of the carbon cycle in order to gain potential carbon credits for its disposal, 

through whatever means is most economical and environmentally fkiendly. 



Conclusions 

The principal conclusions of the study are as follows. 

1. Based on  a study of five Ontario and one Quebec paper mills, it can be concluded that it 

is possible to quanti& the woody organic component of p a p e d l l  sludge. The 

q u a n t i m g  technique as presented provides a new and hovative approach towards 

identi@ing wood components within a matrix of foreign material, and this has great 

potential as a tool in conducting life-cycle analyses on a wide array of wood products. 

Several fimdarnental facts that describe sludge have been uncovered: 

The chemistry of rnixed papermill sludge is dominated by woody organic 

materid, which compose more than 60% of the total sludge solids on average. 

The chemical characteristics of sIudge show a relationship to the presence or 

absence of recovered fibres in the furnish. 

Alphacellulose is the single most common woody organic component found in 

papermill sludge. It is found in proportionally srnaller arnounts in the sludges of 

recovered paper mills. 

Lignin is the second most common woody organic component found in papermill 

sludge. It is found in higher proportions in the sludges of recovered paper mills. 

From the data presented, it may be concluded that the presence of fiee cellulose, in the form of 

fines, broken fibres, or loose fibrils, is more closely related to the use of virgin fibre than with 

recovered fibre. The presence of additiond cellulose in the sludge of a virgin paper mi l  may 

indicate that irnprovements can be made in these processes, in order to recover these fibres and 

fines before they enter the waste Stream. 



2. Based on the analysis of the chemical cornponents of papermill sludge over tune and 

£tom six different papermills, it can be s h o w  that the chemical characteristics of sludge 

are related to certain types of papermills. Virgin rnills (Category I), mills producing 

recovered paper without deinking (Category II), and mills producing recovered paper 

with deinking (Category m) were separated by significant differences in the organic 

chemical components of the woody fiaction. This analysis m e r  described the 

fundamental chemistry of papermill sludge: 

a. Alphacellulose is the most variable woody component found within sludges in 

terms of temporal based shifts. Long-term observations confïrm that changes in 

process or furnish can greatly influence the alphacellulose component of sludge, 

which M e r  supports the hypothesis that free alphacellulose, in the form of 

broken fibnls or fines, is more closely associated with virgin fibre sources. 

b. Observed levels of holocellulose, Klason lignin, and soluble lignin, as measured 

in sludge &om multiple mills within the three assigned mil1 categories, follow a 

normal or t-distribution, indicating that the hypothesized mill categones resemble 

a normal population. 

c. The physicai characteristics of papemill sludge fibres, in terms of length and 

percent fines, do not change significantly from mill to mill. The coarseness of 

fibres within papermill sIudge is variable, and reflects differences in fùmish and 

in processing. 

d. The woody organic component of sludge is significantly different in the three mill 

categones descnbed, comprising 67% of Category 1 sludge, 64% of Category II 

sludge, and 55% of Category iII sludge. 



The proposed models for paper production and wastepaper recycling we re  very 

successful, accounting for 94 and 96% of global totals in the baseiine year. The proposed 

mode1 for paper consumption was Iess successfiil, with only 81% of global comsumption 

accounted for in the baseline year. 

a. The combination of social and physical factors in the rnodeling exencise was 

supported by the geographic distribution of countries where each factor was 

statistically significant. Literacy rates and population density wcere most 

prominently recognized as correlating factors in m c a ,  Asia and South America, 

where the nurnber of developing nations currently undergohg rapid social change 

is very high- Fibre supply f?om forests, plantations, and nonwoods could be 

related to countries where these sources of supply are in abundance. 

b. The model for paperboard production was statistically sound in 55 corntries and 

explained 94% of total world paper production in the baseline y e m  (1995). 

Potential problems for future forecasting are related to the countries that were not 

incorporated into the model. Due to poor correlations or bad data, tlhe model 

eliminated countries that are currently or may become dominant forcl-es in the 

supply of pulp or paper products, such as New Zealand and Russia. 

c. The model for wastepaper recycling was found to be statistically sound  in 38 

countries, and explained 96% of the total world wastepaper recyclirng in the 

basehe year (1995). The principal concern for future error in the projiection of 

wastepaper recycling is tied to the fact that only counûïes seriously inwolved in 

wastepaper recycling during the baseline year are considered withùi t h e  model. 

Countries that as of 1995 had not begun to recycle wastepaper to a siignificant 

extent could not successfiilly match the criteria set out in the model. Thus, any 

additional countries that enter the recycling market before the model ho.rizon are 

not included in the forecast. 

d. The model for paper consumption could only explain 81% of thie global 

consumption of paper. The drawback to this model error was linked t a  the fact 

that consumption of al1 forest products is linked to imports and to ezconomic 

factors that were not included in the model. 



4. Projections of  the geographic distribution of sludge production indicate that three global 

regions dominate most sludge production. North America and Europe are regions in 

which the papemaking industry has matured, while Asia-Pacific is a region experiencing 

tremendous growth. The most important conclusions that c m  be made by analysis of this 

mode1 are that: 

a. North America will remain the dominant producer of sludge well into the twenty- 

hrst century. At current rates of growth, the countries of southeast Asia will 

replace Europe as the second highest sludge producing region early in the forecast 

period. 

b. By the year 2050, global sludge production is projected to rise between 46% and 

86% over 2000 levels. This rise rneans that up to 2 500 000 MT/a of extra sIudge 

will be produced, and will have to be discarded or recycled. 

c. In the year 2000, about 2 000 000 MT/a of woody organic material is 

incorporated into sludge. This may increase by another 1 500 000 MT/a. This 

amount of wood fibre, while significant, does not justiQ the expenditure o f  

developing technology to recover this fibre. Furthemore, the proportion o f  

woody organic material found in papermill sludge is found to decl ine slightly over 

the 50-year forecasting period. 



5. The role of sludge in the forest products carbon cycle has been identified as being larger 

than previously suspected. Although the forest products carbon cycle is not fùlly 

understood, estimates place the total carbon sequestered in forest products at about 

20 000 000 MT/a (1995). The estimate for the organic carbon content of sludge is about 

800 000 MT/a. This amounts to about 4% of the total estimated forest products carbon 

cycle. What is important about this estimate is that sludge is a waste product, which is 

completely controlled by the industry. A very large component of the overall forest 

products carbon cycle can be utilized directly by the industry. 

a. In the year 2000, 800 000 MT/a of woody carbon was incorporated into sludge. 

This represents approximately 4% of the carbon sequestered annually by the 

forest products industry, which in turn indicates that a significant portion of the 

carbon associated with the pulp and paper industry is actually being carried by the 

waste Stream and has the potential to be sequestered. 

b. If carbon credits are introduced, the disposal techniques that are currently being 

used, principally landfilling and incineration, would still be viable options for the 

disposal of sludge. The incineration of sludge might provide carbon credits to the 

industry, as this course of action provides an offset fkom the buming of fossil 

fiels. The landfilling of sludge should also provide a carbon credit, as this option 

results in the sequestering of a significant portion of the carbon cycle. 

As a general conclusion, it can be stated that the role of papemill sludge in the forest products 

industry carbon cycle has been greatly underestimated. In the author's option, the rnost 

beneficial way of dealing with the problem of increasing levels of papermill sludge production 

might be to consider the possibility of harnessing this portion of the carbon cycle. Such an 

approach could result in both economic and environmental benefits, for the industry and for the 

world at large. 



Recommendations for Future Work 

Two projects have been targeted as necessary steps to build upon this study. 

8.1 An analysis of the forest products carbon cycle 

This project has elucidated one small portion of the forest products carbon cycle. In fact, there 

are very large holes in the Literature regarding the role of forest products in earth's 

comprehensive carbon cycle. It is recognized that products can sequester a portion of carbon, 

but estimates of how long this sequestration will last, and how much carbon is actually present in 

these products, are only rough guesses made by modelers eager to approach the global problem. 

The author suggests an approach similar to that taken in this study, where an inldepth review can 

be carried out on a few representative installations to provide fundamental data, which in turn 

can be applied on a regional or global scale as the researcher wishes. 

Ideally, this recornrnended study would incorporate several facets of forestry and wood science 

within a single research fiamework Many researchers could eventually be part of this 

fkarnework, al1 of whom could be contributing to a single synthesis model. 

The most important stages of this research project would involve the following: 

Identification of the carbon conversion rate associated with harvesting, processing, and 

use of different species for different forest products; an effective rate of conversion 

between the carbon in a tree and the carbon in various products must be devised. 

Full life-cycle analysis of different forest products, including solid and engineered wood 

and paper products, in order to identiQ the ultirnate disposition of woody carbon 

components. 

Identification and measurement of the carbon CO-generation associated with forestry, 

wood conversion, recycling, and forest products use: 



8.2 Development of an econometric mode1 for paper production and 

wastepaper recycling 

One of the guiding principles embraced in the Global Fibre Supply Model, of which the author 

was a key part, was importance of having multiple predictive models to ven@ that fiiture 

predictions were not completeIy unredistic. It was suggested that for every non-econornetric 

model developed, such as the one presented in this study, an econometric model should be 

developed for the purposes of cross-checking the datasets produced. 

With this in mind, the author suggests that a second model be built in order to examine the same 

output variables as identiiied in this project. Instead of using social and physical indicators, as 

was done here, the input variables could be based upon the economic factors identified but not 

used in this study. 

At the conclusion of this mode1 development, it should be possible to create a synthesis model 

that incorporates the best of both. Such a model rnight be more successful in forecasting future 

paper production, recovery, and even supply in countries where the study was unable to make 

any predictions. 

8.3 Development of improved methods for sludge reduction through 

fibre recovery 

In order to reduce fiiture needs for sludge disposai, a more serious look should be taken at fibre 

recovery fkom the sludge stream. The work would revolve aromd improving fibre recovery 

within the mil1 through the addition of cleaners and scrubbers to the primary effluent treatment 

system. 

The primary objective of this work should be to determine the lower b i t s  for fibre content in 

sludge, in order to retain the desirable effects that fibre has on sludge properties (Le. 

dewaterability, stability for use in landfill operations) while optimizing the overall fibre recovery 

for the mill. Sludges of various fibre content should be examined for each of these parameters. 

The possibility of introducing a different fibrous substance to improve sludge stability and 

dewaterability after fibre removal should be examllied. 
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Appendia; 1: 
Paper and paperboard consumption - significant input variables 

Numbers in the chart below indicate the partial 2 values retumed by SAS through stepwise 
regression, indicating the significant input variables and the relative importance of each variable 
to the overall correlation coeEcient. Highlighted rows indicate countries where the data nui was 
accepted. 
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" 4  

pPara&ay-: . -. . .. - - . + -' - - '- , - . - 02~. 
, . - - 

O -73 
. - 

. &  - , - -  . . -. -. ., . - p.". 0-9 1 - .-- - - pki~iP~_ines: : "1 .: , . - - > ' " - 7 -  . : , ' . .: . - - -,. * . -. - -  . - - - 
Pitcairn 1s. 0-17 0.57 0.05 
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Saint Lucia 
Saint Vincent/Grenadine 
Sao Tome & Principe 
Saudi Arabia 
Seychelles 
S ingapore 
Solomon Islands 0.36 0.36 
South Afnca .". "-..._. - .  0.48 0.48 
South Korea . " . . - , ~ . 0.00 0.0 1 . 0.99 1.00 
Spain ..-- .-- _ _ . .  . . - . . 0.97 - 0.97 

Sweden - .' - -- ---- - . . - . ". - - 0.1 1 . . -  . - - . -- . . - ." . "  0.4 1 
, - -  , -  0.53 

Switzerland -:: "-  -1 1 . . .  . . . - -  - - . . 0.90 0.90 " . .  
Syrian Arab Republic , - .  . . 0.20 0.20 
Taiwan , .  . . 

. , 0.99 - 0.99 
?haiIkd. . . -... 0.98 0.98 
TokeIau Islands 0.15 0.63 0.78 
TAisia . a a 0.96 0.96 
~Akey.  . - -. . . . 0.90 . - 0.02 0.92 
Tuvalu . -  -.... .. " - * .0.16. 0.52 - , 0,17 0.85 
Uganda . . 0.69 0.69 
~nited&ab Emirates. . -. - - - - 0'55- - " - " -029 0.85 
United ~ i n ~ < i o n i  - .+ 1 - - - - - 0.94 0.94 
united ~@&.~fAxp~rïca . .". . - _ .  A . 0.94 . . %  - 0.94 
Umguay- '. . ,  0.85 - -  -- - . - 0.85 
Vanuatu 0.45 0.45 



Appendix 2: 
Paper and paperboard production - significant input variables 

Numbers in the chart below indicate the partial 2 values returned by SAS through stepwise 
regression, indicating the significant input variables and the reIative importance of each variable 
to the overall correlation coefficient. HÏghlighted rows indicate countries where the data nui was 
accepted, 

Belgium-Luxembourg 0.67 G.67 
Bhutan 0.36 0 3 6  
Bosnia and Herzepvina _ .  I . _  - . . - .., _ , - .  _ .  0.13 0.82 0.95 
Brazil . 2 - .  0.95 0.95 
~u l~a r ï a  . 0.83 - ' ' 0.06 0.89 

cana& - +- 

. .  0.91 - 0.91 

China 0.98 0.01 0.00 0.00 1.00 
Colombia 0.96 . . .  0.96 
Congo 
(Democratic RepubIic of) 0.18 0.18 
CO& Rica - . 0.15 0.70 0.85 
Cuba 0.03 '0.82 0.85 
Denmark 
Ecuador 

El Salvador - - ,. 
0.67 0.67 

~stp&, .-. * :  - - 0.78 0.18 0.96 
0.66 0.26 0.03 0.95 



Jarnaica 0.64 0.10 
Japan 

. ? _ _ . "  - . , --  . - . . - - 0.94 
. . 

Gdan.- : --  , -. - .. -,: . . .  . . -  -- 0.87 -. 

Kenya 0.72 
Kuwait - -  - + 

0.49 
. - -  

' ~.sr:. La--a , - _ 

Libya 
Luxembourg 
Macedonia 

Mongolia 
Morocco 
Mozambique 
M~anmar 0.13 0.67 
Nepal 
Nethedands 0.96 
New Zealand 0.14 0.53 
Nigeria 0.27 0.47 
North~orea - 0.24 0.08 
Nonvay -- - - - - 2 

Pakistanr . - .  - 0.98 

- ---  - -  . 
philiP&es . . . .  0.87 ' 

 mgal al. . - 
' - - 

L - 0.92 . 

. - Romania-.- - , : - 0-02 ,037 
Saudi. Arabia ' -- -. . - 01-55 0.3 O 
Singapore ,. ,- " .  0.4 1 

- m . . ,  . - , ?  * - . - .  , - .  0.25 
south Africa . 0i2  . . . .. - .  - . 

.O% 
South ~ o & a  ' - . 1- - - . - - 

. .  - 0.0~ - @*O0 .. 

Spain . .  . ' .. - - -  - , -  - - .  0.01- . . 0.93 
Sri Lanka 0.55 

S yrian Arab Republic - - .  " "  ... 0.52 
7 .  . ".." . - - _ . ._. - 0-07 O. 19 0.78 

. - . - 
- ,  . - Taiwan< --- . ' : - ' - , . .  -. . - .. O,9gA' 0.0 1 0.99 



Venezuela - - .  .. -. - .. --.. " - -  -- . - - - - 
0.60 0.60 

Viet Nam. * -  . . r .  ,0.93 0.93 
- .  . . . - .  

~ u ~ o s i a v $ ~ ~ ~ -  1 . . ' 0.05 0.87 0.92 
Zimbabwe - 0.15 0-77 0.92 
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Paper and paperboard recycling - significant input variables 

Numbers in the chart befow indicate the partial 2 values returned by SAS through stepwise 
regression, indicating the significant input variables and the reIative importance of each variable 
to the overall correlation coefficient. Highlighted rows indicate corntries where the data nin was 
accep ted. 

Bangladesh 0.84 

Bulgaria . - 0.18 -. - 
Canada - - -  . -. - - -  0.07 
Chile * .  
China .. - 

Colornbia 
Congo 
(Democratic Republic of) 
Croatia 
Czechoslovakia 

8 r 

0.49 
Denmark - 

Ecuador . 0.07 . 

E ~ Y P ~  
El Salvador 

- .  - .  . . .  , 

F,I&~ .- . - , - .  
. . - .  France - - * '- - % - 

L .  

Germany ' -: - - - .  0.99- . . 
Greece :.:, _ - . - :  : .  - - 
Hong Kong 0.57 0.12 
Indonesia -- < .  . . . - - - - .  - - . .-* , 

Iraq 0.18 
ireland 



Countrv 

Mexico -- - . - -- . . . . . . . . . . . .  7. - - - - -  " . -  - 0.58 
M o ~ g ~ I i a  -- -.. : - ,;: :. -.. . +  ... U J ~ ,  :----.0.3+- .- . -  - -.- .-.- . , ... 0.35 
Morocco .- 7 

0.09 0.70 
- - Neth&iands-. - + - r . - . . - - -- . . . . .  . ., . . Q40- 

Nigeria .---.. - "  - . .*.- . . . .  . - -  - . * -  - - 0.30 
North Korea --., - 1 Y . + . .  . - . 9. - 001 - .--. - ~ . , . A  

- .  
m-w'a~:. --r : - :. * - 2: - - - - d .- - - . a - . .  -- - - ,  0.10 - - . . - -  - 
Panama 0.2 1 
Pem 0.37 
~ o l h d  4 - . -. - 0.36 O--05 
Portugal 0.78 
Romania 0.33 
 aud di Arabia 0.07 0.8 1 
Scnegal 0.30 0.07 0.46 
Singapore 0.37 O. 14 
South Afica .- . . . . 0.93 
South Korea:, , - ‘....- -. - . - - . - . P.21 

_ - 1 '  

_ .O+-96 -- . Spain .- , . . .- - A - - .  

Trinidad and Tobago 
Turkey 

Yugoslavia SFR 0.03 0.87 




