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Abstract

The aim of thisstudywas to track and quantify the carbon flows from natural resources such as
wood and bagassas it flows through the pulp mills &outhAfrica. This studyis one of four
projects aimed at conducting a complete carbon flow analysis for the entire forest products
industry in order to assess the environmental sustainability of the industry sgdctteo carbon.

The pulp mills investigated fall under the auspices of the Paper Manufactures Association of
Souh Africa (PAMSA); and they belong to the parent companies: Sappi, Mondi and Mpact. This
studyis envisaged to provide decision makers in thk @nd paper industry with quantitative
evidence on pulp mill carbon flows, which will aid them in deciding on the type of pulp mills to
build in the future which will have the least effect with respect to solid and liquid effluent
generation and climatehange.lt should also assist them in deciding on which type of raw
material is best to use, be it wood or bagasse that will have the lowest environmental impacts.

From July 2016, the National Treasury of South Africa will be imposing a carbon tax atod rat
R120 per tone of CO, emitted with an annual increase of 10% for the first five years, uritil 31
December 2019. There will be an initial 60% rebate on the tax (referred to as bdsée tax
threshold) which will decline every year. The aim is to cedilne national greenhouse gas (GHG)
emissions by 34% by 2020 and 42% by 2Q0RBpartment Of National Treasury, 20)3bhis
was an undertaking which Soutifrica committed to at the Copenhagen climate change
Conference of Parties (COP16) in Dexeer 2010.

To effectively track and quantify the flow of carbon, a material balance and hence a carbon
balance over each of the pulp mills was conducted. The data used for generating the mass balances
was sourced from each of the pulp mills investigated, ia some instances, estimations have

been made from the literature. While the work focused on only carbon emanating from plant
material used in the production of pulp, it is worth noting that there are other sources of carbon

in the pulp and paper indugtsuch as coal and natural gas which are significant.

Overall, the results indicate that about 39% of the original carbon stock ends up in the pulp, whilst
the remaining 61% is lost through air emissions and solid and liquid effluents generated from the
pulping processes. Furthermore, mechanical pulps served as a huge reservoir for the carbon
because there was an 80% carbon transfer from the wood to these pulps. Dissolving pulp on the
other hand, had the lowest carbon transfer (i.e. 36#lly, it was bund that if the bigger pulp

mills such as Mondi Richards Bay and Sappi Ngodwana teeincrease theulp yield o their

kraft processes by 5%, this would increase the overall carbon stored in pulp by 2% for the South

African pulp sector.
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Chapter 1. Introduction

This section presents thegeneral frame work for this research project It will provide the
reader with an overview of Material Flow Analysis, its relevance to the pulping sector artthe

goals andproposal of this study.

1.1 Material (carbon) Flow Analysisand carbon stocks and flows

Material flow analysis is a systematic approach tomstacting the stocks and flows of a material,
compound or element through an economic system and the envirofheedtikset al, 2000Q. It
applies to substances (e.g. carbon) that raise particular concerrirmgdhedr sustainability. This
Material Flow Analysis seeks to prode decign makers (e.g. Forestry Soutfrica and The Paper
Manufacturers Asgmation of SouthAfrica [PAMSA]) with empirical data and evidence on carbon
flows through pulp mills. This will enable them to make informed decisions regarding the efficient

use of resources in pursuit of sustainable development.

Examples of environmental concerns facing our planet include ozone depletion and global warming.
They are caused by the flow of materials through the economic system and the envit@imens n T

et al,, 2003. For instance, the flow of carbon to the atmosphere exerts pressure on the environment,
and as such, any increments in the carbon flows would cause an increase in environmen&l pressur

Figurel.1 shows the exponential increase in atmospherigsi@e the beginning of the 1 &entury.
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Figure 1.1: Exponential increase in atm;se;r:erid_TOz (Gradel and Allenby, 1995
As the concentration of G@ontinues to climb, it is predicteldat global temperatures will increase
by 2 to 5C° by the year 205@Gradel and Allaby, 1995. Also, the CQ emissions from forest
harvesting and wood products on a global scale are tremendogrisificant. Using data from the
Food and Agriculture Organisation (FAQYinjum et al (1998 estimated total carbon emissions at
980 Tg Clyr. The C®emissions from wood based products are not to be included in the national

totals for the energy sectdPingoudet al, 2006, but rat her | abelthbed as
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purposes of quality assurance and control (QA/QC). The need to curb carbon emissions is imperative,
especially in a dynamic industry such as the pulp and paper industry which receives its raw materials

from carbon rich plantations.

It is interestinga note that there is an increasing trend observed in the carbon stored in wood products
worldwide (seeFigure 1.2). However, this increasing trend may not necessarily be significant in
every country. This trend h&een confirmed by various studies, and it has thus become important
to monitor the changes in the carbon stored in wood products because this affeatsrdiearbon

cycle.
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Figure 1.2: Global carbon stack in wood products from 1960 to 200@QUNFCCC, 2003

It has been reported that the carbon stocks in wood prodiecemased from 1 500 Tg C in the year
1960 to 3 000 Tg C in the year 200ONFCCC, 2003 Furthermore, it is estiated that this stock
change amounts to about 2% of worldwide@&missions resulting from fossil fuel combustion
(Brownet al, 1999.

As a standard (Kyoto Protocol standard) .@@issions from wood based carbon are not counted as
emissions because it is assumed that the carbon is derived from sustaimahljogest plantations.
Unfortunately, from July 2016, the National Treasury of South Africa will be imposing a tax of
R120/tome of CO, emitted from burning fossil fuels (coal, oil and gas) in addition to burning
biomass such as black liquor and bark \whare derived from woo@Department Of National
Treasury, 2013b The pulp and paper industry will hewer be given a tax free thredth of 60%,

meaning that only 40% of the carbon emitted will be taxed.

These carbon taxese being implementeds &southAfrica takes a bold and proactive approach to
reducing its greenhouse gas emissions (GHG) by 34% by the year 2020 and 42% by the year 2025

(Department Of National Treasury, 20),3a a drive towards eablishing a green economy.
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1.2 Overview of the pulp sector

SouthAfrica is the 16 largest pulp producer in the wor{derr, 2013. In 2011, the pulp and paper
industry had the largest contribution (45%) to the GDP of the forest products sector which amounted
to 606 billion US dolles (Lebedys and Li, 20)4More interestingly, the forestry, timber, pulp and
paper sectors are viewed as contributing to black economic empowerment and the upliftment of
poverty stricken communities in South Africa.

Raw materials for pulping are sourced from sustainably gnolamtations certified by the Forest
Stewardship Council. Pulping methods that are currently being used within the industry include:
chemical, semchemical and mechanical pulping processes (described in detail in S&é&jion
Although some of the pulp is used domestically for paper related products, much of it is exported
mostly to regions such as the EU, South and East Asia and the $Adu@= 1.3 is a schematic
repregntation of the value of pulps imported anga@rted by Souttfrica between the period 1998

and 2012 expressed in 2012 Rands.
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Figure 1.3: Value of imports and exports of pulp from 1998 to 2012
Figure 1.3 was reconstructed fromath sourced from Forestry Souifrica (see Appendix 7). The

graph clearly reveals that over the past decade, South Africa has always had a positive trade balance

since the exports exceed ions by a significant amount.

Pulp manufacturing is highly capital intensive and has thus resulted in only three companies holding
a monopolist share in the South African pulp market. The companies are Mondi, Mpact and Sappi.

Their respective pulp mills aras follows:
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Mondi Mills: Mondi Richards Bay and Mondi Merebank
Mpact Mills: Mpact Piet Retief and Mpact Felixton
Sappi Mills: Sappi Saiccor, Sappi NgodwaBappi Tugela and Sappi Stanger

Figurel.4illustrates he location of te pulp and paper mills in Soulirica.

@ PAPER MILLS @ PuULP & PAPER MILLS PULP MILLS
SOUTH AFRICAN PAPER MILLS SOUTH AFRICAN PULP MILLS
1 Goodview Investments, Central 1 Sappi Saiccor
Tissue, Hygenic Paper 2 Mondi Shanduka Newsprint - Merebank
2 Mondi Business Paper Merebank, 3 Sappi Stanger
Mondi Shanduka Newsprint 4 Sappi Tugela
Merebank, Rafello Paper Mills, SA 5 Mondi Packaging SA - Felixton
Paper Mills 6 Mondi Business Paper - Richards Bay
3 Sappi Stanger, Nampak Riverview, 7 Mondi Packaging SA - Piet Retief
Tri-Waste cc 8 Sappi Ngodwana
4 Sappi Tugela 9 Sappi Enstra
5 Mondi Packaging SA - Felixton
6 Mondi Business Paper - Richards Bay
7 Mondi Packaging SA - Piet Retief
8 Sappi Ngodwana @ 0
9 Sappi Enstra, Kimberly- Clark GAUTENG o MAPUMALANGA
SA, Crystal Group Mill
10 Mondi Cartonboard, Lothlorien, R @ @ o
Unicelt Mill

11 Nampak Rosslyn, Waldens' Paper
Mill, Nampak
Kliprivier,

Expert Tissue ERDES DS KWAZULU-NATAL

12 Heidelberg

13 Ligia Paper DURBAN
Industries L e e

14 Sappi Adamas

15 Sappi Cape Kraft, o-“-"-?":"
Nampak Belville, ’
Janjirkar Paper Mill

EASTERN CAPE

WESTERN CAPE

@ PORT ELIZABETH
careTown (B

Figure 1.4: Location of pulp and paper mills in SouthAfrica (Kerr, 2013)

FromFigure 1.4, it is evident that many of the mills ale@cated in the Mpumalanga and along the
coast of KwaZuleNatal. The locations are convenient since many of the tree plantations grow well

in these geographical regions, while at the same time allowing easy access to ports for the export of
pulp.

4|Page



1.3Focus ofthe study

In this study, a Material Flow Analysis with respect to elemental carbon will be conductbe fo
major pulp mills in Soutkfrica. Carbon flows for all South African pulp mills which are members
of the Paper Maufactures Association of Sou#frica will be quantified, culminating in a single
integrated system from which the carbon flows will be analySigdrel.5is a typical example of a

sankey diagram showing the different carbon inputs and theffglte carbon.

C to Pulp

Baggase

o B T - I B

[

C to atmosphere

C to liquid

C to solid efluent

Figure 1.5: Sankey diagramshowing the carbon inputs and outputs for the pulp sector

The primary source of carbon into the sector originates from wood, nisthBlyptus grandisnd

Pinus @tula, as well as sugarcane bagasse. As wood and bagasse are transformed into pulp products,
various byproducts containing carbon are formed and subsequently emitted into the environment,
either in the form of solid wastes sent to landfill (e.g. pulp nejécts), gases emitted into the
atmosphere (e.g. carbalioxide) or as organic fragments (e.g. lignin) in waste water drains.

The study will consider specificallgnly carbon inputs originating directly from plant resources

(i.e. plantbased carborgndalso determine the fate of the carbon as it flows within the sector.
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1.4Importance of the study

The forestry, pulp and paper industry is associated with a substantial flow of carbon originating from
extracted resources such as wood and bagasse. Thoagltofithe carbon is locked up in the pulp
produced, a significant portion is released directly into the environment as a result of pulping.

Once the flow of carbon into and out of the industrial sector and the environment is understood, the
formulation ofa strategic plan to utilise resources more efficiently can be sought. For instance, if a
new pulp mill needs to be built, decision makers can make a decision with regard to mills that have
the least environmental impact with respect to resource useasdliifjuid effluent generation and

climate change.

This study is one of a series of projects aimed at compiling a complete Material Flow Analysis with
respect to plaAbased carbon over the entfimrest products sector of Soustirica (pulp, paper,

printing, publishing, furniture, mining timber, charcoal etc.).

In the broader context, the fundamental idea is to determine if the forest products sector is a carbon
sink. This is directly linked to the ability of the industry to absorb more carbon thaeniitisng.

This poses the fundament al guestion regarding \
and whether the industry can be viewed as being environmentally sustainable with respective to
carbon. The data gathered from this study can falsititate a future Life Cycle Aalysisfor the

entire forest products industry.

1.5Aims

The aims of this research project are to:

1 Track the wood and bagasse carbon flows and to determine the fate of the carbon as it flows
through the South African pulp dec.

1 Quantify all carbon inputs and outputs from each of the South African pulp mills.

1.6 Scope and limitations

The flow of carbon in forestry operations (e.g. carbon uptake by rodtalzorption by trees and
sugacane and decay of organic matter) will no¢ considered in this study. While some of the mills

are integrated pulp and paper mills, this study will be restricted to investigating the flow of carbon
through the pulping and bleaching processes only. Furthermore, as a point of reference, only data
from the year 2011 will be used. The following related carbon flows will not be considered in the
overall inputs or outputs of the system, however, they may be required in performing certain carbon

balances. They are:
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Carbon in coal used for electricityrggration
Carbon in natural gas used to power the lime kilns

Carbon in calcium carbonate used in causticizing plants

w0 NP

Carbon in thesalt cakeded tokraft recovery boilers

The reason they are not considered is because they are not part of the flow offrcarbtre
extracted resources (i.e. wood and bagasse).

1.7 Proposal

1 The carbon flows in the majpulp mills in SouthAfrica are affected by (or depend on) the type

of raw materials (wood or bagasse) used and the pulping processes employed.

1.8 Structure and presentation of thedissertation

Chapter 2 describes the method of Material Flow Analysis as an environmental tool for resource
management and how it compares with the Life Cycle Analysis. The section concludes with the

theoretical basis of the error analysiaployed in the study.

Chapter 3looks at the different constituents that makeup wood and bagasse as well as their elemental
composition. The chapter further explores the different pulping processes employed within the South
African pulp sector. The chaptalso gives a description of each of the individual mills regarding

their production capacity, the type of raw materials used and the pulps produced.

Chapter 4 considers the application of MFA in the context of the pulp sector. It looks at different
materal flow related issues, the flow of lignin in the pulp sector and carbon flows to landfill. The
chapter concludes with a list of material flow related studies that have been conducted in the forest
products industry of which the pulp sector is a subsidiar

Chapter 5 gives a description of the mass balance method conducted for each type of pulping
process. Where similar methods to other pulping processes are to be applied have been highlighted.

Chapter 6 presents the results and discussions for eacheafnitis investigated. A material flow
diagram and a bar graph showing the distribution of carbon is presented. The section concludes by
comparing the different flows of carbon to air, liquid and solid effluents depending on the type of

pulp produced and ¢hraw materials used.

Chapter 7 summarises the carbon flows and shows how this ties up wifirdpesalof the study.
A set of recommendations are given on how to improve on future carbon balance assessments and

possible investigations into projects thedd to a lower carbon economy.
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Chapter 2. Material Flow Analysis

This section presents a holistic overview oMaterial flow analysis, its strenghs, how it
compares with Life Cycle Analysisand a description ofthe procedures followed in conducting

a Material Flow Analysis.

2.1 An Overview

Material Flow Analysis is a systematic reconstruction of the way an element, compound or material
flows within an industrial system in a given space and time. It seeks to quantify the inputs and outputs
of a given system based on gloal wits, usually reported itonnes. Material Flow Analysisan be

used not only as a tool to identify issues related to resource utilisation and environmental
management, but also as a tool for making informed and knowledgeable decisions on the issues

identified (Hendriks et al, 2000. Figure 2.1 is a simple model of a pulp sectbtaterial Flow

Analysis
PULPING
INPUT SECTOR OUTPUT
Wood:
»  Softwoods " Kraft
» Hardwoods " Soda
* Sulphite
» Semi-chemical
» Mechanical
Pulp product

Figure 2.1: A simple model for Material Flow Analysis

The methodological platformf MFA can bedividedinto two groups: namely dematerialization and
detoxification (G| a sindl, 2003. Dematerialization looks at the metabolic efficiency of an

industrial sector from a sustainable point of view with the aim of managing resources more
efficiently. Conversely, detoxification analysis seeks to gaie the environmental pressures
resulting from a firmés activities due to fl ow

results from such a study are usually integrated into a model for risk assessment or mitigation.
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2.2\Why Material Flow Analysis?

In order to abate and control potential environmental problems which may occur as a result of direct
emissions from production systems (e.g..@@d SQ) or accumulation of hazardous waste in the
environment (e.g. pulp mill rejects to landfills), itilmsportant to analyse and evaluate the physical
stocks and flows of materials through production systems.

Material Flow Analysisstrives to quantify and iaeify the pathways and the faté substances
through production systems. In so doing; this alltvesdetection of relevant flows or control points

within the system which show the greatest possibilities for improvement.

More importantly, the results of an MFA study can guide stakeholders and other interested parties in
designing processes and produittat steer towards resource conservation, environmental protection

and waste minimisation.

One of the most powerful attributes of MFA as describe8itoyiner and Rechberger (2004 the

ability to recognise environmental problems that may occur in the future.

2.3 Material Flow Analysisvs. Life Cycle Analysis

The audience for MFA findings includes technical expects in the field of LCA and MFA. For this
reason, it is worth discussing the relative differences between the two fields.

While MFA focuses on the analysis of the mass lmdaf a given industrial sector, LCA seeks to
evaluate the various environmental impacts of a product from its point of extraction through to
disposal (cradle to grave). Life Cycle Analysis strives for completeness by considering as many
substances as pdsie, whereas MFA focuses on a single substance at a time to promote transparency

and aid manageabilitBrunner and Rechberger, 2004

Material Flow Analysidy itself is inadequate in providing a comprehensive assessment on resource
management, waste managementd environmental managememochatet al. (2013 have
discussed the application of an integrated ME2A approach, which is a powerful combination
that reveals a holistic view oféhsystem in terms of material flows and also provides reliable data
on environmental impactdaterial Flow Analysisan also be viewed as a method dewelopng

an inventory for an LCA study. In this regard, it is clear that the starting point of an LIBANARA
(Brunner and Rechberger, 2004

9|Page



In conducting either an MFA or LCA study, the first step is to define the goals and scope of the study.
For MFA, indicator substances are carefully chosen in view of their environmental impacts. The
flows of the indicator substances are quantified basati@nconcentration in a given stream and

by applying mass conservation principles. The system is then analysed to identify weak points after
which the results are presented in a clear and comprehensible format so that policy driven decisions

can be drawnThe results may also include interpretation using scenario analysis.

For LCA, there is the life cycle inventory aspect that involves the compilation of data to quantify
input and output flows, and also evaluate emissions and resource consumptiogclafaralysis

also makes use of functional units and procedural ISO standards all of which are uncommon and not
formally defined in MFA studies. The information from the lifecycle inventory is used to evaluate

the environmental effects and pressures pdgethe substances investigated. An improvement
assessment is then carried out to assess and reduce the environmental burden of substances or the

processes investigated.

Table 2.1 provides a summary on the methodptal differences between MFA and LCA as
discussed.

Table2.1: Differences between Material Flow Analysisd Life Cycle Analysis

MFA LCA
(Montangero et al, 2009 (Boguskiet al, 1999

1. Identification of material flow related issues Goal definition and scoping

=

2. Selection of relevant substances, processes 2. Life cycle inventory
and system boundaries

3. Quantification of mass flows of substance a 3. Impact assessment
stocks

4. ldentification of weak points within the syste 4. Improvement assessment

5. Development and evaluation of scenarios
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2.4 Framework of Material Flow Analysis

In this section, the five components listed'able2.1 for conducting MFA will be elaborated.

2.4.1 |dentification of material flow related issues

As discussed earlier, the pulp and paper industry is facing possible future carbon taxes for the CO
emitted into the atmosphereoin process operations. Other considerations involve the disposal of
liquid and solid effluents. These are all issues that need to be addressed in order to ensure that the
effluents generated are within the assimilative capacity of the earth, and aresthirsable.

2.4.2 Selection of relevant substances, processes and system boundaries
One of the key objectives of MFA is to develop a simplified model that is a trustworthy representation
of reality. This can be achieved by reducing the complexity of the systdta at the same time
extracting as much information as possible with minimum ef@@minner and Rechberger, 2004

Additionally, a simplified system promotes transparency and aids manageability.

2.4.3 Quantification of substance mass flows and stocks

The law of conservation of mass, also commontgrred to as the first law of thermodynamics is

the fundamental principle applied in all MFA studies. It states that the total mass of inputs into a
system must be equal to the total mass of outputs and the mass accumulation within the system. The
law canbe described by Equatiof2.1).

Bi Bi i (21)

The law holds for the overall system and sub processes within the system. If the concentration of a
particular substance in a given stream is known, the substance flow raie (étermined by

multiplying theconcentration (& by the stream flow rate {ras shown by Equatiq2.2).

8 A | (2.2)

Where i = stream number

Mass conservation must holds for each substance. If not, this can be attributed to flows omitted in
error or simpy incorrect concentrations. An additional technique to aid in mass balancing is the use

of the so called 6proxy datadé which allows dat

similar systemgBrunner and Rechberger, 2004

Data for the mass balance can be sourced from the literasti@ad reports, different companies,

and by contactig engineers at the pulp mills.
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2.4.4 ldentification of weak points in the system

Information drawn from the mass balances can be used to identify critical processes or flows within
the system. Scenario basgpproaches can then be employed to minimise environmental degradation

or improve resource consumption.

2.4.5 Presentation and evaluation of results

The results from a Material Flow Analysis study need to be clear and understandable so that
stakeholders canterpret them and make decisions based on them. Evaluation matkagsed to
interpretthe results of the mass balance and to measure the envitahperformance of the system.

Next, the evaluation methods for MFA will be discussed.

2.5 Evaluation methods br M aterial Flow Analysis

Material Flow Analysiggenerates a mass balance for a system where mass flows and concentrations
of the substance to be investigated are calculated for each stream within the system. Very often, the
results of an MFA forms the hiador evaluating a system, however, it is possible to take an extra
step forward by considering applicable evaluation methods for MFA. Such methods include:
Statistical Entropy Analysis, Material intensity per unit service, exergy, anthropogenic vsigeogen
flows, cost benefit analysis efthree of the evaluation methods will be discussed next.

2.5.1 Statistical Entropy Analysis (SEA)

Statistical Entropy Analysis is a method used for quantifying the degree to which a substance is
concentrated or diluted as & transformed within a system and it forms an integral part of any
material flow systeniBrunner and Rechberger, 2004 was developed at the Vienna University of
Technology and is the only evaluation method that was specifically developed for MFA results.
Unlike the other evaluation method<:/ provides a comprehensive assessment of a system by
utilising all the information (i.e. mass flows and concentrations of the substance of interest) drawn

from an MFA without the need for extra computation.

The entropy introduced in this sectiondéHé refe
(which is different from thermodymaic entropy) It is used in the field of information systems to
measure the loss or gain of information within a systérs defined as a positive function that
measures the variance in a finite probability distribu{Brunner and Rechberger, 200ds shown
in Equation(2.3).
- o (2.3)
(o 1 010 m £ 00 p

Where_=1/In(2Q)and0 i s t he probability of event 6i 6.
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Equation(2.3) is identical to the Hheorem proposed by Ludwig Boltzmann in 1872 from the field

of statistical mechanioshich seeks to provide a statistical description of a set of particles in space

as a function of their position, time and mome
formal definition to the thermodynamic entropy (S [J/mol/K]) proposed ok Clausius in the

early 18500s, however, the physical interpretat

Through SEA, a new metric called the O6Substanc
measures the ability of a system to concentrate or dilstdstance. In the context of carbon flows
within the pulp and paper sector, it gives a measure of how efficient the industry is in locking up

carbon in products and thereby preventing them from reaching the atmosphere or receiving waters.

2.5.2 Efficiency of the life cycle stages indicator

This indicator has been suggested/hp der Voet (1996particularly for applications in substance

flow analysis. If the pulpig sector is modelled as a single independent life cycle stage in the life
span of carbon, the leakage of carbon can be determined and expressed as a fraction of the total
carbon input (i.e. Total losses/total inputs). The inverse of this leakage friadtierefficiency which

can then be compared across different pulping processes to establish their appropriateness. The
leakage in this regard can be considered as all carbon flows that ultimately end up in the environment
and not in the final pulp product

2.5.3 Material intensity per service unit (MIPS)

Material intensity per unit service as an indicator for analyzing MFA results has been suggested by
Brunner and Rechberger (2004 is defined as the mass of input resources consumed per unit of
service or final product formed. Mterial intensity per service unitan be summarized by
Equation(2.4).

odd (24)

Where: X = input raw materials consumed

Y = mass of desired product formed

In the context of this research project, MIPS can be defined as the mass of logs required to produce
1 tonneof pulp. A combination of MIPS with scenario analysis of the system would be instrumental

in tackling the environmental aspect of sustainable developm

2.6 Propagation of Uncertainty

The mass balancing and estimation techniques needed to quantify material flows will be prone to a

certain level of uncertaintywhich needs to be quantifiedwo simple methods for calculating the
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propagation of error in MFAtudies have been proposedBrynner and Rechberger (2004 he
met hods are Gausso6s | aw of error propagati on ¢

considered next.

261Gaussos | aw of error propagation

Gaussbds | aw calculates the var iagumenecorsistsa ci at ed
random input variables 2XX...,Xn. This is achieved by first expanding the function using the Taylor

series terminated at the linear term. The expansion provides a linear approximation to the function at
some chosen input parametertieTdifference between the value approximated with the Taylor
expression and the mean value of the function provides a measure of uncertainty in the mean.

Equation(2.5) presents the mathematical formula for theartainty.

6 AD 6AD 02 ¢O #7 08 02 o2 (25)
T8 i) T8
For & "Qd hd 8 Fod
And where! O b AQOEDAHD
ORI 0 O QXD Q
6 ¢ Whd WE VO QXN Q

Equation(2.5) provides reliable results only if the random input variables are normally distributed

and also for small deviations in the mean.

Suppose the output flowate of a system (Y) is a fraction(TCy, also known as thé Tr ansf er
c o e f f)iofche ieputtfldwrate(X), then Eaation (2.6) holds

® "YO3bt OYO O w (2.6)
Recallingthat Y; is a function of T€ and X and applying Equatiof2.5 on Equation(2.6), the

variance inY; can beexpressedby Equation(2.7):

RYAL N 0® AIOIYS 0°YO A c0Y6 D& (2.7)
D € OYohd

If it is assumedhat TC; and X are independent of each other, then the covariance iartbus

the last term drops off, leading Eguation (2.8)
WO O® JwwiYo 0"Y0 Jwwi 2.8)

This means that if the error in the input flow rate and thesfer coefficient is known, then it is

possible to estimate the associated error in the output flow.
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2.6.2 Monte Carlo simulation
Whil e the propagat i on equires that ramdom varmbles grerntabiyu s s 6 s

distributed, the Monte Carlo simulati is suited to random variables that do not necessarily follow

a normal distribution, howevgtheir statistical distribution (i.e. mean and variance) must be known.
For each input variable, a computer algorithm assigns a random number to the variatdesith

their relative distributions. The random numbers are used to calculate the result of some function (f)
with input parameters XX- .., Xn, by repeating the procedurd @00 times, the mean and standard
deviation of the function can be deteredn

The problem with using the Monte Carlo simulation is that some variables may be bounded and
hence, the random variables generated by the computer may lie outside the required range. This
situation is addressed by determining the probability that thie Vi@s outside a given range which

can be analyzed using Equati@®n).

i YU (2.9)

Where:®d '@ 0'QOFMI 0 & ALAAM 6 "QE ¢3HMG QHE
AQOENOE QE @i QOO Q
, L 00OE MAUMGETMOE Q8 @i QOOa Q

d aQEUOE QE GRG0 a Q

The value of 06cd6 correspolabk®32 t o some probabil it
Table2.2: Probability that observations | ie outside
(Brunner and Rechberger, 2004
c Probability (%)
1 15.866
2 2.275
3 0.135
4 0.003
When 6cb6 is greater than 4, the probability th:

of the random variable is 0.003% which means that the value may not likely be created.
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Chapter 3. Pulping

This sectionwill cover the nature of wood and bgasse used for pulping in Soutlifrica, their
composition and various pulping technologies particularly with respect to those used within

the South African pulp sector.

3.1 Wood

Not only is wood a rich source of fibrejstalso the source of a substantial fraction of carbon entering
the pulping sector with carbon content of about 50%hle3.1 gives the elemental composition of
wood

Table3.1: Elemental analysis of wod@iermann, 1996

Dry weight composition

Element [%6]
Carbon 49-50.5
Oxygen 43.544.5

Hydrogen 5.86.1

Nitrogen 0.20.5

There are various metal ions in wood such as potassium and calcium; however, their fractions are

relatively small compared to carbon, oxygen, hydrogen, and nitrogen.

3.1.1 Types of wood

Trees can belivided into two general categories, namely: sofbde and hardwoods. Softwoods
belong to a group of plants called gymnosperms while hardwoods belong to a group called
angiosperms. Botanically, softwoods are classified as conifers because their seeds are not enclosed
within the ovaries of their flowers. lcontrast, the seeds of hardwoods are covered in the ovaries.
Anatomically, hardwoods are porous, as they have vessel structures made up of cells that permit the

transportation of water through the tree, however these Wédgsstructures are absent iofsvoods.

In general, softwoods have longer and thinner fibres which are good for high tensile strength pulps,

while hardwoods have shorter and thicker fibres for increased opacity.

Many species of treeare used for pulping in Souslirica; however Pinus patula (P. patulajs by
far the most commonly used softwood species whilealyptus grandis (E. grandigihd Acacia
mearnsii(A. mearnsii)arethe common hardwood species used. A description dhthespecies is

presentedhext.
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3.1.1.1 Pinus patula

P. pdulais the most important softwood species used both from an economical and industrial point
of view. It was introduced in Soufirica in 1907 by Sir David Hutchins. Since then, about G00

ha of land has been afforested with this spe(s#sPPI, 2012 P. patulais a fast growing, high
elevation species indigenous to Mexico but is however redaad an alien species in SoAfrica.

It averages 30 m at maturity and grows at a rate of 1 m/year until it reaches an age of 25 years
(Wright, 1993,

P. patulais suitable for pulping due to its high wood quality (e.g. resin content, moisture content,
extent of debarking etc.) which is particularly important as it affects various aspects gutp as
yield, liqguor consumption and the extent of pulp bleaching, all of which depend on the composition
of wood.

3.1.1.2 Eucalyptus grandis

E. grandisis the most dominant of all hardwood species planted irh@dtita. It is renowned for

its superior fibre angbulping properties especially fdraft and dissolving pulp. In contrast to

P. patula E. grandishas thick and coarse fibres which offer increased opacity, essential for
manufacturing high quality fine papers.

3.1.1.3 Acacia mearnsii

A. mearnsii commonly knowras Black wattle, is another prominent hardwood species vigich
mostly usedogether with other wood species the production of dissolving pulp Bouth Africa.
Although an alien and widespread species in South Africa, it is indigenous to Austradias St
conducted byradavet al. (2007 who investigated the pulping characteristic\ofmearnsifound

that the species haslow lignin content; and it is possible to achieve 88% pulp brightness after
bleaching unbleachddaft pulp from the species.

Table3.2 provides a summary of the differences between soft and hardwood species gsowthin
Africa.

Table3.2: Differences between hhand softwoods grown in Souftiri ca

Softwoods Hardwoods
Wood species Mainly P. patula Mainly E. grandisand
A. mearnsii
Fibre dimensions long and thin fibres Short and thick fibres
End products low opacity High opacity
Pulping characteristics High lignin content Low lignin content
High extractive cordnt Low extractive content
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3.1.2 Chemical constituents of wood

Wood has a relatively simple structure both physically and chemically. It is made up of three primary
substances: cellulose, hemicellulose and lignin. Of these three, cellultse msost abundant
comprising about 45% of the dry weight of wood. The hemicellulose content differs according to
wood species. For instance, hardwoods have more hemicellulose than softwoods, which is 35% and
25% for hard and softwoods respectively. Celd@l and hemicellulose together make up the
carbohydrate portion of wood which consists of the fibres required for paper making. Lignin on the
other hand, is a complex polyphenol responsible for binding the wood fibres together. Its content is
higher in sofwoods (25%) than hardwoods (21%). Wood also contains a small fraction of extractives
(2 to 4%) which are responsible for the production epliyducts such as turpentine and tall oil from

the pulping processigure3.1is a schematic showing the composition of wood.

Wood
| |
Lignin Extractives
SW 25% Carbohydrates 2-8%
HW 21%

[ |

Hemicellulose
SW 25%
HW 35%

Cellulose
45%

Figure 3.1: Composition of wood(Kerr, 2013)

3.1.3 Wood bark

Wood is delivered to pulp mills usually as logs, sometimes with bark. The amount of bark on wood
depends on the aglcation and the altitude where the trees are grown. Bark contentpattula

grown in SouthAfrica has been reported to be 11.8 wt. % on a dry If@sight, 1994.

A significant fraction of bark comprises lignin, extractives (mainly resin and fatty acids), phenolic
acids and holocellulose. Studies undertakerPbgtta (197Prevealed the composition of bark in
P. patulagrownin SouthAfrica to be 30.5% lignin, 21.2% phenolic acid, 20.8% extractives and

25% hobcellulose.
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3.1.4 Preparation of wood for pulping

Wood preparation begins with debarking then chipping and screening.

3.14.1 Debarking

Debarking is an operation where bark is removed from woatk B removed because it affects the
bleachability of pulp and aldmecause it contain extractives that neutralise cooking chemicals which
results in an increase in cooking time. Furthermore, there is very little or no useful fibre in bark. It
can be removed either by passing through a drum or hydraulic debarker whiabhigwe bark
removal efficiency as high as 98%. The debarker separates the bark waste from the clean wood,

which is thereafter transported to a wood waste fuel system for energy generation.

3.1.4.2 Chipping and Screening

After debarking, the wood is reduced toadler sizes to increase the surface area of contact with
pulping chemicals in the digester where lignin is liberated from the carbohydrates. If the sizes of
chips are noithomogeneous, this results in different proportions of overcooked and undercooked

chips. To overcome this problem, the chips are screened to remove oversized and undersized chips.

3.2Bagasse

Bagasse is the secondary source of fibre after wood. It is the fibrous mass that results from the
crushing and processing of sugarcane from which sugaasjinave been extracted. When suitable
pulping processes are employed, it is possible to produce bagasse pulps with similar properties to
Eucalyptuspulps. This can be linked to the morphological similarities between the two. Bagasse
fibres range from 1ot 1.5 mm in length and 20 micron in diameter, which is comparable with
Eucalyptusspecies with 0.7 to 1.3 mm in length and 20 to 30 micron diarfieteeyet al,, 2005.

3.2.1 Chemical composition ofbagasse

The composition of bagasse has been reported by various authoralfie3).

Table3.3: Composition of bagasse

Walford Alveset al. Rainey Hemmasiet al.
(2008 (2010 (2009 (2017
Cellulose (%) 37 41 a7 55.75
Hemicellulose (%) 28 24 27 20.5
Lignin (%) 21 24 23 3.25
Ash (%) unreported 2.1 1 1.85

Using the composition reported Byalford (200§, a firstestimateof thecarbon content in bagasse

can be determined
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Cellulose has the chemical formulag{zOs)s, with a carbon fraction of 44% regardless of the value

of 6nbd. Lignin is built up nrgéalcoholhsynamylalcalzol, and ¢ o mp o
coumaryl alcohollsmail, 2003 Walford, 2008. The structure of lignin in bagasse is loose and

flexible which implies that a less rigaus pulping process can be employed (i.e. low temperatures

and chemical charge) to achieve a desired kappa number and still maintain good pulpTeuidity.

3.4 shows the composition dfagassdignin and the cdyon content of each of the three main

components.

Table3.4: Composition of lignin

Composition of lignin Molecular formula Molar mass Carbon [%]
[g/mol]

Coniferyl alcohol Ci0H1205 180 66.7

Sinapyl alcohol C11H1404 210 62.9

Coumaryl alcohol CoH100; 150 72.0

Total 67.2

Taking an average of the three componemis,averall carbon contenf lignin is estimated to be
67.26 on a mass basis. It is assumed that there is no carbon in the ash. Xshg@sjContains

40% carborand itis the backbone of the bagasse hemicellulose polymer. The xylose is branched
with glucose (GH1206) and arabinose gE100s) each of which contains 40% carbon. Thus, the
carbon in bagasse hemicellulasd0%. Taking all these nubers intoaccount the carbon fraction

in bagasse is estimated to bé&d®&hich differs from the carbon in wood (i.e. 50%) by 8%.

3.2.2 Depithing of bagasse

Bagasse contains a nfibrous material low in cellulose called pith. Pith comprises about 30 to 35%
of the weight of bagas¢€oveyet al, 2005 and does not contribute to paper fibre but rather results
in a significant consumption of pulping chemicals and also results inex tinaining pulp. Thus, it

is necessary to remove pith prior to pulping. Accordingitdt et d. (2010, pith removal efficiency

of more than 75% can be achieved with residual pith content in the range of 5 to 7%.

3.2.3 Problems with using bagasse for making pulp

Using bagasse for pulp manufacture has the following related issues:

1. TheSouth Africangovernment is exploring the use of bagasse as a renewable energy source in
the production of ethanol. This has resulted in bagasse being phased out.

2. Bagasse contains a moderate proportion of silica (0.5%) which is twenty times more than
EucalyptugCoveyet al, 2005. This silica has the potential to cause tremendous wear of process

equipment especially at the paper machines. It also causes evaporator fouling and makes the
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blackliquor very viscous at high solids content. For these reasons, efforts are made to reduce the
silica content.

3. Bagasse is a seasonal crop, which means that it is available about six months in a year. Hence,
significant quantities need to be stored to emsiantinuous production of pulp. Furthermore,
because bagasse is susceptible to microbial invasion and degradation, storage has led to the
excessive use of pulping chemicals and a loss in pulp yield.

3.3Types of pulping processes

From a general point of viewpulping can be regarded as a process through which fibrous mass is
liberated from any fibrous material (e.g. wood and bagasse). The type of pulping processes used
within the South African pulp industry includes: Chemical, Mechanical and-8semical pulpng
processes. The sections to follow will discuss the different pulping processes prevailing particularly
in the South African pulp sector.

3.3.1 Chemical Pulping

Chemical pulping falls under the primary category of pulping. Its objective is to dissolve as much
lignin as possible while keeping carbohydrate degradation at a minimum. Lignin dissolution is
achieved through the addition of aqueous liquor which contains ions that render the lignin soluble
while leavening much of the cellulose intact. This is becaadielose is made up of insoluble

polysaccharides which have a predominantly crystalline structure. Among the prominent chemical

pulping processes are the soklaft, and sulphite processes.

3.31.1 Soda Pulping

Soda pulping is an alkaline pulping process tre#susodium hydroxide solution as the active
chemical ingredient for delignification, and it has been noted as the first successful industrial scale
chemical pulping technique. It is suitable for pulping-a@od plants such as bagasse, straw, grass

and barboo. Recent developments in the soda process make use of caustic soda combined with small
amounts of an additive called anthraquinamjally at about 0.05% on wod¢8ixtaet al, 2009.
Anthraquinone acts as a catalyst that improves the chemical reaction kinetics and decreases the extent
of carbohydrate degradation which results in an increase in pulp yield. Nonetheless, anthraquinone

is an expensive material that results in poor Wahbdity of alkalipulps(Hamzehet al, 2009.

3.3.1.2 Kraft Pulping

Kraft (or sulphate) pulping is an improvement on the soda process. The active pulping chemicals are
sodium hydroxide (140 to 170gfty) and sodium sulphide at a pH greater than 12 and temperature
range of 160°C to 180°C for about 0.5 to 3 ho(Bgermann, 1995 Under these conditits, most
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of the lignin within the wood is dissolve&raft pulping is characterised by strong pulps, high

tolerance to different species of wood and a high recovery of pulping chemicals.

3.3.1.3 Sulphite pulping

Sulphite pulping emerged not too long after the gwdaess was discovered. Its popularity grew for

over five decades after the discovery of soda pulping simply because the pulp produced was easier
to bleach compared taaft and soda pulps. There are different types of sulphite pulping processes,
but they differ according to the pH operation range and the choice of chemicals used for
delignification. Some of the common sulphite pulping processes will be discussed next.

Calcium bisulphite pulping

Limestone (CaCeg), which is relatively inexpensive, is thewranaterial used in the process. It is
reacted with sulphur dioxide to form calcium bisulphite (Ca (gJg@hich is the chief constituent

of the cooking liquor. At the cooking temperature, calcium bisulphite degenerates into calcium
sulphite and hydratedufphur dioxide as illustrated by Equati{®1).

#AN3/ O#ABI 3/ Q1 (3.1)

The process has two main demerits. Firstly, in order to keep calcium sulphite from precipitating onto
the fibre, an excessive amount of sulphur dioxide has to be addeldetogith a reduction in both

pH (< 2.3) and temperature (<T8). A lower temperature leads to increased residence time (8 to
10 hours) in the digester, hence the design capacity of digesters need to be irjftfaededald,

2004 to accommodate a higher feed input to produce more pulp in compensation fortihelag
Secondly, the incineration of calcium sulphite in the chemical recovery leads to calcium sulphate
whose thermochemical properties dictate that it decomposes to calcium oxide and sulphur dioxide
only at extreme temperatures (120Dtherefore recovery dghe liquor is not practicqlSixtaet al,

20089.

Magnesium bisulphite pulping

Using magnesium as opposed to calcium as a base presents some great benefits. Firstly of all, the
magnesim base allows delignification at slightly higher pH (5 to 6) making it essential for increased
pulp strength. Secondly, unlike calcium sulphite, magnesium sulphite (MgieGomposes at a

lower temperature and the magnesium sulphate formed reacts redtilgarbon to generate

magnesium oxle, sulphur dioxide and carbaioxide as shown by Equati¢8.2).
- @/ #9-C/ 3/ #1I (3.2

Magnesium oxide is conned with sulphur dioxide to form magnesium bisulphite (Mg (B)20n

the cooking liquor.
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3.3.2 Mechanical Pulping

Mechanical pulping uses grinding or refining to reduce wood to a fibrous mass. It is characterised by
a high specific energy consumption and hjgtids usually in the range 85% to 9%%ixta, 2008,

mostly due to increased retention of lignin and cellulose. The pulps produced are low in strength but
cheaper to produce compared to chemical pulps. Mécddgpulps are used for making newspapers
and printing papers all of which do not require a high tensile strength. Ground wood and
thermomechanical pulps are the two types of mechanical pulps produced within the industry.

3.3.2.1 Ground wood pulping

In ground wod pulping, fibres are separated from the wood matrix by pressing debarked logs against
a rotating grinding stone which is sprayed with water to reduce friction of the logs against the stone.
Pressurground wood and storground wood pulping are the two theds commonly used for

prodwcing ground wood pulps in Sou#tirica.

3.3.2.2 Thermo-mechanical pulping (TMP)

In the case of thermomechanical pulping, the logs are reduced to chips and therehéatqutavith
steam to soften the fibres before refining. Themtpeessure is about 3 to 5 bar at a temperature of
140 to 155C. The process is more suitable for softwoods due to the long fibre lengths which impart
high strength properties to the resultant pulps. In general, Thaeubanical pulps are stronger than

groundwood pulps but weaker than chemical pulps.

3.3.3 Semtichemical pulping

Two semichemical pulping processes, nameéleutral Sulphite SerChemical (NSSC) pulping
and Semi Alkaline Sulphite Anthraquinone (SASAQ) pulping will be discussed in the sections to

follow.

3.33.1 Neutral sulphite semichemical pulping

Sodium sulphite and sodium carbonate are the active pulping chemicals in this process. Neutral
Sulphite SemiChemical pulps are used for making unbleached products where stiffness and strength
are important. @ch products include bond paper, grepsmf paper and corrugating medium. The
yield is dependent on the type of wood species wgeaidh rangesrom 70 to 80%.The operating pH

is 7 to 9 with a sodium bag8cottet al, 2005.

3.3.3.2 Semi Alkaline sulphite Arttraquinone

Semi Alkaline Sulphite Anthraquinone is an advanced pulping method where semi alkaline sulphite
pulp is produced. The key strength of this process is that it results in high yields, usually 10 to 15%
greater than conventiondiraft yield (Macdonald, 2004 while at the same time results in

comparatively song puls which arealso easy to bleach.
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Table3.5 presents a summary of the pulping processes discussed.

Table3.5: Summary of pulping processes used in South Afibakebe, 200y

Classification Process Name Wood Used Yield range
[%0]
Chemical Kraft Hard and Soft 40-50
Sulphite Hard and Soft 4555
Soda Hardwood 4555
Mechanical Groundwood Softwood (mostly 90-95
Thermomechanical Softwood 90-96
Semichemical NSSC Hardwood 65-80
SASAQ Hardwood 50-65

3.4Chemistry of lignin

The chemistry of lignin varies depending on the chemical treatment employed. This section will

consider the lignin chemistry féraft and sulphite process respectively.

3.4.1 Kraft delignification reaction kinetics

Delignification can be divided into three phases, hamely: initial phase, bulk phase and residual phase.
In the initial phase, the reaction rate is first order with respect to lignin and zero ottileespiect

to hydroxide and hydrosulphide ions. Although the initial phase is shorter, the rate of pulping is much

faster.

The bulk phase is not as fast as the initial phase, however much of the lignin (90%) is dissolved in
this phasdGustavsson, 2007

The residual phase is marked by slow reaction kinetics, loss in pulp yield and a high consumption of

alkali per unit of lignin dissolved.

3.4.2 Sulphite delignification reactions

With sulphite pulping, delignification can be divideddnthree phases, namely: sulphonation,

hydrolysis and condensation.

Sulphonation occurs when excess sulphurous acid reacts with lignin to form lignosulphonic acid
which combines with the base element to form a soluble lignosulphonate salt. This reawtans r

the lignin hydrophilic.
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Hydrolysis leads to the disintegration of lignin into smaller fragments that easily dissolve in liquor.
Condensation reactions interfere with sulphonation reactions leading to high molecular weight
compounds which reduce thelubility of lignin. High residual lignin in the range of 15 to 20% (i.e.
100 to 133 kappa) can be achieved for NSSC pulp with yield in the range of 75 (@&%5ftann,

1996.

3.5Pulp bleaching

Bleaching is the addition of chemicals to improve pulp brightness by dissolving residual lignin.
Increased brightness implies a high visual quality and increased economic value of paper produced
from the pulp. Kappaumber is the main control variable for bleaching provided delignification is

the aim for bleaching. The kappa number for bleachable grades of pulp is 12 to 18 for hardwoods
and 20 to 35 for softwood8iermann, 1995 For brown pulps that are not going to be bleached, the
range is 40 to 100 due to high lignin content.

Table3.6 provides a list of the commonly usbléaching chemicals.

Table3.6: Chemicals used in bleaching

Chemicals Formula Symbol

Oxidising agents

Chlorine Cly C
Ozone O3

Hydrogen peroxide H20; P
Sodium peroxide NaO2

Chlorine dioxide ClO. D
Sodium hypochlorite NaOCl H
Reducing agents

Sodium dithionate NapS04 Y
Other chemicals

Sodium hydroxide NaOH E
Sulphur dioxide SO, S
Enzymes xylanases X
Chelants EDTA, DTPAD Q
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3.6 Pulp mills in South Africa

The following sections presethta different pulp mills in South Africa. A description of the processes

as well as the raw materials used for pulp production will be provided.

3.6.1 Mondi Richards Bay

Raw materials:
Mondi Richards Bay usds. grandisto produce bleached hardwokift pulpswhile P. patulais
used for unbleached pulps. TBacalyptusvood is debarked in the forest while pine is debarked on

site with a drum debarker.

Description:

The mill comprises of two main fibre lines. The first line pulps softwood via a batch digesker whi
the second line pulps hardwoods via a continuous digester. Black liquor from the two lines are mixed
and sent through the same recovery circuit. Bleaching of hardwood pulp is achieved with an OODE
oDED bleaching sequenca.blend of bleached and unbldea pulps are used fhraft liners; which

is a twaply product where the top layer is comprised of blea¢hezhlyptudibres while the bottom

layer is composed of unbleached pine fibres.

3.6.2 Mondi Merebank

Raw materials:
Mondi Merebank uses softwood pine sigs sourced from forest plantations certified by the Forest
Stewardship Council (FSC).

Description:
Mondi Merebank is an integrated pulp and paper mill. The pulp mill is a TMP pictt v the only
plant in SouthAfrica that produces TMP pulp. The miltoduces newsprint, and printing and writing

papers.

3.6.3 Sappi Saiccor

Raw materials:
Hardwoods from the generfaucalyptusand Acacia (especiallyA. mearnsii are preferred for
manufacturing dissolving pulp at Sappi Saiccor due to the high cellulose corftentvobd is

sourced from sustainably grown forests owned by Sappi and local small growers.

Description:

The pulp mill is comprised of three fibre lines. The first line is a calcium sulphite line whose spent

liquor is unrecoverable. Some of the liquor istger_ignotech for lignosulphonate recovery, while

the remainder is piped out to sea. The second and third lines use the magnesium bisulphite pulping
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process with a recovery boiler where magnesium oxide is recovered and subsequently converted to

magnesiunbisulphite which is recycled to the digester. The bleaching sequence is aDI@DE

3.6.4 Sappi Ngodwana

Raw materials:
Softwood species used incluBus patulaPinus elliottiiandPinus taedaThe hardwood species

used is mainl\Eucalyptus.

Description:

Sapp Ngodwanais one of two mills in South Africa after Mondi Merebank that produces
groundwood pulp from softwoods. The mill also uses the starkiaftl process with vertical
continuous digesters via twaaft fibre lines, one for hardwoods and the otherdoftwoods The

mill added 210 000 t/y of dissolving pulp to its pulp production in June 2013. The pulps are bleached
with the OZDED bleaching sequence.

3.6.5 Sappi Tugela

Raw materials:
The source of virgin fibre is soft and hardwoods acquired from Sappi dewestis in the KwaZulu
Natal province.

Description:

The pulp mill comprises thkraft pulping process which has a capacity to produce 200 000 t/y of
softwood pulp and 100 000 t/y hardwood NSSC pulp. The recovdmafifliquor is achieved in a
recovery Ipiler while a Copeland reactor is used to produce a sodium carbonate/sulphate mixture as
a byproduct from the NSSC recovery circuit, some of which is recycled as salt cakekiafthe
recovery boiler, and the balance sold off to the marKe¢. resultanpulp is used to manufacture

containers and fluting boards.

3.6.6 Sappi Stanger

Raw materials:

Bagasse is the primary source of fibre which is obtained from local sugarcane processing supplies.
Sappi Stanger is the only mill in Africa that uses bagasse to pratiated and uncoated wood free

papergBotha, 2003 The mill also produces tissue wadding.

Description:
The mill has the gaacity to produce 6000 t/y of pulp using continuous soda pulping. The spent

liquor is treated in a Copeland reactor to recover Sodium carbonate which is often sold off.
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3.6.7 Mpact Piet Retief

Raw materials:
Mpact Piet Retief receives softwoods and hardwaodhftimber plantations in the KwaZulatal

andMpumalanga provinces.

Description:

Mpact Piet Retieproduces NSSC pulp using vertical continuous digesters with yield in the range of
70 to 85%(Sauer, 201 The recovery of sodium carbonate/sulphate from the spent liquor is
achieved with aCopeland reactor. The pulp is used to manufacture linerboard and corrugating

medium.

3.6.8 Mpact Felixton

Raw materials:

Bagasse is the primary source of virgin fibre; however, the mill also makes use of recycled fibre.

Description:
Mpact Felixton manufacturegulp from the continuous soda process. Due to lack of recovery
equipment, the spent cooking liquor is piped out to sea.

In 2007, Mondi initiated Project Khulisa to expand the capacity of Felixton mill from 110 QUEbto
000 t/y (Mondi Felixton, 2009 Thepulp is used for corrugating packaging material for goods in

transit.

A summary of South African pulmills is presented iable3.7.
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Table3.7: Summary of millsprocesses, raw material, recovery and products manufactured

Mill Process Raw material Recovery Product
Mondi
Richards Bay Kraft E. grandis and Recovery furnace Linerboard
P. patula
Merebank TMP Softwoods None Printing writing
paper etc.
Mpact
Piet Retief NSSC Hardwoods and Copeland reactor  Linerboards and
softwoods corrugating mediums
Felixton Soda Bagasse None Corrugating and
packaging material
Sappi
Saiccor Acid and Mg Eucalyptusand Recovery furnace  Chemical ellulose
Sulphite Acacia
Ngodwana Kraft Softwoods and Recovery furnace  News print and
hardwoods linerboard
Tugela Kraft and Softwoods and Recovery furnace Container and fluting
NSSC hardwoods Copeland reactor  boards
Stanger Soda Bagasse Copeland reactor  Uncoated woodree

paper
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Chapter 4. Material flow analysis in the pulp sector

This section will address some of the material flow related issues in the pulp and paper
industry, the boundaries of the system to be investigated, the flow of lignin and carbon flow to
landfill. The section concludes by highlighting some of thdaterial Flow Analysis studieswith
respect to carbonthat have been undertaken particularlyin the forest products industrieson

other continents.

Although the methodological context of MFA is still at a depehental stage, some MFA studies

have been initiated particularly in the forest products sector (inclusive of pulp and paper sector)
mostly in the United StatgRuth and Harrington, 1997C6téet al, 2003, Europe(Sundinet al,

2001, Korhonenret al, 2003 and AsialHashimoto and Moriguchi, 200Kayoet al, 2013. In many
instances, the study is spurrég a public outcry that prompts the forest products sector to steer its
operations towards cleaner production. This can be achieved by first considering the pathways and
the flows of the materials or substances that posevdaroemental threat, in order to pave the way
forward towards developing measures to mitigate the threat.

4.1 Material flow related issues in the pulp sector

As discussed in Chapter 1, the pulp sector is faced with issues related not only to the disgesal of b
product waste streams, but also related to the consumption of primary resources to ensure that

environmental degradation is kept at a minimum.
Particular issues include:

1. The disposal of pulp mill rejects, organic liquids and solid effluents to landéifistrigger the
production of methane and carbdioxide upon decomposition. Methane is 25 times more
potent than carbaedioxide and very efficient in absorbing ultraviolet radiation which
consequently leads to the greenhouse effect.

2. The recovery of byroducts such as tall oils and crude turpentine has a given degree of energy
use that needs to be explored.

3. Wastewater from bleaching operations often contiggnén andan organic substance known as
hexenuronic acid particularly when hardwoods are pulpled.quantities of these substances in
bleach effluent drains depend on the bleaching efficiency and may have negative ecological

effects.
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4.2 System Analysis

The fibrous material in wood and bagasse is very rich in carbon and is the primary mater@aithat fl
within the pulp sector. Tracking the pathways and the carbon flow would therefore provide the
necessary information required to tackle these is3inesflow of carbon can be tracked quite simply

by considering the following five processes which aréhat heart of most pulp manufacturing
processes.

Pulp digestion or grinding
Cleaning and screening
Bleaching

Evaporation

= =4 a4 -4 -2

Black liguor incineration and recovery.

Figure4.1: is a simplified model showing the boumiég of the system of study.

e N Bark/Pith

Turpenting

Pulp rejects

Unbleached pulp

Wood with bark

. . Washing /
Debarking’ | ] Pulping/ screening and Bleached pulp

Depithing Grinders cleaning

Pulp
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Baggase

Weak black
liquor

Lignin

White
liquor

BL

Tall oil

evaporation

Strong black
liquor

BL

Carbon-dioxide

inceneration
and recovery

A ’ CaC0Os and NaxCOs

System Bowndry "Pulp sector”

Figure 4.1 Relevant processes and carbon flows through pulp sector

The boundaries of the system are limited to all pter#ted carbon sources and sinks as illustrated in
Figure4.1. In other words,tlie material flows ifrigure4.1 relate to carbon flows originating directly

from extracted fibre resources (i.e. wood and bagasse).

Next, the time dinension for material flows needs to be chosen. The approach adopted in this study

was to quantify all material flows within a calendar year with 2011 being chosen as the base year.

Choosing a time base of one year is also convenient as national regmuitp production are often
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published annually and also because a time base of one year is consistent across many MFA related
studies(van der Voet, 2002 In some MFA studies, data is reconstructed over several years from
which conclusions are drawn bdsen the trends observed. However, this approach will not be
adopted in this study mainly due to the dynamic nature of the South African pulp and paper industry
which is characterized by continuous technological advancement, construction of new plémés and
expansion and sometimes closure of old plants, all of which makes it difficult to obtain reliable and

relevant data.

4.3 Material flow of wood species and lignin

Using either softwoods or hardwoods for pulping may have different effects on material flow
because their composition is not the same. For instance, softwoods in general have more lignin but
less carbohydrate than hardwoods. Supposing equal quantities of softwoods and hardwoods are
pulped chemically and separately, and that the same amowaihohydrates are degraded in both
cases. If both woods are pulped to the same kappa number, then the pulp yield for the hardwood
process would be higher. This is often the case since high yields are achieved with hardwoods.
However, more lignin would bexeacted from the softwoods than hardwoods into the recovery

process, which has obvious environmental implications after incineration.

Alternatively, if the pulp yield after digestion is kept constant for both situations, then to achieve the
same kappa nuper in each case after bleaching, much more lignin needs to be extracted from the
softwood process, thus putting pressure on the bleaching stages through increased consumption of
bleaching cemicals. At some mills in Soufrica such as Mondi Richards Bawill for instance,

pulps produced from softwoods are not bleached.

4.4 Carbon flow to Landfills

Solid effluents sent to landfill include: green liquor dregs, lime slaker grits and even pulp mill rejects.
Also, suspended solids from wastewater treatment piaatsften sent to landfill and are regarded

as contributing to greenhouse gas emissions upon decomposition.

The organic materials placed in landfills are susceptible to attack by both aerobic and anaerobic
bacteria. Initially, aerobic bacteria degrade trganic material in the presence of oxygen until the
oxygen has been exhausted. At this point, anaerobic bacteria become activated and proceed to
degrade the remaining material into short chain organic molecules which methanogenic bacteria feed

on. Methanogenic bacteria are responsible for producing methane found in the biogas from landfills.
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4.5M aterial flow analysisstudies in forest products industry

Numerous studies of material flow analyses in the forests products sector have been conducted all
over the world (North America, Europe and Asia) in recent years. Some of the findings of these
studies are presented next.

4.5.1 North America

Coétéet al. (2002 developed a carbon accounting (assessment) method to establish the sequestration
of forest carbon at an integrated pulp and paper mill in the United States of America. The study took
into consideration the harvesting of wood, manufacturing arfindiedisposal of both solid effluents

and paper based products. The approach adopted digbéstations closely aligned with the work

of Coté et al (2002 particularly in the assessment of carbon in the pulp sector. The contrast is that
this thesis does not consider carbon derived from the combustion of fossil fuelMiaténal Flow

Analysis

They showed that carbon sequestration sdii@.the ratio of carbon sequesteredcawbon emitted)
greater than 1 can be achieved for the forests products industry even with the most conservative
assumptions; and this clearly revealed that the industry is environmentally sustainable with respect

to carbon.

Calculation results of a carbon balance ovérait mill performed byManning and Tran (2030
reveals thaabout 48% of the carbon in wood ends up in the pulp produced, while 52% reports to the
black liquor stream which is subsequently burned for engsegfigure4.2).
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Figure 4.2: Calculation results of a carbon balance in t/d of C for a 1000 t/#raft pulp mill (Manning
and Tran, 2010
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For thiskraft mill, softwood was pulped to 48% pulp yielith¢ kappa numbewas notstated in the

text). Although not explicitly stated in the text, it is likely that the carbon flow rate of 104@rt/d

wood refers to debarked wooalhich means that the carbon in bark was not accounted for. If the
carbon in bark was taken into account, this would cause both the carbon that reported to the pulp
(52%) and black liquor (42%) to decrease because the bantai softwood is signifiant (.i.e.

about 11%. se Sectior8.1.3.

4.5.2 Europe
Korhonenret al.(2001) analysed the material and energy flows through the forest indumsthyding

pulp and paper sectoof Finland for the year 199Theyasserthat hegoals of industrial ecology
pertaining to carbon atimked to the goals associatatith energy flows. What this means is that the
consumption of geological or fossil fuels must be reduced either through the use of solar or other
renavable energy sourseand irtern,the natural ecosystem and oceans must be able to absorb the
carbon released into the atmosphere as a result of burning fuétsriestic anéhdustrialpurposes.

Figure4.3 shows the carbon flows the Finnish pulp and paper industry which has been extracted

from the work ofKorhonenet al (2001)).

From domestic and
imported stem woods

7.4
From wood v
productsindustry . > Pulp and paper
2.3 industry
Pulp
To energy
production -t}
4.7
v
Paper and
paperboard
To landfill and < |
waste water

A 4 v

To pulp, paper and
paperboard products
5

Figure 4.3: Carbon flows in the Finnish pulp and paper industry in millions oftonnes ofC for the year
1997(Korhonen et al, 200])
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A closer look at the Finnish pulp and papstustry shows that there is nearly a 50% split in the
carbon that reports to the pulp and the carbon burned for energy. It is important to note that this split
greatly depends on the pulp yield; this means that the flow of carbon to pulp increasesreatsirig

pulp yield. Additionally, the carbon that reported to landfill and wastewaterakasit 1% of the

total carbon from wood.

45.3 Asia

Hashimoto and Moriguchi (2004ave compiled a data book of material and carbon flows in the
forest industry of Japan using datarh the year 1960 to 2000.atbon stocks and flows were
estimated from the literature and the changes monitoredyaar to year basiKayo et al (2013

also conducted a carbon balance assessment for harvested wood productspfapgnifarniture,
buildings and energy. They developed a dynamic model to predict carbon emissions in three regions
in Japan using data from the workkdéshimoto and Moriguchi (2004nd projected them till the

year 2050.They found that the carbon stock in wood products of which paper and paperboard
products are included decreased from RBG in 2004 to 254MtC in 2050.

Chaet al. (2010) used both LCA and MFt assess the potential of using domestic wood as a
resource for increasing the carbon stock and decreasing greenhouse gases in South Korea. Nearly
two thirds of South Korea is covered by forest (i.e. 6.4 million ha estdiNonethelessthe country

is a net importer of wood because the forests have not matured, and also because it is not
economically viable to produce woatbmestically. Of the total wood harvested, a third of it is
abandoned in the forest and becompstantial greenhouse emitter, while 60% of the wood collected

is used for producing pulp and fibreboartie study looked at the effect of using wood as a material

to substitute concrete for building a house and it was found that the wooden house sBoi€@»38

and resulted in a reduction of 54.3 t&0ONhile the LCA was used to evaluate the global warming
potentialof thewooden house and a concrete house, the MFA was used as a means to quantify the
consumption of wood resources in addition to the casgbock in the forest sectar the year 2009

which was found to be increasing.

In the context of the preceding study, it is clear that one of the major contrasts between MFA and
LCA is in the evaluation of greenhouse gas emissions (i.e, C& and NO) of a product (i.e.
wooden or concrete house) over the-tifele stages of the produ&urthermore, a combination of

MFA and LCA can ba powerful way of assessing the sustainability of producing one product over

andher in as far as the consumption rateesources and the effect on global warming is concerned.
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Chapter 5. Methodology

This section is concerned with the data gathering and the mass balancing method of approach
used to achieve the objectives of this study. For each type of pulping process, the metbhbd

data collection and carbon mass balancing principles will be presented

Kraft, soda, sulphite, semshemical and mechanical pulping processes will be considered in this

section.

5.1 Kraft pulping

The following mills producéraft pulp:

1 Mondi Richards Bay
1 Sappi Ngodwana
1 Sappi Tugela

5.1.1 Process description of a typicakraft mill

Debarking and chipping

Very often, wood is debarked either at the forest or at the mill prior to chipping. This is usually
achieved with a drum debarker with a debarking efficienclyigis as 98%. The bark collected is

often burnt to generate energy, but can sometimes be used for composting. After debarking, the wood
is chipped to a uniform size before feeding to the digester or refiner. Chip screening ensures that
oversized chips ar@cycled while undersized chips are sent to rejects, then later burnt for energy or

used for composting in some cases.

Cooking in the digester

The digester is the main chemical reactor &redt mill where lignin is liberated from wood. Before
initiating the cook, the chips are usually fmteamed for approximately 30 minutes until the
temperature of the chips reach 0Presteaming is required to remove the trapped air within the
pores of the chips; this promotes uniform liquor penetration througtotiee during impregnation.

The chemical charge is achieved by pumping white liquor (140 to 170 mg/LyY@tt8QL00C
through the bottom of the digester such that the ratio of dry chips to total liquor is 4:1 on a mass
basis. Usually, a combination of regeated white liquoand spent black liquor after the cook is
used during chip impregnation since black liquor is understood to accelerate the rate of

delignification(Gustavsson, 2007

Lignin is extracted from the chips by dag in liquor at 168C to 170C with the temperature being
maintained either by direct steam or indirectly via a steam liquor heat exchanger. Volatile organic

compounds (VOCSs) are produced during the cook and are constantly purged to prevent pregsure buil
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up within the digester. The VOCs are thereafter condensed to recover chemicals such as turpentine
(CsHe)n. During the cook, it is desired to remove as much lignin as possible while keeping
carbohydrate degradation at a minimum, thus, the cook is hditea avgiven kappa number usually

bet ween 15 to 20 for hardwood pulp is reached.
temperature, allows the prediction of kappa humber and hence the completion of the cook.

The product from the digesteralso @ | | ed 0 b r-aswaooledstd betow A0C before
discharging into a blow tank whicderves two purposes. Firstly, it separates steam and gases from
the pulp. Secondly, it dilutes the pulp to a low consistency, enabling it to be pumped to the next unit
Diluting the pulp also reduces the rigidity in the fibre network and eliminates pulp flocs.

Washing, screenincgnd cleaning

From the blow tank, the pulp is sent for washing and screening. During the washing phase, residual
liquor from the digester, whiiccontains both lignin and inorganic pulping chemicals, is recovered

by adding minimal amounts of dilution water to the pulp to clean it effectively. It is essential to keep
dilution water to a minimum to decrease the load on the evaporators downstreaemirgg@and
cleaningremoves impurities within the pulp such bark,shives, debris, dirt and plastics so that the
resulting pulp is of good quality for paper productibtydrocyclones are used to effect cleaning
through the use of centripetal forceghe gravitational field of the hydrocyclon&.combination of
centrifugal action and the gravitational field causes the solid impurities (which have higher density
than fibres) to lose momentum on the inside wall of the hydrocydBreemann, 1996 Solid
impurities report to the underflow because they settle much faster than fibres while cleaned fibres

report to the overflow.

Evaporation and black liquor burning

The recovered spent |liquor, referred to as Owe:
It is concentrated in multiple effect evaporators to about 65% solids or more to increase the calorific
value of the | iquackd nloiwquer maefdt érstewamorhdti on.
by spraying droplets into a recovery furnace that serves two functions. The first is to combust all the
organic substances in the black liquor to carbimxide and water and to convert the sodauiphate

added to the furnace to sodium sulphide.@aSome of the sodium reacts in the presence of oxygen

and carbordioxide to form sodium carbonate (K0s). It must be noted that the sodium and sulphur

in black liquor presents another source of sodsulphide. Sodium carbonate and sodium sulphide

arethe primary components of the inorganic smelt at the bottom of the furnace. The smelt stream is
dissolved in weak white liquor and then clarified and filtered to remove impurities that would

otherwisedf ect t he subsequent processes to foll ow;
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Recausticizing
Green liquor is contacted with calcium oxide which has been slaked to calcium hydroxide. Calcium

hydroxide reacts with sodium carbonate to form sodium hydeoamtl a precipitate of calcium
carbonate, this reaction is the rastcizing reaction. The result isnaixture of sodium hydroxide

and sodium sul phi de thanis punped td theedigdster dowdelignifieation.i g u o r
Calcium carbonate is féred and sent to the lime kiln where it is burnt (usually with natural gas) to

calcium oxide to be used in the recausticizer after slaking.

Figure5.1 below is a block flow diagram representing the flow of matehrough a typicakraft
mill. The area demarcated by the red line represents the spent liquor recovery line.
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Figure 5.1: Block flow diagram of a conventionalkraft pulp mill

5.1.2 Data collection

This section deals with the data collected from each mill in order to perform the required material

balances. A list of some of the essential data collected is as follows:

Mass of wood transported to pulp mills for pulp production and theisture content

Mass of bark removed or the debarking efficiency if the wood was debarked at the mill
Screening efficiency for chips

Mass of turpentine produced and otherscondensable gasses

Mass of pulp mill rejects

I T oA o

Mass of pulp produced, either bbded or unbleached pulp
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7. Pulp yield before bleaching and after bleaching
Kappa number between different stages of bleaching
Mass of black liqguosolids, solidsontent and elemental composition
10. Mass ofsalt cakemakeup to recovery boiler anthe compositia
11. Smelt reduction efficiency of recovery boiler
12. Causticizing efficiency

13. Mass of lime slaker grits and green liquor dregs

5.1.3 Mass balancing

A mass balance was performed at each of the major process units, namely: debarking and chipping,
digesters, washers, ey@ators, recovery furnaces, causticizing plants and lime kilns as illustrated in
Figure5.1. Based on the information from the literature, the carbon content in addition to a carbon
mass balance waerformedlt will be shown how the balances were completed for each unit.

5.1.3.1 Debarking and chipping

Wood bark comprises about 11.8% of the dry weight of wi@didght, 1994. Bark contains about
50% carbor{Gavrilescu, 2008just about the same as for wood. Because the green weight of wood
is usually provided by the mills, the moisture content has to be subtracted to corvbdnetry
tonnes; this is given by Equati¢ail).

$77 " Tp - # (5.2

Where: DWW = dry weight of wood
GW = Green weight

MC = Moisture content
The dry weight of wood after debarking prior to chipping can be expressed by EqG&jon
$7 $77p $% (5.2)

Where: DW = debarked wood
DE = debarking efficiency

The mass of barkemoveds obviously Ow w OO,

In practice, not all the wood thigtchipped falls within the same size class. Undersized chips (fines)
are often discarded or burnt and usually fall in the range of 50 to 100 kg per tonne of oven dry pulp
(Gavrilescu, 2008 The mass of fine chips will decrease the total mass of chips sent for pulping,
hence it is subtracted from the mass of debarked wood. At this point, the carbon content of all
quantities calculateid assumed to be 50 % carbon by mMassaus@o chemieal reactions haveaken

place yet.
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5.1.3.2 Digesters

Carbon flow to the digester originates primarily from chipped wood. There is also carbon in white
liquor in the form of sodium carbonate and potassium carbonate from the liquor recovery loop,
however, the lattechemicals constitute a small fractiG@ssumed to be zeroj white liquorwhich

is composed essentially of sodium sulphide and sodium hydroxide.

Carbon exits the digester in the brown stock; with spent liquor, agsoratensable gases and as
turpentine Turpentine is produced from the volatile fraction of wood extractives, and although the
quantities produced are extremely small, it is nevertheless reported to be in the order of 5 t010 kg per
tonne of pulp produceSixtaet al, 200§. Turpentine comprises mainly of monoterpenesH)

which contain 88% carbon by mass. The difference between carbon in wood and the turpentine
produced is equivalent to carbon in the pulp and spprdr [Equation(5.3)].

#EPDOADAENT DDA OUI | MEDOODAT OET A (5.3

5.1.3.3 Washing and screening

Pulp iswashed, screenethd cleaned prior tetorage. ldwever, there are pulp mill rejects generated

from both coarse and fine screening as well as final stage cleaners, which are often discarded to
landfill. Uncooked chips, bark particles and knots from wood form the bulk of pulp mill rejects which
are in the ordr of 25 to70 kg per tonne of pulp or 2 to 6% of unscreened@algrilescu, 2008 In

most instances, uncooked chips are continuously recycled back to the digester to further extract the

fibres in them.

Before performing a carbon balance over the washer, a balance based on solids alone is required to
determine the mass of black liquor solids (BLS), provided this value is not given by the mill. This is

possible since the mass of pulp prodd forms part ahe essential datzeeded Equation(5.4)].

x@ E,01 1 EA® &1 | EWIOI Ax & EOQT Al ARDEMA (5.4)
While the mass of black ligur solids is often provided by the mills, the exact elemental composition
is rarely known and it varies depending on the pulp yield, wood species and the alkali charge
(Fakhrai, 2002 Fortunately, there are numerous publiaaiavhere the composition of black liquor
solids has been reportédardoscet al, 2009 Gavrilescu, 2008Saturnino, 2012Goncgalveset al,

2004 Krotscheck and Sixta, 20p6Black liquor composions from kraft mills in Brazil and

Scandinavia are presentedliable5.1.
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Tableb.1: Black liquor characterisatiofGoncalveset al, 2009

Elemental Composition [%)]

Wood type: Hardwood

Mill location ~ Kappa no. C H N Na K S Cl
Brazil/Plant A 17 33.9 3.6 0.01 22.6 1.8 3.7 4.5
Brazil Plant B 17 35.4 3.7 0 20.9 11 3 4.3
Brazil Plant C 17 29.5 3.6 0 18.6 1.2 4.4 2.6
Brazil Plant D 17 34.8 3.4 0.04 184 1 3.6 3.2
Wood type: Softwood
Mill location  Kappa no. C H N Na K S Cl
Scandinavia 27 35.8 3.6 0.06 19.6 1.8 4.6 0.5
Scandinavia 26 34.6 3.3 0.07 19.8 14 5.2 0.5
Scandinavia 25 34.6 3.4 0.07 17.2 3.2 5.4 0.3
Scandinavia 24 33.9 3.3 0.07 19.6 3.2 5.7 0.3

Based on the data shownTiable5.1 it is possible taanalyse anghow that there is no statistical
difference in themeancarbon corgnt of hardwood and softwood black liqudi®m Brazil and
Scandinavia respectivel\fl.he parametershown inTable 5.1 have been calculated at the 95%

confidence level.

Tableb.2: Statistical parameters for analysiihg difference in carbon content

Hardwood BL Softwood BL
Mean [%] 33.4 34.725
Variance 7.14 0.6225
F Statistic 11.5
F Critical onetail 9.28
t Statistic 0.951
t Critical onetail 2.13
t Critical two-tall 2.78

Before a comparison between the two means (using a t test) can proceed, it must be determined
there is statistical difference between the variance (using the F test). The calculated F statistic (11.5)
is greaterthanF critical (9.28) which suggests that there is a significant difference between the two
variancesIn other words; the null hypothesis that there is no statistical difference in the variance
must be rejected. Therefore, -#est with unequal véance must be appliedkrom the {test, the
calculated t statistic (0.951) is less thanitical for both the ondail (2.13)and twetail (2.78). This

means that the null hypothesis which states that there is no significant difference between the two

means cannot be rejected and thus, it is concluded that there no statistical difference between the
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mean carbon content of hardwood and softwood black liquors from Brazil and Scandinavia

respectively

5.1.34 Evaporators

Tall oil soaps may be produced at the evapmsonly when softwood is pulpedhey come from

the nonvolatile components of wood extractives usually in the order of 30 to 50 kg per tonne of pulp
(Sixtaet al, 200§. Very often the soaps are sent for vacuum distillation for further purification
where the main fractions collected are resin acids and fatty acids, with a mass split ranging from 33.3
to 66.6% or 66.6 to 33.3% respectively depending on the geological locationtivbdrees were

grown (Parda, 2007. However, since thBinusspecies of wood grown in SouthAfrica are known

to be noaresinougWright, 1994, it was decided to use 33.3% as the fraction of resasagithe

tall oil. This value was then used to estimate the carbon in talalle 5.3 shows the different
fractions @ resin and fatty acids in tadiil.

Table5.3: The fractions of resin acsdand fatty acids in tadil

Molar
Name Molecular Formula Mass fraction Carbon fraction weight
Resin Acid
1. Abeitic Acid C20H300z 85-90% 79.5% 302
2. Pimaric Acid Ca0H300- 10-15% 79.5% 302
Fatty Acids
1. Palmitic Acid Ci16H320z2 15% 75% 256
2. Oleic Acid Ci1eH340- 48% 76.6% 282
3. Linoleic Acid Ci18H3:05 37% 77.1% 280

When the numbers shownTiable5.3 are taken into perspectitegether with the 33.33% to 66.6%
split, the fraction ottarbon in tall oil is about 78% on average.

5.1.3.5 Recovery furnaces

As discussed previously, the primary function of the recovery boiler is to economize the flow of
cooking liquor by regenerating the inorganic constituents (such as sodium sulphide)s hter
recycled to the digestelts secondary functiois to produce steam and electrical power to be used

in the mill, while excess electricity generated is sold to the national grid. The feed to the recovery
boiler comprises black liquor, salt cake (sodi&utphate) and air, while the main outputs are the flue

gases and smelt streams.

There are other inputs and outputs into and out of the recovery boiler, however the aforementioned

inputs and outputs have been consideredHerpurposes of tracking the ptebased carbon flow
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and hence to perform a carbon balance over the recovery furnace. It is worth mentioning at this stage
that the material balance is complicated by the multiple input and output streams into the furnace, as
well as the various chemicaactions that occur.

Black liquor is composed of organic and inorganic fractions. The organic portion is presumed to
follow the general equation for the complete combustion of organic compounds [Eq&&jpn

IOCAT EAGR® / o#  (/ (5.5)

Reactions involving the inorganics lead to the formation of inorganic substances which report to the
smelt stream at the bottom of the furnace. These reactions can be represé&medtion(5.6).

YT 1 OGCAICOMRGBRT / ©. A3 . A3 . A#1 Al + #l (5.6)
Carbon exits the recovery boiler substantiatiytie form of carbowlioxide through the stack gas;
however minimal amounts of carbomonoxide are also formed as a result of incomplete combustion

of carbon. The secondutput isthe recovery boiler smelt stream whicbmprises sodiunand

potassium carbaites as well as unburned carbon.

In order to perform an accurate material balance over the recovery boiler, the standard method for
conducting recovery boiler performance calculations as introducdayyyi (199% was followed.

The standard method is a detailed and pigpructured algorithm that takes into account black
liquor solids flow rate and solids content in addition to other boiler operating parameters as the inputs,
and then generates the mass of effluent gases and smelt as outputs. This algorithm waatéttorpor
into an Excel spread sheet together with all the other balances to calculate the different outflows from

the recovery boiler.

Some authors have made modifications and simplifications to the recovery boiler balance. Typical
examples include the work &aturnino (201Pwho developed a model on chemibalances in a

kraft mill, as well as the simplified approach presented in the wokkattcheck and Sixta (20D6

who introduced asimplified method for conducting a material balance over a recovery boiler,

however, their method does not account for unburned carbon in the smelt.

5.1.3.6 Causticizing plants

Unburned carbon is usually removed with the green liquor dregs. Dregs are produt®@ &y per
tonne of unbleached pulp with a carbon content in the range 3 to 5(8arf¢hez and Tran, 2005
The causticizing plant receives fezd from the slaker where calcium oxide is hydrolysed to calcium

hydroxide (slaked lime) in an exothermic reaction as shown by Equatif)n
600060 660 YO o uQbQa ¢ o (5.7)
-1 1TAD@GY Cp YT X T C
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Slaked lime reacts with sodium carbonate to regenerate sodium hyelnokich is recycled to the

digester. This reaction is reversible but is limited by equilibrium [Equ&bi&)i.
#A (. A# zc¢. Al @AN# Y xmEMITI (5.8)

- T 1ADGOr Cp m@Qp 1t Cp Tigt
Equilibrium causticizing efficiency (CE) ranges from 85 to 90%, however, the average achievable
CE is 3 to 10% less than the equilibrium efficier(8yxta et al, 2009. The efficiency can be
increased by adding more lime or by increasing the retention time tatisticizerhowever the
addition of excessive lime leads to poor washing of sodium hydroxide framhinal.

The amount of sodium hydroxide or calcium carbonate produced from the causticizing reaction is
calculated by determining the stoichiometric amount of calcium hydroxide required while taking into
account the causticizing effeaicy (about 83%) as quation(5.9)

: e e - #AN# (5.9)
# AN# El Of A BAw # % ——
Because the causticizing reactioh A ( . A# =z ¢ . Al # AN# never reaches

completion due to equilibrium limitations, some sodium carbonate is left unreacted. The unreacted

amount is foundccording to Equatio(b.10):
51 OAAAMHA A . A#l P #% (5.10)

Unreacted sodium carbonate endscingulating within the pulping and recovery cycle together with
other inorganic compounds such as potassium carbonate/(), sodium thiosulphate. A3 /

andsodium chloride (NacCl) all of which are characterised as dead load chemicals. About 20% of the
recovered inorganic chemicals end up as dead(eexte and Tran, 20phile the remaining 80%

is assumedat be purged in the lime slaker grits in order to avoid an infinite tugldf dead load
chemicals, which would otherwise have an adverse effect on the functioning of process equipment

and also result in a rise in white liquor consumption.

5.1.3.7 Lime kilns

The am for conducting a carbon balance over the lime kiln is to determine the amount of carbon in
the calcium carbonate formed that is released as calibgide into the atmosphere. Calcium
carbonate is separated from sodium hydroxide and thereafter combugitedlime kiln at high
temperatures (above 8%I). At this temperature, carbahoxide and calcium oxide are formed in

an endothermic calcination reaction as in Equathohl).

#AN#O#AIH Y pxBFEDITI (5.1
ST 1IADGOTPQ ¢ Ct 1 C
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It is assumed that all carbon in the calcium carbonate is released asdiastide after burning. The

amount formed is callated as in Equatiaf®.12).
o &L OT My /1 OF AR (5.12)

5.1.3.8 Bleach plant

The feed to the bleach plant is washed pulp. tMdghe carbon in the pulp is locked up in the
cellulose, hemicellulose, residual lignin and hexenuronic acid which are often produced in large
amounts irEucalyptuskraft pulps. Bleaching results in loss of fibre and hence a reduction in yield.
The weigh loss over a bleachplant is about 4 to 8%ll of which was assumed to be lignin for

simplicity in the work ofCétéet al. (2002.

Knowing theyield for bleached and unbleached pulps, the percentage losses over the bleached plant
can be estimated by the Equati@il3) whose formulation is shown in Appendix 6

i 66, SAEAIAMMABBAE . (5.13
P 9REDTAAT ARAEAA ™

Table5.4 provides a summary of the process parameters discussed in this, sectierof which

were used irrompletingthe mass balance.

Table5.4: Summary of the process parameters

Values Reference
Wood moisture content 47% (FAO, 2013)
Bark content of wood 11.8% (Wright, 1994
Debarking efficiency 98% (Kerr, 2013
Turpentine production 5-10 kg/t pulp (Sixtaet al,, 2009
Chips to rejects 50-100 kg/t pulp (Gavrilescu, 2008
Tall oil production 30-50 kg/t pulp (Sixtaet al., 2009
Salt cake makeup 3% of BL solids (Saturnino, 201p
Carbon: green liquor dregs 3-5% (Sanchez and Tran, 200!
Causticizing efficiency 83% (Grace and Tran, 2099
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5.2 Sulphite pulping
In 2011, the Sappi Saiccor pulp mill was the onlif miSouthAfrica that produced dissolving pulp
using calcium anchagnesium bases in the form of calcium and magnesium sulphite respectively. Of

recent (2013), Sappi Ngodwahasintroduced dissolving pulp into their process.

5.2.1 Process description of a typical sulphite pulping process

Sulphite pulping is intolerant to spes with high levels of extractives (e.g. pine) because they
interfere with the sulphite chemical reactions in the digester. The spent liquor is referred to as red or
brown liquor from which cooking chemicals may be recovered depending on the choice @Ebas
magnesium or calcium) used. As previously highlighted in Se&i8ri.3 the calcium bisulphite
process does not permit recovery of pulping chemicals. This has resulted in the spent liquor being
used fo lignosulphonate production as well as some being discharged to sea. Nonetheless, using
magnesium as a base presents the opportunity to recover magnesium oxide for recycling into fresh

liquor.

5.2.2 Data collection

A list of some of the essential data requiieds follows:

Mass of wood transported to pulp mills for pulp production and their moisture content
Mass of bark removed or the debarking efficiency if the wood was debarked at the mill
Screening efficiency for chips

Mass of pulp mill rejects

Mass of béached pulp produced

Pulp yield before bleaching and after bleaching

K number of pulp before and after bleaching

© N o gk~ wdh e

Mass of spent liquor, solids content and elemental composition

5.2.3 Mass balancing

A detailedmass balanceith assumptions is presentedAppendk 3.

5.3Soda pulping

The following mills make use of the soda process:
1 Sappi Stanger
1 Mpact Felixton
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5.3.1 Process description of a typical soda pulping process

Sodium hydroxide is the chief pulping chemical for the soda prothesmajor problem with soda
pulping is the treatment of spent liqudihe Felixton milldischarges the spent liquor to sea, while
the Stanger millincinerates the liquor in a Copeland fluidised bed reactor that is operated at

temperatures as high as Y00Bagasse is the main source ofdilnsed in the process.

5.3.2 Data collection

A list of some of the essential data required is as follows:

Mass of bagasse transported to pulp mills and the amount of pulp produced from it
Moisture content of bagasse
The pith fraction of bagasse and the pitmogal efficiency

The kappa number of the pulp before and after bleaching

o > w0 nBE

Mass of salt cake produced ttie liquor was burned in theoBeland)

5.3.3 Mass balancing

A sample calculation for the mass balance has been presented in Appendix 5.

5.4 SemiChemical Pulping

The following pulp mills produce NSSC pulp:
I Sappi Tugela
1 Mpact Piet Retief

5.4.1 Process description of semthemical pulping process

The various pulping processes differ with respect to the chemical treatment required to degrade
lignin. For instance, in NSSC jming, sodium sulphite is introduced to degrade lignin while sodium
carbonate is added as a buffer to control pH by neutralising organic acids produced from wood
(Antonides, 200 In the case of SASAQ, in addition to o sulphite and sodium carbdaa
anthraquinone is also added as a catalyst which greatly increases the rate of delignification due to
high selectivity for lignin, leading to high yields (10%eraft) at a given kappa number.

As with the soda process, the spent liquor is either diedat@l sea or incinerated in a Copeland
reactor wherethe organic constituents are oxidised to carbimxide while the inorganic
components are converted to a mixture of sodium sulphateS@)aand sodium carbonate
(N&CGOs), which is sold off as a bgroduct. The effluent gases leaving the Copeland reactor are
passed through a scrubber¢move particulate mattéw acceptable levels before releasing into the

atmosphere.
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5.4.2 Data collection

Mass of wood and the moisture content

Mass of bark removed or thelking efficiency if the wood was debarked at the mill
Screening efficiency for chips

Mass of turpentine if softwood was pulped

Mass of pulp mill rejects

Mass of pulp produced

Kappanumber of pulp

Mass of spent liquor, solids content and elemental comnpos

© © N o g s~ NPRE

If the liquor was incinerated in a recovery boiler, ritdata required for recovery boiler
calculationsapply
10. Mass of salt cake

5.4.3 Mass balancing
Similar to kraft pulping, refer to Sectiof.1.3

5.5Mechanical pulping

The following pulp millsproduce mechanicalulp:
1 Sappi Ngodwana (Groundwood pulping)

1 Mondi Merebank (Thermomechanical pulping)

5.5.1 Process description of mechanical pulping process

In stone ground wood for instance, logs are pressed against agygtatiter which softens and strips

the fibres from wood. The resultant pulp is screened to remove fibres that have not been adequately
separated, while screened pulp is cleaned and sometimes sent for bleaching. Mechanical pulping has
little direct contribtion to environmental degradation since much of the organic components are
locked up in the pulp produced. However, the greatest drawback of the process is the significant

amount of energgabout 1300 kWh/tame) requirecto rotate the grinders.

In thermomehanical pulping, wood is chipped andsteamed to soften the lignin before being sent
through a two stage refining process. In the first refining step, the chips are sandwiched between two
disk refiners at high temperatures (110 to°C30and high presse to promote the generation of
longer fibres (essential for the production of strong paper) and to minimize at the paper
machines. In theecond refining stefphe refiners are operated at ambient temperature and pressure
to prepare the fibres fahe paper machine$he main operating variable for the primary refiner is

the consistency which must be maintained between 20 to @&mann, 1995 Lower

consistencies can damage the fibres while higher consistencies lead to plugging of the refiner. While
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thermomechanical pulping is the most importah@ll mechanical pulping processes due to the
greater strength of the resultant pulp, the procesa blightly higher energy demand in the range of
1900 to 2900 kwWh/tame (Biermann, 1995compared to the stone groundwood pulping process.

5.5.2 Data collectin

1. Mass of wood and the moisture content
Mass of bark removed or the debarking efficiency if the wood was debarked at the mill
Screening efficiency for chips and mass of chips sent to rejects

Mass of pulp produced

o &~ 0N

Flow rate of effluent and the solids cortten

5.5.3 Mass balancing

A sample calculation is presented in Appendix 2

5.5.4 Error Analysis

The errors where calculated using Gauzaehs | aw
Because the underlying assumptioror Gaussds | aw states that the
adequately by assuming a normal distribution, it was imperative to challenge this assumption. This

was donddy using the Monte Carlo simulator which showed that the errors could be approximated

by assuming a normal distribution. This comes as no surprise because the normal distribution works
sufficiently well in modelling the probability distribution in most real life systems, whether in the

realm of finance or process engineering. As a defeartt the literature, a 10% err@@ingoudet al,

2006 was taken to be associated with assuming 50% carbon in the dry weight ofEqo@dion

(2.8) fromSection2.6.1was used for calculating the errors associated with the carbon flows.
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Chapter 6. Resdts and discussions

This section presents the results and discussi®an the carbon mass balance for all eight mills
investigated. The section concludes by considering the effect of producing one type of pulp

over the other and the effect of using differat types of raw materials.

6.1 Material flow analysis results-Mondi Richards Bay Mill

Mondi Richards Bay mill has two main fibre lines. One produces softwood pulp with batch digesters

while the other produces hardwood pulp via continuous digesters. Softweodsbarked on site,

while hardwoods are debarked in the forest. The black liquor from each of the fibre lines are mixed
together and stored prior to evaporation and subsequently incinerated in a recovery boiler (refer to
Figure6.1).

Fines& Bark
16300+ 2960t Clyr
Turpentine
SW with bark [ 161+ 31t Clyr
106 000 + 10 600t Clyr i ing+
S pevarkingand ooy conkinglemd oSG Unbleached SW pulp
Gl Screening 46300+ 5340 Clyr
Black liquor
from SW line

CO2 recovery boiler
421000+ 47800t Clyr

CO2from kiln
38500+ 4470t Clyr

Recovery boiler Causticizing —— Kiln

I Grits, dregs, dead load
17500+ 1180t Clyr

Black liquor

Debarked HW from HW line

802 000 + 80200t Clyr Bleached HW oul
: . eac pulp
q Chipping H %%Z}zi‘;t Washing H Bleaching P 245000 + 31700t Clyr
l Unbleached HW pulp

| 101000+ 22500t Clyr

Fines
22400+ 3010t Clyr

Figure 6.1: Carbon flows with actual values and associated errorondi Richards Bay Mill

The vyield for the softwood and hardwood lines where 56865296 repectively. The yieldor the
hardwood linewaslower because the pulp waached to a very low kappa number, making it
suitable for making white paper. It is often not possible to pulp softwoods to very low kappa numbers
without degrading much of the ¢eahydratesandthus causing a significant drop in the yield. In
contrast, hardwoods can be pulped to a lower kappa number while still maintaining high yields. This
could make some sense if it is considered that hardwoods have lower lignin contentttiaodsof
(refer toFigure 3.1 in Section3.1.2. About eight times more hardwoods where processed than
softwoods and if the lower yield associated with fibise line were to beconsidered, it becomes

clear that a greater proportion of the carbon leatieyrecovery boiler actually e from the
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hardwoodsMass balance calculations, an in depth rationale and the assumptions made can be found

in Appendix 1.

Figure 6.2 gives a summary of thdistribution of carbon tathe Mondi Richards Bay Mill. The
analysis of the carbon flows froRigure6.2 reveals that a significarfitaction of the carborin the

woods processed is locked uptive final pulp product (i.e. 48). This valueis 5% less than the
value reported bivlanning and Tran (20)@see Sectiod.5.1) who conductedtarbon balances over

akraft mill. They found tha#8% of wood carbon endegb in the pulp.

Turpentine
Dead load

Dregs
Grits
Bark

Fine chips

CO2 lime kiln

Pulp W
G002+ GO bl ———

0 10 20 30 40 50 60

Carbon transfer [%]

Figure 6.2: Summary of carbon flows at Mondi Richards Bay Mill

An equally significant amour#6%) isreleased as carbatioxide as a result of burning black liquor,

bark, fines, turpentine and calcium carbonate. A comparatively small amount of carbon is lost to grits
and dregg ¢ P which are sent to landfill. Thearbon in the grits and dregs doeked up in
unreacted sodium carbonate; calcium carbonate, potassium carbonate and unburned carbon, all of
which are categorised as solid-psoducts which amountto less thari% of the total carbon from

wood.
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6.2 Material flow analysis resultsSappi Tugela Mill

Sappi Tugela Mill has two main fibre lines. The first line produgedt pulp with softwood while

the second line makes seafiemical pulp (i.e. NSSC) using hardwood. Thrisft pulp is bleached

while the NSSQulp is not bleached. Before 2011, the sgpigubr from the NSSC line was burnt in

a Copeland reactor while the liquor from #raft line was burnt in a recovery boiler. However, in
2011, the spent liquors from both lines where combined and subsequently incinerated in a recovery
boiler as can be slerved inFigure6.3.

Fines
568 + 152t Clyr

Rejects
Debarked HW 843+ 1641t Clyr
56 500 + 5650t Clyr Washing +
Chipping Cooking Screelr:% Unbleached HW pulp
9 40800 + 4320t Clyr

Black liquor I
from HW line

CO2 recovery boiler
52700+ 7380t Clyr

Recovery boiler s ; CO2 from kiln
Causticizing — Kiln
& Evaporators 9 4840 + 708t Clyr

| Grits, dregs, dead load
2190+ 140t Clyr

Soaps and tall oil

Black I 842+ 99t Clyr
SW with bark from S i ——— Bleach effluent
150000 + 15000t Clyr 7484 + 837t Clyr

Debarking and : Washin Bleachin Bleached SW pulp
ﬂ chipping H Cooking g g 77100+ 8580t Clyr

Reects
173+ 41t Clyr

Turpentine
106 + 39t Clyr

Fines& Bark
19000+ 4150t Clyr

Figure 6.3: Carbon flows with actual values and associated errorSappi Tugela Mill

A sample calculation for this ithhas not been provided because the method and assumptions
followed are quite similar to those of a typi&aaft mill as conducted for the Mondi RicharBay

Mill (see Appendix 1).

A 65% pulp yield was achieved on theft line prior to bleaching, whél the bleached pulp yield

was calculated as 54%. On the other hand, the pulp yield for the NSSC line was 74%. For the
softwood fibre line, 51% of the carbon reported to the pulp while 31% ended up in the black liquor
stream. Furthermore, for the hardwoduté line (NSSC), 72% of the carbon ended up in the pulp
while 25% was lost to the black liquor stream. The higher carbon transfer for the NSSC was expected

as a result of the higher pulp yield.

Figure6.4is a grh showing the distribution of carbon at the Sappi Tugela Mill. In this graph, there

is no distinction between the separate fibre lines as they have been combined as one. Overall, the
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significant numbers on the carbon transfer are once again observee poigg and the flue gas from
the recovery boiler which are at 57% and 26% respectively.

Turpentine
Dead load

Soaps

Dregs

Rejects to landfill
Grits

Fine chips

CO2 lime kiln

Bleach effluent

Bark

Cco2 '*'CObOi|er_r--------T---------T-h--t———|
Pulp F--------F-------q--------q--------*--------Fh----l-—————|
0

10 20 30 40 50 60 70
Carbon transfer [%)]

Figure 6.4: Distribution of carbon flows at Sappi Tugela Mill

The carbon in the bark (8.5%) was much higher simpbabse nearly three times more softwood
were processed than hardwood. And it is worth noting that the carbon in the bark referred here
originates from softwood since hardwood is debarked in the forest. This bark was used for
composting and sometimes as a-hiel. About 4% was transferred to the organics in the bleach
effluent, 2% was accounted for by the carddoxide from the lime kiln, while the remaining

fractions where all less than 1%.
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6.3 Material flow analysis resultsSappi Ngodwana Mill

Sappi Ngodwanaill has three main fibre lines. The first line employs mechanical pulping to
produce newsprint, while the second and third fibre lines are used for pulping softwoods and
hardwoods via th&raft processes to produce both unbleached and bleached pulspertidiquor

from the second and third fibre lines are mixed, stored and thereafter sent for evaporation, then

incineration in a recovery boiler.

Bark
10300+ 2580t Clyr

Effluent
2030+ 204t Clyr

SW with bark (for
newsprint)

94600+ 9460t Clyr .
Debarking Grinding News Print
82300+ 8570t Clyr
Bark & Fines

12000+ 2180t Clyr

Turpentine
101+ 22t Clyr

SW with bark & HW

111000+ 11100t Clyr {
Debarking and . Washing +
Rl Cookin l I— UNbleached SW& HW pulp
EAlTEIg ¢ I Screening 42900 + 2130 Clyr

Black liquor
from SW line

CO2+CO recovery boiler
176 000 + 21 400t Clyr

Evapor ator
& Recovery Causticizing —— Kiln

boiler
L

CO2 from kiln
15500+ 2880t Clyr

Grits, dregs, dead load
7890+ 551t Clyr

Black liquor
from HW line

Soaps
3280+ 350t Clyr
SW with bark & HW

281000 + 28100t Clyr
Debarking and Washing + f Bleached HW pulp
chipping ” Screening Bzl 6060+ 270t Clyr

Bleach effluent
290+ 22t Clyr

Unbleached pulp
94 400 + 3400t Clyr

Turpentine
284 + 22t Clyr

Bark & Fines
32700+2190t Clyr

Figure 6.5: Carbon flows with actual values and associated errorSappi Ngodwana Mill

Figure6.5 illustrates the material flow of carbon through the Sappi Ngodwana Mill. 2.39 tonnes of
wood at 61% moistureontentwas required for every tonne afr dry groundwood pulp. This
translated to a pulp yield of 97%. The high yield suggested that a significant portion of the dry wood
material ended up in the pulBiermann (199%has reported pulp yields for groundwood pulps in

the range of 93 to 98%. Thus, the calculated yield was in the expected range. It turns out that the
fraction of carbon in wood that reported to the pulp was 87%, Wa%lost to bark while the

remaining 2% was lost to liquid effluef®ee Appendix 4 for sample calculatians)
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For kraft line 1, the carbon transferred to the palpd black liquor stream were 38% and/#9
respectively when softwood was processed; while 48%55% carbon was transferred to the pulp

and black liquor stream respectively when hardwood was processed.

For kraft line 2, the carbon transferred to the pulp and black liquor stream were 35% and 51%
respectively when softwood was processed; while 408658% carbon was transferred to the pulp

and black liquor stream respectively when hardwood was processed.

Irrespective of the type of wood used, there was a higher transfer of carbon to the black liquor stream
than to the pulp, and this is mainly duethe relatively low pulp yield of 48%. On the other hand,

there was a much higher carbon transfer to both the pulp and the black liquor stream when hardwood
was processed. This can be explained by the fact that hardwood was debarked in the forest while
softwood was debarked at the pulp mill. The carbon in the bark that remained at the forest was outside

the boundaries of the study and was therefore not counted.

Turps

Grits
Water to effluent
Dregs

Soaps

Dead load

Fine chips

CO2 lime kiln

Bark —

CO2 +CO bOHGFW—'|
Pulp W——'

0 10 20 30 40 50 60
Carbon transfer [%)]

Figure 6.6: Distribution of carbon flows at Sappi Ngodwana Mill

Figure6.6 is a graph showing the distribution of carbon at the Sappi Ngodwana¥lilhe total
carbon input from all three main fibre lines, 46% of the carbon ended up in the pulp, 36% was lost
to air as a resultfdurning black liquor, while % was lost to bark. As for the remaining fractions,
they were all less than 5%. The mill minimizes pulp mill rejects by recycling them back to the
digester. Some of the rejis were sent to landfill (10na€) but they were ignored because they were

very small compared to the major carbon flows.
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6.4 Material flow analysis resultsMpact Piet Retief Mill

Mpact Piet Retief Mill produces NSSC pulp which is used in making linerboard. The mill uses a
mixture of sofwood and hardwood for manufacturing pulp. It is important to note that while this
practice may enhance the mechanical properties of the(llakebe, 200Y, this is not a normal
practice in the pulp sector. $abods and hardwoods are almost exclusively pulped separately and
if desired, the different pulps may be combined to achieve a partigralde of papeafter pulping.

Figure6.7 shows the flow of carbon throughet Piet Retief Mill.

Fines
65201610t Clyr

SW +HW
58900 + 5890t Clyr
_ _ : Washing + Pulp
Chip screening Screening 44500+ 4680t Clyr

Black liquor

CO+CO2
7650+ 779t Clyr

Salt cake (Na2COs)

248 + 29t Clyr
Figure 6.7: Carbon flows with actual values and associated errordMpact Piet Retief Mill

The pulp yield reported by the mill ranges between 63% and 76%edees to 70% on average
which is fairly reasonable for a semiechanical pulp mill (i.e. NSSC) because the yield ranges from

65 to 80% (refer tdable3.5 in Section3.3). The data acquired from the mill suggested that 0.11
tonne of salt cake was produced per tonne of pulp, this finding was consistent with the work of
Mokebe (200ywho conducted a life cycle sesssment over the Piet Retief Mill. He reported 0.1tonne

of salt cake per tonne plilp. Figure6.8 is a graph showing the distribution of carbon at the Mpact
Piet Retief Mill. As a result of the high yield, a graportion (76%) of the carbon ended up in the
pulp. Much of the organic fraction of the wood reported to the pulp which caused a decrease in the
carbon transfer to the black liquor stream. As a result, 13% of the carbon ended up in the flue gas

from the peland reactor.
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Fine chips

CO2+CO boiler

Pulp —
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Carbon transfer [%)]
Figure 6.8: Distribution of carbon flows at Mpact Piet Retief Mill

The fines had 11% carbon transfer. This was due to the chipping efficiency (85%). This meant that
for every tonne of waib fed, 0.15 tonnes was lost as fines (i.e. 15% loss). The only reason why the
carbon transferred to fines was less than 15% was because the mill purchased chips in addition to the
wood chipped onsite. The fines were sold off to other companies. The aathersalt cake (which
includes sodium carbonate) formed was less than 1%. The salt cake was sold off to other companies,

but if there was no market for it, they were kept in storage due to their hazardous nature.
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6.5 Material flow analysis resultsMondi Mer ebank Mill

Mondi Merebank produces thermomechanical pulp which is the most important type of mechanical

pulp due to its high strength. The softwood is received with bark which is debarked onsite and

thereafter sent for chipping. The chips are therspraned to encourage fibre liberatiamd then

sent for refining. Pulp rejects are minimized by continuously recycling filaekinto the process.

SW with bark
82300+ 8230 Clyr

q Debarking H Chipping H Cooking H

Refining and
Sreening

w— 8310£856t Clyr

Fines
2080+ 293t Clyr

Pulp
50900+ 5990t Clyr

Effluent

Bark
12000+ 1220t Clyr

Figure 6.9: Carbon flows with actual values and associated errorélondi Merebank Mill

Figure 6.9 illustrates the flow of cabon through the Mondi MerebankilM The pulp yield was

calculated as 82%, but this yield turns out to be much lower thahwduld have been expected for

a typical thermomechanical pulp mithat isbetween 91 t85% (Biermann, 1998 This could mean

that either the pulp pduction was under reported, or the softwood used was over reported.

There is a possible scenario where off gasses ¢t@myd beewented whilechips are presteamed

These gases could contain volatile orgaricsveverjt was assumed that the carbon fiat would

be extremely small copared to other major flows, thuhey were ignored. The errongerealso

cal cul

ated with Gaussobds | aw of

be found in Appendi®.

error lapececapagat i c

Figure6.10 gives a summary of the carbon flows at the Mondi Merebank Mill. Frigure6.10, it

can beobservedthat a greater proportion of the carbon reported to the pulp (i.e. 73%). This is

consistent with mechanical pulp mills. A possible explanation for the increased carbon content could

be that mechanical pulp mills operate at very high yjeMsgch suggests that most of the wood

material, especially lignirendsup in the pulpLignin hashighercarbon content (&5) than cellulose

(44%) and hemicellulose (40%), thiscieases the carbon content becausiop in yieldcan be

attributed mainly tdossesn cellulose and hemicellulosds also makes sense for most of the lignin

to bindwith the fibres because unlilkeaft or sulphite pulping, mechanical pulping does not usually

make use of chemical action to degrade lignin, it only uses mechanical action to separate the fibres.
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Figure 6.10: Summary of carbon flows atMondi Merebank Mill

About 15% of the carboended up the bark. Of this 15%, 60% wvimsnt for energy while the
remaining 40% wasent for composting. 10% of the carbreportedo the waste water stream which

was sent for treatméemvhile the residual% reported tdines, whichweretaken to the boiler.
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6.6 Material flow analysis resultsSappi SaiccorMill

Sappi Saiccor is the largest producer of dissgl{or cellulose) pulp in Souffrica. Thedissolving
pulp is produced usingéhsulphite processgjther witha calciumor magnesium base as described in
Section 3.3.1.3 A portion of the spent liquor frorthe calcium bisulphite process is piped to sea
while the remaining portion is usédr making lignosulphonate whidimds commercial use as an

admixture for cement and for dust suppression at mines.

Lignosulphonate is produced by LignoTech SA (LTSA). Sappi has a 50% stake in this company;
Borregaard Lignotech (a Norwegian company) halds other 50%. Using magnesium as a base

allows for the recovery of magnesium oxide from the recovery boiler.

Liguor to sea
132000+ 15500t Clyr

Liquor to sea Lignosulphonate
and LTSA 56500+ 9900t Clyr

Bleach effluent

ent liquor Ca p—
> d 50700+ 5130t Clyr

line
Washing and
screening

HW chipsfor Caline
325000+ 3250t Clyr

Bleaching ey Bleached pulp
82900+ 11600t Clyr

Cookingin
digester (Ca)

Pulp mill rejects
3070+ 317t Clyr

Flue gas: recovery boiler
465 000 + 50 600 t Clyr

HW chipsfor Mgline
802 000 + 80200t Clyr

Bleached pulp
205000 + 28 700t Clyr

Bleach effluent

Spent liquor Mg
125000+ 12 700t Clyr
Pulp mill rejects

line
Cookingin Washing and Bleaching
digester (Mg) Screening
7570+ 783t Clyr

Figure 6.11: Carbon flows with actual values and associated errorSappi Saiccor

Figure6.11illustrates he material flow of carbon through tBappi Saiccor M. The details of the
calculations, the data used and the assumptions made in achieviegultebose can be foundhi

Appendix 3.

The pulp yield was 47% before bleaching but dropped sharply to 29% after bleaching for both the
calcium and magnesium fibre lineBhe loss in pulp yield after bleaching was 18% and the fibre
recovery rate was 61% he tremendous drop in thrilp yield after bleaching was imperative in
order to ensure that the findlssolvingpulp product was low in lignin and extremely high in
cellulose But on the other hand, thiscreased the flow of carbon to the bleach effluent and reduced
the carbon tht reported to the pulg=or both the calcim and magnesium fibre lines, %6of the

carbon from the wood processed on each of those lines ended up in the pulp produced.
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Figure6.12 is a graph showing the distribati of carbon at the Sappi Saiccor MHrom Figure
6.12, it can be observed that a greaproportion of the carbon (%d) was transferred to the air as a
result of burning spent liquor from the magnesium line @t as rejects. It is also observed t?é%

of the carbon endagpin the pulp. This percentage wasich lower than the expected wabf about
50% for a typicakraft mill. However, the low pulp yieldssociateavith the acidoulping process is
the causef the low carbon transfefhis acid pulping process éharacteristic of a rigorous pulping

process that results in high degradation of hemicelluloses.

Rejects to landfill h

lignosulphonate product

Ligour to sea

Bleach effluent

Pulp

CO2+CO bhoiler —

0 5 10 15 20 25 30 35 40 45 50
Carbon transfer [%)]
Figure 6.12: Distribution of carbon flows at Sappi Saiccor Mill

Additionally, because the pulp whteached, this resulted a reduction in lignin content and thus a
drop in carbon content. Furthermoeecombined 2% of the carbon was lost watemway through
thebleach effluenaind spent liquor to seahile 6% of the carbon lossegere accounted for by the

pulp mill rejects and lignosulphonate products from Lignotech.
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6.7 Material flow analysis resultsSappi Stanger Mill

Sappi Stanger uses bagasse as the main source of fibre for making pulp. This ibanjaassed

from the Gledhow Sugar mill which is located next to the pulp ifiie bagasse contains pith, and
before the bagasse can be pulped, it is desirable to remove as much of this pith as possible. This is
because theulp is produced using the sodrocess and theith contributes to excessive
consumption of caustic (sodium hydroxide) dunndping. The pith alsdeteriorates the quality of

the pulp.Thus, thepulp mill has a depithing plant onsitdere pith is removed.

Pith

1100+ 128t Clyr
Pulp mill rejects
Bagasse with pith 697+ 95t Clyr
30000 + 3000t Clyr
Wet Depithing Cooking VS\/cashmg * Bleaching Bleached pulp
ez 12600+ 1460t Clyr
) Bleach effluent
Black liquor T 902+ 111t Clyr

CO+CO2
14100+ 1590t Clyr

Soda ash (Na2COs)
248+ 26t Clyr

Figure 6.13: Carbon flows with actual values and associated errorSappi Stanger Mill

Figure6.13illustrates the material flow of carbon through tBappi Stangr Mill . For everyl tonne
of bleachedoulp produced, 2.1 tores of dry bagasseasfed to the digester, this equateda pulp
yield of 48%.The bleached pulp was assumed to be lignin free, meaning that all the lignin in the

unbleached pulpraslost to beach effluent beause the bleached pulp contdiess than 0.1% lignin.

It was acknowledged that some of the soda ash would be lost as dust into the air but this quantity was
assumed to be negligible. There was a 6% fibre loss over the bleach plant evsttutes a 3%

overall carbon yield loss over the bleaching process.

Figure6.14is a graph showing the distribution of carbon at the Sappi Stanger Mill. From this figure,
it can be seen that a vast proportiothef carbon§4%) was lost to the air from burning spent liquor

in the Copeland reactor while @&bof the carbon reported to the pulp. The low pulp yield associated
with this pulping pocesscauses a significant portion of the carbon to end up in the higobr|

stream.
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Rejects to landfill

Bleach effluent
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10 20 30 40 50 60 70
Carbon transfer [%)]
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Figure 6.14: Distribution of carbon flows at Sappi Stanger Mill

About 4% wadost to pith andhe bleach effluent. This effluent is first treated before being sent to a
waterway. Moreover, thsolid waste and bgroducts generated constituted about 7% of the original
carbon from the bagasse processed. These solid waste-pratiogts included pith, pulp mill rejects
and soda ash. The pith was used for compositing and agricultural purpokethe/hiejects were
sent to landfill.
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6.8 Material flow analysis resultsMpact Felixton Mill

Finally, the Mpact Felixton Mill like the Sappi Stanger Mill also uses bagasse for making pulp.
However, the bagasse pulp is mixed with recycled paper to makeng fsaiper. At present, the mill

is exploring the possibility of replacirmgasse with recycldibre as the only fibre source. Because
the objective of thiprojectwas focused primarily on tracking the carbon flow directly from extracted
resources, theacbon in the recycled paper was not considered.

Pith
396+ 52t Clyr

Bagasse with pith
13200 + 1320t Clyr

- Depithing Cooking Washmg+ mes)  Unbleached pulp
Bl 3680+ 4941 Cyr

Black liquor
9110+ 969t Ciyr

Figure 6.15: Carbon flows with actual values and associated errorpact Felixton Mill

Figure6.15 illustrates the material flow of cdron through thévipact FelixtonMill. Mass balance

calculationsand the assumptie made can be found in Appendix 5.

Figure6.16is a graph showing the distribution @frbon at the Mpact Felixton Millhe pulp yield
achieved for this mill was 43%as reported by the technical manager at the il meantthat the
remaining 57% of the material from the bagasseedngh in the black liquor and as pitfihe
substantialoss in yield is unacceptable because the expected yield for the soda process is between
50 to 55% (sedable3.5 in Section3.3) and also because the pulp was not liled¢cthus the yield

should have been highdn terms of carbon, 88 of the carbon ended up the black liquor, 28%

was transferred to the pulp whBé&b6 was lost to pithThe pith was used for compositing.

Because the mill uses the conventional sodagapthe caustic soda wamt recovered from the

liquor, thus, it wasdischargednto nearby riversfter treatmentlt is important to note that the
significant fraction of carbon reporting to the black liquor stream makes a tremendous difference
when conparing the Felixton mill to other mills in tipilp sector; this will be observed in subsequent
discussions to followThe treatmenbf the liquor involvedthe reduction of the suspended solids

content by means of a clarifier atitereaftedischarged to earby rivers.
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