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RESUME

/ITLQGXVWULH GHV SKWHV HW SDSLHUV RFFXGdhada® estBrODFH LP
acteur clé quant B croissancede sonproduit intérieurbrut [1]. De plus, Gnflustrie pgpetiere

crée plus de & 000 emplois directst indirectspour les Canadierid]. Toutefois, cette industrie

est I'une des plus grandes consommatrices d'énergie, consommant environ 30 % de I|'énergie
totale utilisée par les industriemanufacturiereganadienne$2]. Cependant, au cours des deux
dernieres décennies, l'industrie des pates et papiers a été confrontée a une crise dansgméceé

raison de la concurrence des économies émergentes comme l'Inde et la d&sine,
reglementations environnementales strictes et contraignantdes gtrix €levés des énergies.

Parce que I'énergie est une composante importante des colts de pro@unstiam 25% des

couts de production)pour rester compétitivedes papetieres se voient donc obligées de
UpH[DPLQHU OHXU SURFpGp DILQ GH UpGXLUH OHXUV IDFWXU
et de produits chimiques et ainsi ne pas perdreplesition concurrentielléEn outre, le secteur a

réduit sa consommation d'énergie en moyenne de 1 % par an depui3JL9B@ ce fait,
SOXVLHXUV WHFKQLTXHV GTLQWpJUWasRrGur@es sppréthgsGpV H]
conceptuelleset JUDSKLTXHV RX HQFRUH PDWKpPDWLTXHV &HV
GITLQWpPpJUDWLRQ GH SURFpGp DSSOLTXpHV VXU GHV XVLQI
LQWpUHVVDQWY 7RXWHIRLY GDQV OD SOXSDUW GHV PpWKR
assXPp TXH OHV pTXLSHPHQWY GDQV OfXVLE @ $&iag tddjapre/ HIILFL
lecas,ce quiSHXW IDXVVHU OHV UpVXOWDWY GYXQH DQDO\VH GH ¢

Par conséquent, l'analyse de performance des opérations unitaires du procédé egteune éta
préliminaire importante avant toute mesure d'intégration. En fait, les équipements ayant une
mauvaise performance peuvent augmenter la demgludmle du procédé en énergie et en
PDWLqUH HW GLVFUpGLWHU OHV UpVXOWDWY GHV SURFpGXUF

L'objedif principal de cette these est de développer, d'appliquer et ensuite de valider une
méthodologie systématique d'analyse de performancesgigipementsdu procedé Kraft,en
termes d'énergie, d'eau et d'utilisationpdeduits chimiqueg O § D L G HedixHndiz&exiné de
performance
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/ID PPWKRGRORJLH VIDUWLFXOH DXWRXU GH TXDWUH pWDSHV
unitaires sont examinées pour évaluer comment leurs besoins énergétiques, d'eau et des produits
chimiques peuvent étre réduigs augmentant leurs propres performandes.méthodologie

comprend: (i) le développement et le calcul des indicateurs de performance clés pour chaque
unité opératoire, (ii)identification des écarts importants par rappau rendement cible et donc

la localisationd'un mauvais fonctiorement et, (iii)le diagnostique tHY FDXVHV GYLQHIILFI

des recommandations desures correctives.

/IHV WHFKQLTXHYV H[LVWDQWHYV SRXU pYDOXHU OD SHUIRUPDC
HIILFDFH G pQHUJLH HW G HDX /D SUpVHQWH pWXGH FRQVL
produits chimiques au sein du procédé. En outre, il prencbepte les interactions entre les

RSpUDWLRQV XQLWDLUHVY HW SOXV GIXQ LQGLFDWHXU FOp
PTXLSHPHQWY 8QH pWXGH GH FH W\SH QYD MDPDL\CepWp HIIF
qui rend cette étude originale taB®fXQ SRLQW GH YXH PpWKRGRORJLH TXH U

Dans un premier temps, la réconciliation de données et la détection des erreurs grossiéres sont
effectués poumproduire un moctle fiable du procédé étudié poainsi obtenir des résultats
cohérentet irs ORUV GIXQH DQDO\WH GH SHUIRUPDQFH /D UpFRQFI
des erreurs grossieremt également étéutilisées pour localiser et identifier les opérations

unitaires présentant des inefficacités. La réconciliation et la détecsoardirs grossieres sont
considérés dans cette étude comme premiers indicateurs de performance. Une analyse de
l'efficacité exégétique a été effectuée afiGILGHQWLILHU OHV RSpUDW
thermodynamiquemew/ LQHIILFDFHYV /YHIILFOFLOWNPL HDWIHWWL TRXMp HSWRAX U
de I'énergie. Une foises deux analyses effectuéess bpérations unitaires soupconnées d'avoir

de mauvaises performanceant identifiéesCes opérations unitaires samsuiteanalysées avec

un ou plusieursindicateus de performance qui lewont spécifiqus, développéssuite a une

analy® adimensionnelle autour des unités opératoires @égnfin des piets d'amélioration

sontproposésuite auxdiagnostics établis.

Enfin, l'intérét de cette méthodologie esmontré dans le cadqude usine de pate kraft située
dans I'Est du Canada. L'usine produit une moyenne dad®8Q de pate a partir de laquelle du
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papierjournal est fabriqué La méthodologie a été démontrée pour étre en mesure d'améliorer

l'efficacité globale du procédé en termes d'utilisation d'énedgiau et des produits chimiques.



ABSTRACT

7KH &DQDGLDQ SXOS DQG SDSHU VHFWRU LV DQ LPSRUWDQW
and gross domestic produgt], providing over 20, 000 directand indirectemployment

opportunitiedor Canadian$4].

Pulp and paper industry in Canada is one of the largest eoengyumer amongst all industries in
Canada, consuming approximately 30% of the industrial erf@lgy However, during the last

two decades, the pulp and paper sector has been facing an unprecedented crisis due to
competition from emerging economies like India and China, stringent environmental regulations
and high energy prise Because energy is a significant productost componenfabout 25% of

the total production cost)n orderto remain competitive, the sector has made efforts towards
identifying ways to improve the energy efficiency through implementing energy recover
systems.Thesectorhas alsaeduced its energy use by an average of 1% annually sincd 3990
Despite these improvements, the pulp and paper industry still seeks ways to identify
inefficienciesand improvets overall energy and water utilization. Many process integration (PI)
techniqueshave beendevelopedand gaveencouragingresults These techniquesise both
conceptual and mathematical approaches. However, these techniques consider that the unit
operations in plac@&nction efficiently, which is often not the case in real operating pulp mills
Therefore, analysinthe performance of unit operations is an important step prior to any process
integration technique. In fackquipmentwith poor performanceould increase the energy and

water demand of the overall process and discredit the results of energy apcnitiihcement

procedures.

The objective of this thesis is to develop, apply and validate a methodologfyafrprocess
equpment performance analysis terms of energy, water and chemical utilizatmnmeans of

new and adapted key performance indicators.

The core of the methodology consistdour successive stages through which the unit operations
are examined to evaluate how their energy, water and chemical requirements can be reduced by
increasing their own performance. The stepmprise: (i)the computation of key performance

indicators for each piece of equipment, thg identification ofsignificant deviations fronthe



target performanceand thereforethe location ofpoor performance unit operation and, (iii)

diagnosis othe causes of ineffi@ncies andhe proposal ofemedial actions.

The «isting techniquedor the evaluation okquipment performanciclude either energy or
water utilization efficiency. The current study considers water, energy and chemical utilization in
the procesdt alsotakes into account the interactions between unit operations and uses more than

oneKPI to evaluate the performance of the procgserations

At first, data reconciliation and gross error detection are performaadtucea reliable model of

the proess studied and obtaialiableresults when performing performance evaluatlaitially,

data reconciliation and gross error detectaoe usedo locate and identify process leaks and
biases A strong measurement adjustméniconsidered in this studys a firstkey performance
indicator (KPI) An exergy efficiency analysis performedto identify poor energy efficiency
unit operations. Exergy efficiency is the KPI for energy utilization. Once these two arfahyses
beenperformed, a list of unit opeirans suspected to have poor performance is constructed.
These unit operations aferther evaluatedy means oKPIs developed based andimensional
analysisand enhancememheasures and improvement projeate proposed according to the

diagnoses estabhed

The interest of this methodology is demonstrated in the case of an operating Krédtptégin
Eastern Canada. The mill produces an average of 280 adt/d of pulp from vewsbrintis
made. The methodology has been demonstrated to be atlprave the overall efficiency of the
process in terms of energy, water and chemical utilizatioough anadequatesvaluation of its

equipment

This thesis provide mill engineers with a systematic and strategic way to evaluate the
performance of their unit operatiobg means ohewKPIs.
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CHAPTER 1: INTRODUCTION

1.1 Context of the study

The economic stability of any developed countigpends strongly on the dynamism of its
industies On accounbf its rich and abundant natural resources, Caradduces and exports

fossil fuel energyforestry and pulp and paper produ@siongts major outputsHowever, these
natural resources industries are energy intensive. In 2008, the manufacturing sector accounted for
67% ofthetotal consumptiorof the country 14% are directly attributable to the pulp and paper
industry[5, 6]. Wood fromthe forest is an abundant source of renewable biomass provided it is
managed responsibly. Indeed, Canada has about 10% of the world's forests with a total of 229
million hectaes (ha). Because of this, the turnover in total exports of forest productssé8ghe

billion dollars, ofwhich 33.5 billion dollardrom pulp and paper @&P), representing 1.2 % of

the gross domestic prodydt, 3].

However, the Canadian pulp and paper industry has been fabdimg lastingerisis for the past
twenty yearsWith the rising costs of energy amtiemicals and withthe introduction of new
environmental standards, the industry must improve its current procéssethis new reality.
Several other factors contributettee worsening ofhe financial crisis that thedustryhas been
experiencing The emergence of information technology systems prevideew medium of
information, other than paper and thdecreasinghe demand for commodity paper products
such as newsprint, the traditional mainstay of the Cananliaustry,as well ather printing and

writing grades.The gross domestic produdtom the paper sector has steadily declined since
2007, rangingfrom $ 5.8 billionin 2007to $ 3.6in 2012[1, 3]. Moreover, major fluctuations in

the prices of raw materialg|ave beerfundamentally changinthe waycompanies act, react and
moveup ard down the valuehain. Thishasbeenthe topic of much research interest for the past
few years. Simultaneously, new large and modern P&P plants have been built in tropical regions
endowed with low labor costs and fast growing forests Witho 20 yeammaturation periods
versus 50 to 75 in Canad&o overcome this crisisomecompanies have adopted merger and
acquisition strategies. Others have investaplitaland effort to reduce their operating costs by
reassessing their heat transfer networks. Pareally, at the same time, investments in research
and development have been significantly reduced (like all other variable costs of the companies).

Canadian Pulp and Paper companies must reinvent themselves in the long term by investing in



projects centeged ontechnological innovation and improve existing processes by increasing
equipment performance and optimizing the use of material and energy.

It is in this uncertain and volatile economic environment that scomepanieshave tried to
expand their product portfolios to diversify their sources of income, while consolidating their
assets by reducintheir operating costs. The Canadian P&P industag beerimplementing

novel transformative technologies and developprgducts derived rbm wood biomasdo
penetrate new marketBiosensitive packaging materials for food products, security papers with
embedded codes or nanocrystalline cellulose are examples of such products. They are essentially
cellulose based, as is pap&he forestbiorefinery is also an appropriate solution to help the
paper industry face the crisis. The concept of the biorefinery is to exploit the main components of
the wood to produce high vahaelded products. This alternative offers the pulp and paper
industry,which has beestruggling to operate in this highly unstable environment, a solution to
deal with the crisisand a way t@ontribute to the development of a {oonomy.

This implementationof alternative papermakiAgiorefinery would be possible insofar as the
receptormotherplant is optimized in terms of energy use, water and chemiaal certain
pieces of equipment are modified ionproved Optimization methods and process integration
techniques applied to Canadian plahts/e producedencouragingresults, providing enough
energy and material to allow the implementation of a biorefifigryHowever,it is assumedn

most currenoptimizationmethods, that thequipmentand unit operations the plant operat
effectively. In reality, this is not always the caaad thiscould makethe optimizationprocedure

biased. A new approach that takes into account this scientific gap is necessary.

1.2 Problem

The Canadian paper industry is one of the oldest industrieseircdlintry It emerged in an
environmentif the19305) where energy and water costs were very low, which is not the current
reality. It is therefore essential to improve the performance of the Kraft process and reduce
energy, water and chemicatensumption in order to help the integration of biorefinéagea
competitive market and make it more profitable and economically sustainable. Several
optimization techniqueslreadyexist and have been widely applied. One can cite the pinch

analysisapgdied to energy and water or the mathematagztiimizationmettods, as presented and



explained in the literature review. However, these optimization methods have been mostly used

with the view that the equipmeaperatefficiently or as it has been intesed, which is often not

the case. Equipment performance analysis is an essential step before any measure of

improvement that requires major investments.

One way to evaluate the performance of equipment is to use specific key indicators. The use of

indicatos as a calibration tool is a common practice to measure the variability and toerect

operation ofa process. Several performance indicators exist but defisitas well asnode of

usevary, even though they all have the same goal which is to evalbatperformance of an

operation ofa process from a partiaurl point of view.

Although some performance indicators already exist, there are still major gaps in their industrial

application. Most existing performance indicators are gerfaacspecific tothe Kraft process)

and therefore ilbuited to the processes of pulp and paper. In addition, existing performance

indicators do not take into account the speitifis of the equipment in place, moreover, thene

no performance indicators linking the ogting conditions of an operation to the intrinsic design

of the equipment.

On the other handhé performance evaluation studies of pulp and paper procéskesnto

account theenergy and watevariablesonly, and exclude¢he chemicals. The chemicals used in

the Kraft procestavebecone more expensivever the past decadebhus,the evaluation of the

performance ofthe unit operationshould include the evaluation of the chemical process

performance. It is therefore necesséwydevelop new performance indicators thatetaito

account the specific desigaf the equipment, the operating conditiorend the relevant

paameters to control ooptimize energy, water and raw materialage by the Kraft process

during itsoperationsTheseindicators will not only facilitate the assessment of the performance

but also the diagn@sof theinefficiencies

The synthesis of the knowledge gaps leads to the necessity to deveyspematic approach that

will contributeto read the following objectives

x Build a simulation based on a congruent set of data that represent the-sttgtadgf the
process (data reconciliation);

X Systematically identifyequipmentand unit operations that haymor performance with

respect tenergy, wate and raw materials utilization;



x Diagnose effectively the causes of inefficiencies, and
X Propose improvement projects to address inefficiencies.
The work carried out within the framework of this thesis adeésabese issueby developing a

systematiomethodologyfor equipment performance analysis.

1.3 General objective

The main objective of thigork is to developnew keyperformancendicators,specially tailored
for the Kraft processand to quantifythe performance of individuaquipmentfor the use of
energy, water and products,orderto improve the performance of the overall process.

1.4 Structure and organisation

This thesis consists eightchapters and is supported foyr paperssubmitted for publicationA
brief introductionwaspresentedn Chapter 1Chapter 2 is devoted to the review of the literature
followed by a description athe methodologyChapters 3, 45 and 6are submitted papers on
datareconciliation, exergy analysigevelopment of new key performance indicatoased on
dimensional analysisand the results of theequipment performance analysrgespectively.A
general discussion abotlte thesidgs presentedn Chapter7, followed by aconcluding Chapter
Scientific contributions and recommendations for future work are clearly statedimdividual

papers.



CHAPTER 2: LITERATURE REVIEW

The background and literature reviass divided ino three parts; the firstone presentsthe
description of the Kraft process specifications followedHh®process integration techniques and
the optimization methods. Theecondpartis devoted to theimensional analysis, trequipment
performance analysifhe data reconciliationthe gross error detection techniques d@neexergy
efficiency analysis. The final part is a summamyd synthesif the literature review the
identification ofthe scientific gaps andhe presentation of the methodology to fulfillethmain

objective of the thesis.
2.1 Description of the Kraft process

2.1.1 Importance of paper

Paper is a product of daily consumptioalled acommodity producf8]. A trip to a grocery store
provides a glimpsef WKH LQG XV W on§uw dai life [RIHRapat is used for packaging,
marketingpersonal caréissuesand so on. It supports most of our communicatidingrovides
means forthe identificaion of documents,of banking transactionsf the dissemination of
information, etc. It is closely tied tactivities of humankindAlthough paper consumption has
declined since the emergence electronic information andweb technologies that have
supplanted it[10], the paper remains a necessity of daily life. The uses and applicaitioauser
products are limitlessAlso, new specialty productsuch as lmsensitive or smart packaging

papersarein constantlevelopment

2.1.2 Pulping and paper making processes

Pulping isthe process by which the wood any other cellulosic raw fibrous material is reduced
into fibers. In other words, the lignin which binds tfieers together is dissolved or broken
(depending on the process), leaving the cellulose and hemicelluloses free and in fibrous form.
This can be accomplished by various methods: mechanical, chemical orchesmical. The

latter is a hybrid between the dvother methods. Chemical processes are the most commonly
used pulping method. They represent 70% of the North American produ@fiém of it being
attributedto Kraft ortheso-called sulphate proceg(].



The mechanical pulping consistsmechanically forcing the logs against a revolvatgne/wheel
(stone ground woodSGW) which grinds the wood into pulp, under the effect of pressure and
heat, by buffing or mechanical friction. The surface of the abrasoresis washed to recover the

liberated fibers and prevent its damage.

The chemical pulping, as opposedth@® mechanical pulping consistsin cooking wood chips

with appropriate chemicals in an agueous solution at elevated pressure and temperature. The
objective is to chemically dissolve the maximum of lignuhile leaving the cellulose and
hemicelluloses in the formf intact fibres. The two maichemicalmethods are the Kraft process

(alkaline) andhe sulfite process (acid)LQ].

2.1.3 The Kraft process

The Kraft process isrlown to be energy intensive and a large consumer of chemicals. The main
purpose of a Kraft pulp mill is to produce pwp agiven Kappanumbef or brightness while
minimizing energy cost utilities and chemicals us¢tll]. The Kappanumber describes directly

the amount of lignin dissolvedhe Kraft pulping entails treatment of woodchips with a mixture

of sodium hydroxidéNaOH)and sodiumhydro-sulfide (NaSH) The process can be dividedan

2 main lines the fiber line and the chemical recovery line. Fig@r&é depicts a simplified
flowsheet of the Kraft process. The Kraft process is characterized by its chemical recovery loop,
which makest economically viable and independentémms of energy and chemicalsthe mill

is well managed.

! Kappa number is an indication of the residual lignin content or bleachability of wood pulp by a standardised

analysis method.
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Figure 21 : Simplified diagram of the case study Kraft pulp mill

The main purpose of theulp line is toremove the lignin from the fibers and produce a milp

good properties of brightness and strengthe lignin is removed in 3 main departnsent

digesing, washing andbleaching. The lignin removal is accomplished with such chemicals as
sodium hydroxide (HOH) andsodium hydresulfide (NaSH) indigesing, and oxygenO,) and

chlorine dioxide(ClIO;) LQ EOHDFKLQJ 7KH WZR pYfGULYLQJ IRUFHVYT IR
digester ardghe alkali concentration (as measured either by effective alkali or active alkali) and
thetemperaturg¢ll].

The fiber line starts with the woa@ception. The wood is mechanically debarked and chjpped
then, the chips are screened to elimin#ite fine and oveisized pieces The removed bark is
combusted in the bark boiler and the wood chips retained are sent to the digester after being
impregnagd by injection of superheatedteam. The wood chips are introduced in the cooking
ves®l along with the white liquathe solution of sodium hyaxide and sodium hydrosulfidend

heated up to 170 ° C for about 1 to 2 hotwrsomplete thelelignification reactiors [8]. The
digester is one ofhe most important unit operations of the Kraft process. It is where the
cellulosic fibers are separated frahe lignin to form the pulp. After the digestg, the pulp is

sent to thébrown stockwashing section. The washing is performed through a sdriesuoter

current brown stock washers using displacement washing to remove the residual lignin from the



fibres. The dissolved lignin and chemicals removed are sent to chemical recovery or back to the

digester as dilution water. Figu2e2 shows a simplifie¢ schemat of the washing section.

Warm Fresh
Waler

Brown Stock i Brown Stock Pulp t
Pulpfrom — ! Deknotters  |— »  Screener 1% > B
Digester Washer (1) Washer (2) Bleaching

Rejects { Rejecis
WEL 1o
Evaporators

Figure2-2 : Simplified schemadt of the washing department

The washed pulp is sent to the bleaching section where a series of blestepsigke place
using specific reducing axidizing bleaching agents. The objectives of bleaching are to remove
the residual ligninto maintain cellulose chain length atalbrighten the fibers through different
bleaching tagesat different pH and temperature conditions and using differentchilez
chemicals. A bleachingtageis composed of a bleaching towerstorage tower and a washer.
The simplified bleaching sequence for the estsely mill is depicted in figurg-3. The bleaching
towers are described using the standard name convefdromleaching sequencesnore
specifically, bleach towers are referedessing letters and subscripts, where the first capital letter
refers to the oxidizing/reducing chemical used in the tower and subscripts are used when there is
more than one tower ugrthe same bleaching chemical to identify such towers in increasing
order. Therefore, as showed in figu2e3, the bleaching sequence for the sddmill is:
DoEopD.
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Figure2-3 : Simplified schemadt of the bleaching seqnees:DoEopDy

The bkached pulp is sent to the pulppaper machine torfally produce dried pulp graper to

be sold. At this departmenthe pulp undergoes a final cleaning and screening to remove
oversized and bad quality fibers. The filtratentaining fibes is recycledto the bleaching
department. Low pressure (LP) steam is injedtethe paper machine and in the dryer. This
department is generally highly energy intensive. Up to 40% of the total steam consumption is
attributable to this degstment. Figure&-4 presents a simplifieschemat of the unit operations

in the paper machine department.

LP steam LP steam
Pulp from N _ . _ Drier Pulp/
Digester Cleaners »  Screeners » Paper Machine > Dryer > Paper
r
l Rejects
Rejects

Figure2-4 . Simplified schemat of the paper opulp machine department

The chemical recoveriine consistsin regenerating the chemical agenisedin the cooking
vesselandproducingsteam to supplfor the energy demand of the mill. It is necessary to have a

recovery loop to make the pulping process economically feasible.
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The cooking liquor coming from the digter is sent to the evaporator department. The lignin
dissolved in the weak black liquor (WBL) is concentrated (from 15% to more thano60%
dissolved solidsin the multieffect evaporators and then burnt in the recovery boiler to produce
the steam requad for the process and recover the sperthemicalsas asmelt, which is sent to

the recausticizing department where it encounters a series of reactions to regenerate the white
liquor which closes the liquor loop. Impurities introduced frim@recoveryboiler andfrom the

lime kiln are also removeih this department. Non Process Elements (NP&s) also removed

at ths stage;otherwise the overall efficiency of the mill would be compromised. The calcium
carbonate is burnt in the lime kiln to regenerate the lime. Some -omlahemicals are
sometimes added to the system to maintain the same white liquor quality and theredaraghe
brightness and quality of the pulp produced. Natural gas is used as a fuel in tkidnliamel also

in the power boilersFigure 2-5 shows the simplified schenmatof the chemical recovery

department.

2 Non process elements are introduced in& Khnaft pulp mainly through the wood chipghe elements of concern
are primarily those that do not form insoluble inorganic compounds in alkaline solutions, i.e. Al, Si, Clamil K,

alsotransition elements, i.e. Mn, Cu and Fe, and the alkaline eat#tsn@a and Ba
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Figure2-5: Simplified schemat of the chemical recovery line

A

To meet the mills energy demand in cold winter conditions, power boilers fired with natural gas
are used to supplement the recovery boiler. The number of power boilers in use depends on the
production capacity of the mill, the efficiency of its unit operag andthe design of theheat

transfer network.

Three main reactions take place in the recausticizing department. First, the causticizing reaction
that occus in two stepsthe lime reactdirst ZLWK ZDWngU WWROIRNUP FDOFLXP K\G

Ca(OHy), which in turn reacts with sodium hydroxide:

x &D2 + 2 : &D, @&dothermic reaction)

X Ca(OH) + NaCO; < & D &2 2NaOH équilibrium reaction)
Then, he calcium carbonate is converted to lime in the lime kiln:

x CaCQ +HDW : & DZ2(combstion othe lime mud)

The bleaching and recausticizing departments are the largest consumers of chemieaés and

significantcontributors tcenvironmental pollution problems (the sulphide in the white liquor is a
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contributing factor to the environmiah problem$¥[11]. Several patents have been developed and
offer significant improvements ovéne original process. Blackwdll2] propose a new design
for the recausticizing department, whialvolves a recirculation of causticizimgactionproducts

to prolong the contat¢ime between the reactants order toincrease the yield of the reaction.

The Heaching department uses significant quantity of chemicals, and thus generates a large
amount of effluents to be treateahd thereforgis a factorof environmental deterioratiof.aleos

[13] proposse a new method fothe treatment obleaching effluents by discoloration through a
macroreticularesins bed. The effluents lose their organic pigments adsorbed on the resins, and

can be dischargededucing environmental pollution.

Moy and Styar{14] proposé a methodfor sodium chloride recoverin the chemicalecovery
loop to reduce theam process elements load actumulation through an acidification process,
precipitation and filtration. Singll5] proposé a new bleaching process which reduces the
amount of water and chemicals used, as well as tlatdy of effluents generated. Imis
method the effluestfrom the final bleaching step in the chemical recovery departament
recycled Kooi [16] patented adesignwhich does notuse ary sulfide nor chlorinein the
bleaching departmenthus reducig the consumption of chemicalnd the production of

effluents.

2.1.4 Utilities consumption

The Department oNatural Resources of Canada in collaboration with the Pulp and Paper
Research Institute of Canadao( called FPInnovations) produced a benchmark for the energy
consumpbn of North American P&P millsThis reference can help a mill position itself versus

its competitors and compare its energy consumption in the various parts of the process to that of

similar mills.

The main results of the survey are presented in tablé. The energy consumptions are

normalized to a unit of production, the overedtton (odt) tofacilitatethe comparison.

Table 2-1 gives the average energy consumpgdor a Kraft mill producing bleached pulp
Values were taken from 20 Canadian Kraft millhe tablehighlights the large difference
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between the most efficient and the keeSicient plants[2]. The disparityin efficiencies shows

that there iglefinitely potential for improvement in most Canadian Kraft mills

Table2-1: Average energy consumptiamd production for bleached Kraft pulp

Electricity Thermal Energy Thermal Energy Net Thermal
- Consumption Consumption Production Energy Production
(kWh/0Dt)" (GJ/0Dt)! (GJ/0Dt)! (GJ/0Dt)!

25th Percentile 455.20 27.72 12.71 16.19 3.60
Median 550.30 32.53 16.27 18.05 1.32
75th Percentile 633.80 34.12 18.51 19579 S22
Modern 370.00 NA 8.60 NA NA

T The specific energy is determined from the sum of energies for the following areas in each mill: kraft pulping, kraft recausticizing, kraft evaporators, kraft recovery
boiler and kraft bleaching. The specific energy is the total energy divided by the bleached kraft pulp production. The pulp production is expressed on an oven-
dried basis.

7KH HQHUJ\ HIILFLHQF\ GHSHQGY VWURQJO\ RQ WKH SURFHV

energymanagement and utilizatiestrategy

2.1.5 The biorefinery concept

The biorefinery is mindustrial compleXor the production ofuel, energy andarious chemicals
from biomasspy meas of various specific processgk/]. This concept is very similar to oll
refining through which combustible and variowslueadded productsare manufactured
However, the biofinery uses a renewable feedstodignocellulosic biomassThis biomass
contains lignin,hemicellulosesand cellulose. These compounds are found in plant materials in

varying proportions.

A biorefinery can exist as a standalone process or incorporated into an existing process as an
integrated biorefinery. Implementation of the integrated forest biorefinery shsficant
advantages for both the P&P mill and the biorefinery. The infrastegiarplace, thavailable
manpaver and the raw materials constitie advantage to the P&P mill and make them good
candidates as biorefinery receptoifie biorefinery is an effective way for the P&P mill to
diversify its product portfolio and regain gsonomic prosperity. Figu26 schematically shows

the concept of thimtegratedbiorefinery.
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Figure2-6 : Scheme of the integrated forest biorefingr§

The concept of the integrated forest biorefinery presented in fRy6rehows the material and
energy streams exchanged between the processes. In the Kraft pulping process, onlyhé2% of
woody biomass is converted to pulp and the rest (lignin and hemicelluloses) is combusted to
produce energy for the process. This portion b& better utilized to increase the revenue
margins of the mills. It can be converted into highedueproducts. Rrt of aprocess stream from

the receptormill rich in hemicelluloses, lignin or celluloseould bediverted and fed to a
converting biorefinery plant to produce valaéded products. Kraft pulping is the prevalent pulp
making process worldwide and is suitable for biorefinery integration because it is independent
terms ofenergy and materialThe inegration of the forest biorefinery processR&P process
permitsthe use of waste as inputs to one anothertlaadseof common infrastructure to rade

the cost of both the pulp and paper and the biorefinery dlagitsHowever, this implementation

is subject to constraints and limitations. One constr@intthe pulp and paper plafg high
energy efficiency that ensures independence from fossil #igdserequisite to the sustainability

of the integrated forest biorefinery is a high level of efficiency of the receptor P&P mill in
particular in regards to the consumption of steamaaier Beforeintegratingthe biorefinery

the receptor P&Plantmustbe optimized to provide enough energy togygor the biorefinery
demand. Enhancement modifications could be required for certpiipreent of the Kraft

receptor mill, before implenméing the integrated biorefinery process.
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2.2 Process Integration Techniques

Process Integration (PI) is an efficient approach that be used to increase thfitability of
paper millsthrough reduction of energy, water and raw material consumption arebth their
operating costs. Pl encompasses several methods that can be based on mathematics,

thermodynamics or economsic

Process integration, combined with other tools sghrecess simulation, data reconciliation or
life cycle analysisis a powerfliand efficient approacto systematically analyse the performance

of an industrial process and understand the interadbietwveen its various parts.

Pl techniques serve to address many industrial issues such as debottlenecking of critical areas in a

given process, utility system optimization, energy sa\amglGHG emission reductiof20].

The PI techniquegan be classifiedccading to the approaeeson which they are basedhus,

one can identify 3 types of PI ftwe design and optimization béat exchangers netwark

x Conceptual approaches based on thermodynamic principéter known as pinch
analysig21].

x Numerical approaches based on mathematical models.

x Hybrid approaches combining graphical and mathematical methods.

2.2.1 Pinch analysis

Pinch analysis is the most widely used Pl approach, whereby it is possiuideidbzea global
picture of the energy use in the process. This methade usetb quicklyidentify areas of rule
violations, which are syptomatic of energyniefficienciesin a process. Other more complex
mathematical methodsave beemleveloped to optimizenergy use in plant, taking into account
the specific cortsaints of each of the process components

a) Thermal Pinch

Pinch Analysis is a structured apprbao utility management. It is a standard tool to increase
internal heat recovery. The purpose of pinch analysis is to maximize internal heat recovery within

a process and to minimizke need for hot and cold energy supplied by utilities. It was developed
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at the beginning of th&9 { [22-24] and has been proven to achieve energy reductions. Pinch
analysis significantly improves both process design and design pri@&es26]. Rather than
complex mathematical methods, pinch analysis uses a simple concept. The principle is that the
process is defined in terms of supplies dethands (sources and sinks) of commodities (energy,
water, etc.). In that sense, composite curves are constructed andetisplaytemperature vs.
enthalpy diagrangall possible heat transfers within the progessgure2-7 illustratesthe pinch

principle. The optimal solution is achieved by appropriately matching suitable sources and sinks.

PROCESS STREAM DATA

Heat Sources Heat Sinks

Q Q

Composite Curves

: '
— -
Hot : H

Composite Curve

Energy
Recuperation
Potential

Cald

.\ Composite Curve

Pinch Point

Figure2-7 . Simplified schemat of the pinch analysis basic principlgx]

The composite curves constructed from the energy sources and sinks identify the potential
savings. The pinch point represents the minintemperature intervdletween the two curves. In
old Canadian pulp and paper mills, the heat exchangers network was designed and installed

without considering the pinch rules. Therefore, economically attractive energy savings can be
obtained simply by respecting the pinch rules.

The application of pinchrelysis to industrial sectors such as petrochemicals and pulp and paper

can typicallyrepresent around 10 to 258avings in energy consumption asund 25 to 40%
in water consumptiof20Q].

The main advantages of this methodtheefollowing
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¥ ,W LV D JUD $itiprodddes B HivaKdp@oach to the phenomena, whereas most of the

optimization methods are purely numerical.

it reduces the investment and operating costs.

T @imizationcan be performedefore making assumptions about the network configuration
b) Water Pinch

The integration of thevater networkwas used primarily to serve the energy integrafidr.
Originally, the 'Thermal Pinch' methdabas inspireda water pinch method to identify areas of
violation of the pinch rulesand reduce water consumption in the plant basedsionlar
principles. A water consumption reduction wouddlso reducethe overallenergy consumption.
The water pinch metid provides a graphical solution for the potential reduatiowater intake

and effluents rejects.

The fundamental theoretical formulations for water pinch have been pioneekathhgff. [24]
Wang and Smith28] and EI-Halwagi [29]. These concepts have been successfully applied to a
wide range othemical process industries with typical fresh wagaings in the range of #0%

andwastewater savings of Zb%[30].

c) EnergyWater Integration

Improving the energy efficiency of pulp and paper mills is strongly related to the proper
management of watdrecause water is the main medium of heat transfer, pulp washing and
material transportThe larger the amount of water consumed and effluent produced within the
mill, the larger the energy requiréar heating/cooling and pumpirtbe process streani31-34).

This strong correlation between water and heat underlines the necessity to davelop

methodology that can address the simultaneous reduction of energy and water recgiidéinent

Several authors have developed pincitbased methodologies investigating energy aratew
utilization. Schaaremaat al. [35] applied in sequence and iteratively energy and water pinch
analygs. However, thermal aspects were not taken into consideration to prapteereluction
measures. Koufos and ®Rima [30, 36] applied a similar study on a dak treatment facility.

Savulescuet al. [37] suggested a combined procedure to simultaneously analyse water and
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energy consumption taking into considerationays interactions. Browet al.[31] developed a
methodology combiningpinch, exergy and mathematical optimization to identify and evaluate
thermal efficiercy of pulp and paper process. Matebvsl. [38-42] studied the complete process

to determine the ater reuse opportunities and analyse the impact on the overall thermal
performance. The methodologyas been appliedo a Canadian Kraft mill. Performance
indicators and the evolution of composite curves have served in the application of the method to
monitor the process performanfcks).

A pinch-based approach for a combined energy and vedierency enhancemeninethodology

has been developed by Keshtlatr al. [18, 32 which is an extension athe methodology
developed by Mateost al.[43] . Its application to three Canadian Kraft mills revealed over 26%
of energy savings and oveB% of water reductiol8], which is far superiothanengineering
practice An exhaustive report of the results obtained by the application of the methodology is
foundin the appendiB of this thesis, and is publishedRAPTAC Journain 2015

2.2.2 Mathematical optimisation

In addition to the graphical rtfeods, mathematical methods have been developed for energy and
water optimisation and integration. An optimization problem consists of maximizing (in the case
of power generation) or minimizing (in the case of energy use or production costs) an objective
function, of n decision variables, subject to a set of constraints (mass or thermodynamic balance)
expressed in the form of linear equations or inequalieseral mathematical energy integration

methodologies have been developed and presented.

Goortani et al. [44] used a mathematical optimization method to study the impact of the
implementation of a cogeneration unit, along with other meastwegnprove the energy
efficiencyof a Kraft mill. The results of their study showed a significant improvement in energy
savings and @roduction of aconsiderable surplus of energy. Savulestaal. [34] studiedand
developed a systematic method, based on the pinchfdodhe energyintegration and the
identification ofan optimal design oheat exchanger networkRafioneet al. [45] developed a
mathematical model to optimize the integration of energy and water nstwor green

integrated Kraft forest biorefinerilathematical optimization for water and energy integration of
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Kraft processes or Kaft integrated biorefineriess an interestingtool to identify potential
savings. Its practical application is however complicatedis not part of the tool kibf mill

engineersThisis its main limitation.

2.3 Processsimulation

A thoroughunderstanding of the physical or chemical phenaream knowledge ofelated
properties of theinvolved components are a prerequisite for process simulafyocess
simulation is a moddbased representation of a chemical, physical or biological proodasn#
operations, using a computer softwaf@is computerized representation of a procasabls
engineers to perform optimization, intagon or validation analyseand also to find optimal
operatingconditions. Hence, it is a useful tool to addresmy engineering issues. The use of
process simulation plays a key role in developingraegrated approach to process design
alsosaves time and money before the implementation of a real concept. This practice can assist
engineers and mill operators with troubleshooting design, dprdaral revamping of unit
operationsMany petrochemical and chemical industries have been using praoesatisins for
these reasons. Many types of software have been used; onansanforexample ASPEN Plu§

for simulation of macroscopic unit operations and COMSOL Multiph§sies microscopic and
dynamic simulation of physical phenonaen

However, the simlation of a pulp and paper process is very different from petrochemical
proceses because of th@ature of the reactions involvethe different phases and compounds
interactions. Several softwares for pulp and paper process simulation are commerai@bleav
such as WIinGEMS, BALAS or CADSIM. These Softwares operate either in continuous or
dynamic mode and are specially designed to kitautthe pulp and paper proce$bey include

software modules representitige specific unit operations of pulping messes.

The simulation software used ihis research study is CADSIM Pluteveloped and distributed
by Aurel Systems. CADSIM Plus & specializedsoftware focused on P&P processes widely

used by the forest industry in Canada.



20

2.4 Data reconciliation andgross error detection

Process simulation and data reconciliation are complementary tools with appreciable synergetic
effects.The construction of a simulation that accurately represents the process configuration and
operating conditionss preliminary to any process performance analyi$ig objective of process
simulation is to supply data fqgrerformanceevaluationor processntegration studies. However,

a realpulp and papeplantis never in a true and rigorous steadgte; adjustent of operating
conditions, change in the source of raw materials, equipment turnover, feed rate vaations,
maintenance shdbwn cause the system to constantly fluctugkrturbing its steam, water and

raw material consumptiofdl]. Therefore, measurements are needed to motfimprocess
efficiency, to verify that the operating conditions remain within required ratgensure good
product qualityandto avoid equipment failurer any hazardous conditions.

However, themeasuements inherently contain errpvghether random agross errorsTherefore

the mass and energy equations around unit operations often do not bBltaceeconciliation
aims to adjust the measurements so thateaimergy and mass conservation laws are respected.
Data reconciliation is essential for efficient development of @ottesimulation models that
supplyreliabledata.

Figure 2-8 displays the classification of process variables in a system and taldar@marizes
the basic fundamentals, necessary for the understanding of the concepts of data reconciliation and

grosserror detection.
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Redundant
Measured
Non-
redundant
Process
variable
Observable
Non
measured
Unobservable

Figure 28: Classification of process variables

Table2-2 : Definition of important data reconciliation parameters

Parameter

Definition

Random error

If a measurement of a process is repeated under identical conditior
same value is not obtained. This is due to the presence of random er
MQRLVHY LQ WKH V\VWHP 5DQGRP HUUR
probability laws. They cannot be pretid nor explained. They can

adjustedand their impact can be minimized with large sample size

observations.

Gross error

Refers to a deviation in a measurement that is not only due to rando
of occurrence. Probable sources are improper calibration of
measurement device, deterioration of the equipment or the device,

operating conditions, etc. A gross error hasmagnitude and a directig
(positive or negative sign), and does not follow the probability law.
consistent and large number of observations does not eliminate its ef

must be eliminated otherwise the conclusions of the analysis ma
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invalid.

Residual The residual is the difference between any observation and its
probable value The residual of balancef constraints is the remaind
when the conservation laws aret conserved.The residual vectareflects
the degree of violation of aterial ad energy conservation laws.

Observable An observable variable is an unmeasured variable that can be est

variable from measured variables throutyte processconstraints.

Unobservable

An unobservable variable is an unmeasured bhlriafor which no

variable information is available.

Redundant A redundant variable is a measured variable that can be estimated b

variable measured variables through process constraints, in addition
measurement.

Nonredundant | A non redundant variable is a measured variable that cannot be esti

variable other than by its own measurement.

Process The model process constraints are typically mass and energy conse

constraints

laws.

Redundancy

(spatial and

temporal)

A measurement is gpally redundant if there are more than enough da
completely define the process at any instant in time. A measurem
temporally redundant if its past measurements can be used to estim
current state. A typical case for a temporally reduhsaeasurement i
that, at the current sampling time, t, the true value of the process vg

can be predicted by dynamic models, in addition to the raw measurem

Observability

A system is observable when all the unmeasured variables can be es

via process constraints and the available measurements.

Reconciliation

feasibility

The reconciliation is possible only if the system considered is

observable and redundant. In other words, all the unmeasured variab
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be estimated, and thereasdditional information (redundancy) to valida

the computations, and adjust the redundant measurements.

Bilinear systems Bilinear systems are a special case of non linear systems, in whic
linear terms are constructed by multiplication of control vector and

vector such as:"A, = constant.

Level of A level of confidence is a measure of reliability of a statistical reBalta
confidence : FRQILGHQFH LQWHUYDO WKH SU

outside of this area is less than 0.05.

Data reconciliation techniquégveonly beenapplied since recelytto P&P [46]. In fact, in the

P&P industry, it has been noted that there are few examples ofsleaifge simulations that are
actually based on reconciled datadlected from processin operation[46]. Data reconciliation
requires a large amount of data to solve the modeling equations. In spite of the abundance of
information that can be acquired using process sensors, a considerable amount of additional
measurements are still required to reach a satisfactory level of redundancy and thus, perform data
reconciliation in an operating P&P mill. This is due to the fact thedgurement devices in a

P&P mill have not been placed to perform effective data reconciliation. In fact, P&P mills
perform as few measurements as necessary to produce a pmfdoohstant qualityand to
estimate daily expenses and revenue¥acob and Pai[46] presented an ofine data
reconciliation technique for data calibration of a paper deinking process and a newsprint mill.
Bellec et al. [47] used an oiline systematic method to improve data quality of -teaé
measurements of pulp and paper mills. However, no data reconciliation of a Catadtaor

pulp and paper mill lebeen published

2.4.1 Data reconciliation: problem formulation

Data reconciliation is an optimization problem that aims to minimize the weighted sum of
squared differences between the measured and the reconciled valuesamstaints that
correspond to mass and heat balané&éathematically, itcan be formulated by the following

corstrained weighted leasgjuare®ptimization problenj4§]:
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In vector form, this equation becomes,
e H>F&X 7?55, Fg; (2)

v
It is subject to the constraints:
G, kTy&ol r (©)
The number of constraints in the modei, and y ishe measurement vectibratcan be written:
UL TEY (4

The vectorx, is the vector of true valuesf the measurementariables and Yis the vector of
random measurement errorhat arenormally distributed with zero mean ambssess a
covariance matrixW. The vectow is the vector of unmeasured observable variathlasshould
be estimatedby the reconciliation procedurg&he (m) constraintorrespond tanassandenergy

balances thanhust be satisfied, arate encapsulated the termG, .

Several methods presentiedthe literature have been develogedsolve optimization problesn
The complexity of the techniques depends strongly on the constraints impdsed can be
linear (case of global mass balances) non linear(case of energy balances and individual

component mass balances)

The analytical solution of thoptimization poblem under linear constraints, witall variables

measurd, is obtained by means of Lagrangian multiplig¥8, 50], and is given by:
¥L>F X X750, ®)
Underthe constraints:
SLr (6)

The details of the mathematical development can be found in appendix A of the Thesis.
incidencematrix (A) correspondgo the Jacobians of theonstraintsand V isthe covariance

matrix of random erroras mentioned earlier
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If the constraints are nonlinear (the case of heat balances for instance), thenugide
linearized. Several linearization methodse possible and available in the literature The
successive linearizatioms one of the mogpopular methods for data reconciliation applications
[51]. The general principle of the successive linearization techrignsists of using Taylor
expansion to the first order around the estimated values of the variabteso iteratantil an
optimal point is obtained satisfying the nlibmear constraint§51]. However, this method cannot
treatinequality constraintsyery common ér dynamicreconciliation[51]. The SQP (Successive
Quadratic Programminghethodis an example of an algorithm that can solve a nonlinear system
with inequality constraint§51]. The disadvantage @QP method is that they requirdonger
computation timehan successive linearizatidor steady state reconciliatigb?]. The advantage

of SQPtechnologies over the successive linearization method is that it allows the treatment of
inequality constraints which can make the system converge towards mi@gcrealues, since

the number of constraints increase$HYHUWKHOHVY VXFFHVVLYH OLQHDU

expansion is the method recommended for bilinear steady state system.

Moreover, vhen the data set contains unmeasured varigb)ethe solutbn can be obtained by
the method of orthogonal QR factorizafiateveloped byCrowe[53]. The incidence matrigA)
can be divided into two matrices: one contains the measured vafialesdthe othercontains

the nonmeasured ondg#\,), according to the following equati¢a9] :
Acx + A, u=0 ()

Ay is the incidence mtrix of the variables measurednd A, is the incidence matrix of

unmeasured variables.

According toCrowef ¥hethod[51], the tnmeasured variables are first removed by multiplying
both sides oéquation(7) by a projection matrix, Rybtained by the QR factorizatiosp that

PA,=0 (8)

% QR factorization, in linear algebra, is a method for decomposition of the square matrix A, into a product A=QR of
an orthogonal matrix Q and an upper triangular matrix R. QR factorization is often used to solve the linear least

squareproblems.
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The reconciliation problem becomes

ece H>FE&X P55, F& 9

JELr (10)

The projection matrix P is obtained by applying the method of QR factorizatibe matrixA,,.
The detail of the mathematical development of the QR factorization is presented in the appendix
A of the thesisThe solution of the optimization problem is obtained by replacing the matrix A by
PA, matrix, inequation(5) [49]:

¥L>F %, o sk o (12)

Once the measured variab®reconciled, the unmeasured variables can be estimated using the

following equation:
YL F: %X %%, 8 (12)

In the reconciliation problem, only the redundant measured variables are adjusted. The non
redundant measurements and the observable variables are eliminated from the reconciliation

problem.

Observability and redundancy

For economic and technical reaspnst all variables in a mill are measured. In fact, in a real
operatingmill, there areonly measurementshat arenecessary to control the procegata
reconciliation is only possible if the systamder studyis both observable and redundant. An
observable system is a system of which all the unmeasured variables can be egi@patedss
constraintsand available measurements. @lnservable systens redundant wheat least one
additioral measuremens awailable tovalidate thecomputationsA redundansystemis said to
have apositive global redundang. The number of global redundancy (GR) is obtained by
substituting the number of unmeasured varialjleto(the number of processquations 1), as
shownin the following equatiof51]:
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GR=m-]j (13)

Two situations mawrise, depending on the value of the numbdghe computedverall global
redundancy when, *5 < | the system can be solyednd for GR<O: the system remains
undetermined. This situationccurs when there are lesseasured u@ables than unknown

variabledinked byphysical and thermodynamic relations.
Moreover,as explained in tabl2-2, there are two typesf redundancy{51]:

x Spatial redundancwhich representshe physical distribution of measurements in the

plant.

x Time redundancyhich representshe measurement of the same variadalifferent

times.
Both time andspatial redundancies are needed to perform data reconciliation.

Variable classification:

It is important to classify the variables that describe the systadied in orderto solve the
reconciliationproblemandensure that the stgn isobservable and redundaSeveral strategies
have been formulated for performing process variable classification. These strategies may b
divided into 2 major groups. In group the concept of graph thedsyappliedto achieve the
categorization, anoh the othergroupmatrix ordering techniques and computatians used54).

Graph orientd techniques have beelevelogd by Valavek [5557], Mah et al. [58-61] and
Meyer et al. [62]. Vaclavek [56] first defined the concept of observalyilidnd redundancy by
graph representatiorend classified global flows a process according to this cept. Later,
Kretsovalis and Maf63, 64] and Meyeret al.[62] developeda variantand simplifiedmethodof

the graph theory applicabfer bilinear systems. However, these techniques require an extensive
analysis of the process graph and its derived subgraphs making them complicated for practical
applications A more detailed explanatioon the application of the graph theory can be found in

appendix A of the thesis.
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Equaions-oriented approaches were devadpyfour main groups of researcherRomagnoli

and Stephanopould$5], Crowe[53], Joriset al.[66], and Madroret al. [68]. The majority of
mathematical variable classification procedures are based on the manipulation of the occurrence
matrix of the process, whichomespond to thematrix of balance equation®Romagnoli and
Stephanopoulogs5] proposed a classification procedure based on the application of ah settpu
assignment algorithm to the occurrence submatrix of unmeasured variables associated with linear
or nonlinear model equations. Croekal.[67] proposed the utilization of the projection matrix

P to eiminate the normeasured variablesdim linear systems and later extendbd methodo

bilinear systems. Joris and Kalitventzef66] developed a procedure for the classification of
variables that is accomplished by permuting rows and columns of the occurrence matrix
corresponding to the Jacobian tbe model equations. However, this mathematical procedure
fails to detectthe undeterminable(unobservable)variables. Madronet al. [68] proposed a
classification procedure based on the conversion into the canonical form of the matrix associated
with linear or linearized plant model equations. This is extensively described in the monograph
by Madron [68]. Crowés method for variable classification using the QR factorization and the

projection matrix P is recommended for bilinear system at steady Sthte

2.4.2 Gross error detection

Measurementgherentlycontain random errors due to noise of seng@scause them to violate
process constraintata reconciliation is meant to corrgbese error§69]. However, gross

errors due to a sensor failure eguipment malfunctioshould be detected first. This is usually

done by verifying that all measurements remain within acceptable upper and lower bounds. To do
so, statistical tests are developed to detect, identify and locate the gross errors. The basic
principle of gross ermodetection is derived from thilentification of outliers by statistical
techniques[69]. Figure 29 reproduced from Narasimhan and Jordache [51] illustrates
graphically the most common types of instruments faults: bias, complete failure, drifting and

precision degradation.
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Figure 29: Instrument types of faults [51].

The random erras inherently presenin measurementare assumed to follow a normal
distributon. Thus, the normalized errors (X 1 DOVR th&®k @adniakL distribution.
Normalized errorshouldfall inside a (1. FRQILGHQFH L Q WddnfixeDddleleW D FKRYV
Any value ofa normalized errowhich falls outside that confidence region is declared an outlier

Oor a gross error.

The most commonly used statistical techniques for detecting gross errors are based on hypothesis
testing. In gross error deteatiothe null hypothesis {Hmeanghat no gross error is present in the

data set testednd H meanghat at least one gross error is present.

Theresult of thestatisticaltestthat asse&sof the presence of a gross en®comparedo a pre
specified threshold valudhe null hypothesis is rejected or accepted, respectively, depending on
whether the statistical test exceeds the threshold or not. The threshold value is also known as the

test criterion or the critical value of the test.

The outcome of thetatistical test is not perfect, two types of detection ercaied type | and
type Il errorsmay occur Type lerrors (also called false alarm) ameors detected when in fact
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no gross error is presentype Il errors correspondtthe presence of gross errors not detected
from the test. Therefore, the test criterion can be selected so that the probabyjy bérror is

less than or equal to a specified vatife. UHIHUUHG W R |&¥ for thé QtatisticaDi€3 H
However, nostatisticaltest is guaranteed to successfully identify and locate all gross Esiprs

This is the main limitation of statistical tests. Therefore, it is recommended to use more than one

statistical test for the detection of gross errors.

Statistical techniques:

Assuming dinear constraint model:
§L .. (14)
WhereA is thematrix oflinear constraint and c=0, fbnear constraints.

Therandomerrors are assumed to hermally distributed with known variance and covariance

matrix W.
Then:
"L SF .. (15)

wherer is the vector of balance residual. In the absence of gross error, r follows a multivariate

normal distribution with zero mean aagariancecovariancamatrix V, [51] given by
L.."" L X (16)

Therefore, undethe null hypothesi$ly, ~N(0,V), in the presence of gross egathe elements
of theresidualvectorr reflect the degree of violation of process constraimaterial and energy
conservation laws)heV matrix contains informationrothe process structufenatrix A) andon

the measurement variancevariance matriXmatrix W). Therefore, lhe two quantities r and V

can be used to construct statistical tests which can detgutetbencef gross errors.

Global Test (GT):
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Several athors such as Madrd®8], Ripps[70] and Almasyet al. [71] suggestedhe use of a
global chisquare $ statisti@l test constructed from the observed discrepancies in the
constraint{the balace residual vectan, given by:

Ovtr (17)

Under H (in the absence of gross error), lest I ROORZGLIVWULEXWLRQ ZLWK #
IUHHGRP ZKHUH # LV Whk &f DiQriX ARi$ dguaWidithg nimber of process
constrains) The test criterion(or threshold)L V' F K R \{.H:) wilhvd cBosen significanckevel

.. Then H is rejected and a gross erromistected in the data set tested 1. $°. The choice

of the significance level. (and therefore the test criterioehsures that the probability tfpe |

HUURU LV OHVV WKDQ RU HTXDO WR

The difficulty of this global test is that it detet¢t® presence of gross errdrst it does not locate
the sourcs of these errorsThen,an additional scheme must be u$éd. Moreover this gldoal

testdoes notetermine the number gfosserrorspresent

The Constraint or Nodal Test (NT):

Reilly and Carpan|i72] and Mahet al.[58] independenyl proposed performing a separate test on

eachprocesgonstraintresidual (i):
li=li_ ¥9 (18)

Under H when no gross error is present, the result of the statlig8st %, ;) follows a standard

normal distribution N (0,1) [51]. If the resultof the statistical tesk,; exceed the test criterion

(Z1-. , with alevel of significance. in atwo-sidedtest),a grosserror is detectedsince the same

test criterionis used for all constraintshe probability that the test igjectedwhenno gross

errors are presemcreasesin other words, the probability ofpe Ierror ishigherthanthe value

R 1 Type lerror probability could beeducedby modifying the criterion for each constrairi.
PRGLILHG OHYHO RI VLJQLILFDQF[H]], sucthh a¥V HG. R UheHd8tFK FRQ\

criterion for each constraint becomes Z
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Crowe[53] developedand introduced a slightly modified form of tkenstraint testwhich has
the maximum pow# to detect the presence of gross errors agiven by:

m=2z=[Vri_ ¥9 (19)

The test criterion is chosen to be the same as in the case of the standard constraint test. However,

if there is a gross error, this maximum power test has a greater probability to detect it.

The application of this test is limited by thesumption that the gross errors in different streams
incident at a given node (entering or leaving) do not cancel out. Because of this, this test assumes

one error at a time.

The Measurement Test (MT):

Mah and Tamhangs0] proposed a more direct approdohgross errorsletection The statistical
testthey propased is based on the measurematjustmentga) rather thanon the constraints
residuals(r). The measurement adjustment is the difference betweevathe of themeasured
variable and its reconcilezktimate as:

=L UFU (20

The reconciled estimatdélis obtained bythe reconciliation optimization solution. Using the

solutionfor Pthe measurement adjustment can beiten as follows:
=L # 87°N (21)
The variancecovariance matrix athe measurements adjustments is then calculated by:
97L ?KR; L # 87?5 (22)
Under H),, the measuremesiidjustmert follow a normal distributioimN~ (0, a).
Then, the measurement adjustment statistical test given by:

4 A maximum power is the maximum probability of detecting a gross error.
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alsofollows astandard normal distribution N©, 1), under H. The limitation of this test is that it
assumes one error at a tiraad thereforeascribeshe probability of presence aherror entirely
to one measuremenwhichmayamplify the magnitude of thgrosserror.

The Generalized Likelihood Ratio (GLR) Test:

The generalized likelihood ratio test (GLF) based on the maximum likelihood ratio principle
used in statisticdNarasmhanand Mah[73] were first to propose the use of GLR test for gross
error detection. It is the ratio of the probability of occurrence of a ggoss H;) over the

probability of its absencg@Hy), andcan be writteras follows:

- "IBY *g; (24)
W
UL © B:U %y,

f(y) is the normal densityfunction of the measurement x, and the tesop indicatesthe
maximum of the functionThe test (equatio®4) can be simplified, as follow§4]:

a (25)
b

~ S

N\
UL ——5"3F 3,
SEqEgiTwy s

With n, is the number of samples in the measurem@istthe average value of the samplg,is

the true mean, and s the sample standard deviatiats].

Multiple gross error detection:

Multiple gross errors detection, identification and estimatiwawve been the object of several

studiesin the last twenty years. All techniques developed for multiple grossetetection and
identification can be broadly classified as either simultaneous or serial straf@@les
Simultaneous strategies identify on a single iteration all measurements whose statistical tests
exceed the test criterion. This could be done through GLR test or measurement elimination
strategy.The GLR test has been proved to be similar or equivatethe global test followed by

the measurement test. TI&LR method attempts to identify as few gross errors as necessary to
accept the null hypothesisfH +RZHYHU LW KDVQIYW EHHQ PXFK XVHG EH

of combinatorial alternative hypotressto be tested for which a statistical test has to be
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performed. This method has been investigate8diyhet al.[77] andhas beeriound to result in

too many mispredictions because of the smearing effect causing a good measurement to exceed a
test criterion if itis relatedthrough a constrainto a measurement containiagross error. Serial
strategies use the same approaches through several iterations. Many algorithms have been
developed for that purpose. A possible solution to avoid the smearing effect is to perform
multiple gross error det¢ion of a combination of two or morandependent variables (or
independent constraints equationsjowever, the difficulty of doing so in real operating
processeds the strong correlatiometweenvariables, and therefore, their inidependence,

which males the computations of probabilities tests for gross etedisus, and thérmulation

of a probability functiorcomplicated

2.5 Exergy analysis

The term "exergy" is used tiescribethe combination of energy quantity (which is conserved
according to the first law of thermodynamics) and energy quality (which is consumed according
to the second law of thermodynamics)nlide conventional energy analysis that usually
mainly basedon thefirst law of thermodynamics, exerggnalysisrelies on the first and the
second laws of thermodynamics. It taket® iaccounthe properties of the systé&environment

and considers the energy conversion stages in the paopesgionwhere the quality foenergy is
degraded.The fundamental link between energy and exergy is the entipyopy is an
extensive propertgf a system antepresents the amount of energy in a systenctrato longer
produce worl78]. The second law of thermodynamics states that the entropy of a real system
increases inevitably and it cannot be reduced back to its initial[3&t@0]. Exergy as defined

by Szargui{81] is the maximum amount of work that can be produced by bringing a process
stream in therma mechanical and chemical equilibrium with its environment by a series of
reversible operations. However, all real processes are irreversible with the consequence that
exergy is destroyed due to entropy generation. Therefore, unlike energy, exergpasanoed

for real processes. For this reason, the exergy and em@gysesshould beinvestigated

differently.
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The exergy of a system or a stream is the sum of the contribution of all its forms of exergy;
potential, kinetic, thermal, chemical and elmatl, and is completely determined by its

temperature, pressure and composition in regards to a reference state.

érmrl— énE éi E érfE éGLE écjca (26)

The reference state (temperature, pressure and chemical composition) is usually the environment
in which the system operatf82, 83]. From a theoretical standpoint, the reference environment

must be in thermodynamic equilibrium, and therefore, with no usable €i@gigy

Thermodynamic analysebased on both energy and exeeffjciencieshave been of scientific

interest for several decadis].

Exergy efficiency concepts have been introducest oy Grassman in th&9 {[86]. He
expressd the exergy efficiency as the sum of all the exergy input streams, considered as useful
exergy over the sum of all the exergy output streams, also considered as esefgy as

expressed by:

As (29
A

In reversible processes with no exergy destruction, this definition always gives 100% efficiency.

In real processes, on the other hagwkrgy is destroyedrhermodynamic efficiencof processes
decreases as exergy is destroydifimate efficiency is achied only at equilibrium (reversible
process), i.e. infinitely slow process which is not a pracecajineering option. &t of the

exergy output from the system may be dissipated into the environment as sewered wastes or stack
gases emissions. This egg lostto the environmeris no longeusedby subsequent processes,
therefore it is more appropriate from an engineering point of view and from the standpoint of
downstream operations to consider the exergy that remains utilizable rather than thetpotal

and accordingly the definition of thedficiency byGrassmanis not best suited for real industrial
applications. Fratzchef87] introduced a slightly different exergy efficiency definition, that

considers the exergy of output streams of products rather than the total exergy:
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A npmbsar (27)

s
S S
The purpose of an exergy analysis is to identify areas with poor efficiencies and propose
enhancement measures that reduce the exergy destroyed and lost in the [pxecggsanalysis
has been largely applied in the petrochemical indy&8y90]. However, in the P&P industry
there are few examples analyzing a complete [@1l], or specific sectionf92-94]. Gonget al.
[95 presented an exergy analyfiased on a simulatioof a Swedish pulp and paper milh
their studiesthey demonstrated that the exergy corgeftthe streams areuch less than their
energy contest The exergy analysis of the Swedish pulp and paper mill showethéhktrgest
exergy losses appear in the boilers and the heating proasdgghly inefficient. Similarly,
Regulagaddat al.[96] presented an exergnd energy analyseof a thermal power plantheir
studyshowed that the major losses of exergy occur in the boilegrea when energy analysis is
performedthe condenser is shovto be the least efficienThese results highlight the significant
difference between energy and exergy analySegnand Parig90] also presented an integration
of pinch analysis to thermodynamic analysis of a probgsseans oanexergy load distribution
method and demonstrated its effectiveness in improving systems by applying it to a hydrogen

production mit by methane reforming.

Exergy has been proven to be a valuable tool for identifyisgnodynamically inefficient areas
and improvingthe overallprocess performancelowever, pinch and exergy anatgshave been
put in competition bysome authors. Linnbff and Alanis[23] argued thatpinch analysis
producedmore meaningful targetsy considering design inforation. Gaggioliet al.[97], on the
other hand, established thahch analysis can oly be used for designing HEN arsinceit is a
systematic approachmany improvement options can be overlook®d this analysisalone
Conversely, exerggnalysis identifiepossibilities for improvementn fact, theirfields of action
aredifferent butcomplementary.
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2.6 Dimensional analysis

Dimensional analysis is a powerful analytical technique to study physical and thermodynamic
processes; it facilitates the understanding of physical phenomena; simplifieanahesis
procedure and enablesfficiency diagnostics It producesa complete set of dimensionless
numbers that describe a physical process and outline the conditions under which the process
operates. Buckingharf®8] first introduced a stepwise guedure for the development of non
GLPHQVLRQDO QXPEHUV WKDW GHVFULEH D JLYHQ SURFHVYV
QDPH IURP %XFNLQJKDP V XVH RI WKH V\PERO IRU WKH G
1914 papef99]. Since thenconsiderable efforts have been devdtedevelofng dimensionless
numbers to characterize unit operations perfolceain a concise way. Several dimensionless
numbers have thereby been formulated. Examplesha&eynolds number (Re), to characterize

the kind of flows in all types of fluidlynamicproblems, the Froude number (Fr), for modeling

flow with a free surfaceNusselt (Nu), Biot (Bi) and Peclet (Pe) to describe heat transfets or
Carnotcoefficient | IRU HQHUJ\ HIILFLHQF)\SewRl &OQ@E0QTIR tseD I1H Z
dimensionless numbers to evaluate the performance of chemical engineering unit operations. The
dimensionless groups are then interpreted on the bési pertinent operating ratfbeat or mass

flux for example). Atempts have been made to produce empirical correlations that combine
different dimensionless numbers, applicable to a range of operating condiBaisco[103
proposed an energy efficieneyalysisfor cooling and heating buildings based on dimensional
analysis. Arora and Potucg¢kl12-114 suggested the use of dimensional numbers such as Biot
and Peclet to evaluate the performance of displacement waspargtios. Brenner[114],
Mcdonoughet al. [115 and Jainet al. [116118 used dimensionless numbers to evaluate the
performance of the washing and the bleaching process operatevestiless, no dimensional

analysis 6thecompleteKraft process equipment has been published.

The formal most common tool for dimensional analysithés % X F N L Q JIKd Pi)tieorem

as mentioned earlielt consists of a stepwise procedutescribedelow[101]:

1. Identification of independent variables (n):
34 L B: 35é36£7% a &a, (29)
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This step consists of identifying a complete set of relevant independent variables. A set
353583,8 & &4 is complete if once the variables are specified; no atheablecan affect

the value of3, Variables are independent, if the valueeaich of them can be adjusted
individually without affecting the value of any other. This step is the most important; it
requires a thorough analysis of the operation under study. Assumptions can be made to avoid
unnecessary details that can hinder theysmal

. Dimensional considerationkst of independent variables (m):

This step consists of listing the dimensions of the independent variabjgsé3, & a 8,
according to a chosen system of units

. Identification of a dimensionally independent subset:

This step consists of selecting from the complete set of physically independent
variables 353583, 8 & &34 a complete dimensionally independent sub8gja &3, &GQ J

and expressing dimension of each of the remaining independent varBablgs &34 and the
dependent variabl&,as a product of powerdf 35;a &3,

Thesubset3s5;a &3 0f the set355a &5 is dimensionally independent if none of its members
has a dimension that can be expressed in terms of the dimensions of thengemaimbers.

It is complete if the dimensions of the remaining quantifigsssa &34 of the full set can be
expressed in terms of the dimensions of the suBsgt &3,

The dimensional subses;a 8 is assembled by trial and error. The number nigjue to

the set and cannot exceee thumber of the base dimension$ (th).

. Obtaining the different equationsftarm the dimensionless numbers:

Having chosen a complete dimensionally independebset3s;a &3, the dimensions 08,

and of the remaininguantities 3p.54a &4can be expressed in terms of the dimensions of
3558 &Bp

5. Solving for algebraic equations to obtain the powers of the dimensionless numbers:

6. Write the final result of the dimensional analysis

This step consts of writing all the dimensionless numbers in the form,

T4L B:35éé .a"gpé,l\5éé,|\é?p; (30)
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2.7 Equipment performance analysis (EPA)

Process integration techniques such as pinch analysis and mathematicabtiptimiethods are
based on the implicit assumption that the unit opamatiof a processperate efficiently. In
practice, this is not always the ca$berefore it is important to evaluate the performancettué

equipmentnd unit operations in place be¢undertaking any optimization offagocess

The common way to evaluate therformance oequipmentand unit operations isy meansof
specific key performance indicators (KPIhe use of indicators as a calibration tool is a
common practice to measuthe variability and correct the functioning of a process. Key
performance indicators, lven used efficiently can identifsne areas aneéquipmentthat have

savings opportunities.

One tool that is mentioned in the literature is the comparison of energy;, arad electricity
consumptionnormalized to the production raté a mill, with the Canadian average and best
practice mills. This lead to a preliminaigentification of inefficientdepartments and further

analysis is requikto pinpoint the equipmewausingthe inefficiencies.

Lang and Gerry{119 proposed indicators to monitor process control systems and identify
periods where control loops are outside the normal mode or when they oscillate. These indicators
identify aeas with significant deviations from target points (energy or material consumption for
example) but do not provide information on what is causing these deviations. Similarly, Buckbee
[120 defined indicators as the ratio between the setpoint and the actual targets achieved. The
challenges that are associated with the wide variations in enavgygs led the industries to
implementingintensive monitoring. Van Gorgt al.[12]] proposed a strategic method for utility
distribution and energy management based on metrics for energy consumption per unit of
production. The metrics are compared to the goals sétd@rojects on thenergyconsumption
reduction and a mathematical relationship is used to monitor the consumption (compared to the
targets). Retsinfl22 proposed a similar methodology by adding a-teaé monitoring of these
indicators. Sivill and Ahtila[123 proposed the use of performance indicators that take into
consideration the logistic and productivityrjpels of the mill based on their business strategy

The indicatorpropo®d consider thpaper productiomate the overall energy consumptioand
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the economic parameters of the MilR3. They alsd 124 developed a software to control these
indicators. However, no work has been published on a complete structured and systematic
approach for equipnme¢ performance analysis of a Kraft pulp procebg, meansof key

performance indicators (KPIs).

Energy savings can be achievgd modifying operating conditions ary project identification

[3]. Enhancement of the process, such as tuning boilers, checking appropriate insulation
thickness, identifying and repairing steam tragentifying streamshat are cooled down and
heated and monitoring excess furnace air, can also produce energy sgM23ysHowever, the
diagnostic and improvement projects, based on the available key performance indicators, depend
on the expeise and experience of the mill managers, and also on their knowledge of the system
and equipment. They do not provide direct information on what is causing the inefficiency,
whether itis wrongoperating conditions, ocequipment condition deterioratiomherefore, Bw

adapted key performandedicators should be formulatethr the Kraft process equipment, to

facilitate the diagnostic of the causes of inefficiencies in unit operations.
2.8 Synthesis of literature review

2.8.1 Summary of literature review and sciertific gaps

Energy efficiency analysis is the object of many studies. However, the literature reagew

highlighteda numbef scientificgaps

A recurrent problenin published examples the lack of explanation or informatiom bow the

data, used for all analysesre gathered or treated. The analyses oftenbased on computer
simulatons. The simulation models are generalby based on real reconciled mill data. There is

no incentive in seeking to optimize a model, whenogsinot match the actual behavior of the

real plant. A representative model based on reconciled data is a prerequisite step to any

optimization or evaluatiowork.

Another problem is that process integration techniques implicitly assume that unit operations and
equipment in place opemtefficiently or as intendedn reality, this is often not the case.

Equipment performance analysis is a necessary step priodéotakng anyintegration measure.
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This prerequisite step of equipment performance evaluasomisually either simple or
nonexistent. There is no systematic or strategic methodology for a complete equipment
performance analysis. Also, the key performandéecators available and used are not well suited

to efficiently identify and diagnose thmauses of inefficiencies in mill, in terms of process

operationperformance or energy and material utilization

A pulp and paper miltontains aaumber ofrecycingloopsthat increse process interactions and
make conventional pinch analysis or process integration techniquesitéd. These techniques
are applied to tackle energy efficiency withh@egard to the interactions fhe complete process
thusfailing to address the problems or the entire progessiding interactions. An equipment
performance analysisvhen strategically developed and applisbould take into accourtoth
the specific operating conditions of a unit operation and its interactiors otliterunits of the

process.

Exergy analysis is a valuable tool to evaluate the efficiency of a pradessver, it has not
evolvedto a systematic method, suchthe Pinch Analysis othe Water Pinch and has not been
applied on a real Canadi&maft mill, in combination with other tools for equipment performance
analysis. P&P mills are driven by steam, water and chemicals which make them suitable for
exergy studies. Traditional energy studies only consider thermal energy. Exergy analysis
considers alldrms of energyas well asthe intenal energy of the matter that is thibeemical
exergy.

The summary of the literature review leads to the formulation of the specific objdothves
observed in order to achieve the main objeativihe thesisThe speific objectivesare to:
x Develop performance indicators adapted to the Kraft process equipment for energy and

matter.
x ldentify poor performing areas and diagnose the causes of inefficiencies.

X Propose improvement projects to address the inefficiencies.
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2.8.2 Overall methodology approach

To perform a complete equipment performance analysis, the overall unified methodology shown
in figure 2-10 has beerdeveloped and applied. It consists of 6 main stages. The firsbfstep
methodologyis the developmenbf a aherent model simulation that represetfis long term
averagesteadystate of the process. To do so, real mill data collection, gross error detection and
data reconciliation have been performed. The results @rties error detection strateggddata
reconciliationidentify stronglyadjusted variables ardghlight the processes suspected of having
poor performance(an overconsumption or energy or water for example is asynagitoof poor
efficiency). Data reconciliation pdoucesa congruent set of data that representitimg term
averagesteadystate, based on mass and energy balanédsraft unit operations. Exergy
analysis of individual unit operations and of entire sections of the process has been performed.

This analysis h@k toidentify poor energy performance areas.

Data reconciliationand exergy analysis help target problematic areas. A list of suspected
inefficient equipment is constructed. Additional specific key perénce indicators are
developedto characterize andescribe the process efficiency of the listed suspect equipment
through a thorough and detailed dimensional analysis. A synthesis of improvement projects is
then performed. A list of priority improvement projects are proposed and recordnandhe

case sudy mill in order to improve their overall efficiency.



Figure2-10: Overall methodology
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CHAPTER 3. ARTICLE 1: DATA RECONCILIATION AND
GROSS ERROR DETECTION OF AN OPERATING CANADIAN
KRAFT MILL

3.1Presentation of the article

This paper has been submitted to the Computer and Chemical Engineering Jdbenal.
application of data reconciliation andags error detection techniqueanoperating Kraft mill is
presented The combinations of several s$stital techniqgues have been used to efficiently
identify and locatethe gross errors.The results of the reconciled data and the gross error
detectionstrategyhave been analyzed to target and locate errors and iddmifyefficient areas

of the mill. The difficulties of applying data reconciliation and gross error techniguasreal
Kraft mill have been highlighted.

3.2 Abstract

In this paper, the application of data reconciliation and gross error detection to an Eastern
Canadian Kraft mill is presentethd discussed. The reconciliation problem was developed from
global mass and energy balances, and was solved via successive linearization. The new approach
developed was tested using plant data. The presence of gross errors was determined using a new
straegy that combines four successive statistical tests: the normal density test, the global test, the
combined procedure and the generalized likelihood ratio (GLR) test. The algorithm and code for
gross error detection and data reconciliation strategies weveloped and solved using
MATLAB®. The gross error detection strategy identified the sources of errors, computed their
magnitudes, and corrected the corrupted measurements. The data reconciliation pointed the
process areas which are strongly adjusted?%% adjustment). Such adjustments suggest a
process operation problem, and the unit operations suspected of having poor performances were
highlighted.

Key words: Kraft process, data reconciliation, gross error detection, global test, nodal test,

generalized likelihood ratio test.
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3.3Nomenclature

A Incidence matrix, Jacobians of the process model constraints
Ay Incidence matrix of unmeasured observable variables

A Incidence matrix of measured variables

a Vector of the adjustments of the reconciled variables

DR  Data reconciliation

Om Function of the process constraints

GED Gross error detection

GLR Generalized likelihood ratio

Ho Null hypothesis, no gross error is peait

Hy  Alternativehypothesis, at least one gross error is present

m Number of process constraints

N Number of observations
n Number of variables
P Projection matrix, obtained from QR factorization

Q1, @ Q Matrices obtained from the QR factorization of matrix A, qr(A)=QR
R;, R R Matrices obtained from the QR factorization of matrix A, qr(A)=QR
r Vector of constraints residuals

Standard deviation

n

u Vector of the observable variables
\% Variance matrix
wW Covariance matrix of the error
X Vector of the true variables
y Vector of measured variables
Greek
Confidence level
Power confidence level
0 Vector of random errors
Average value of a sample

1 Standard deviation



46

Result of the statistical test

§  Chi-squared statistical test

Superscript

D  Average value
A Reconciled value
T Transpose

3.4Introduction

The performance analyses of pulp and paper mills are usually based on simulations that represent
the mills at an average presumed steady state. Howaeveal Kraft plant is never in a true and
rigorous steadytate; local adjustments of operatirgnditions, feed rate variationsperational

drifts or deviation, fluctuation®f a measurement and malfunction wfonitoring equipment,

cause constant flucitions of the mass and heat flow rates. Therefore, performance evaluation
results based on these prsgesimulations mayresent a bias. On the other hand, the
development of a new representative simulation can be a tedious task, and is often developed by
trial and errors and does not take into account the real fluctuations of the mill. Due to errors in the
measured data or assumptions made due to a lack of necessary data, the simulation might not be
the best representation of the long term average sttaigyof the real process. Therefore, the
development of a structured procedure to generate a reliable set of data that represent the long
term average steagbfate of the mill will be of great help for process simulationstruction

Data reconciliationis essential for process performance follow up and simulation model
development and calibration. Based on measurement redundancy, it is recommended as a
preliminary step to process simulation. It should be a common practice to start with data
reconciliaton in order to generate a congruent and reliable set of data before undertaking any

performance evaluation.

In a Kraft mill, a large number of variables are measured and archived on a daily basis for the
purpose of process control and performance evaluaiibese measurements are subjedioth

random and grossrrors, so that they generally do not satisfy the conservation laws and other
process constraints. Therefore, the measurements need to be adjusted in order for them to obey

the conservation laws and any other constraints imposed upon them. This prex&doren as
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data reconciliation (DR). It is an optimization process that aims to minimize the overall
correction (adjustment), measured in the weighted least squares term, to satisfy the system

constraints.

A good overview of the available methods foradatconciliation is given in Mafl]. Work and
development on data reconciliation procedures and gross error detection techniques for industrial
processes have been done, notably by Ripps [2], Reilly and Carpani [3], Swenker [4], Vaclavek
[5, 6], Mahet al [1, 7, 8], Romagnoli and Stephanopoulos [9], Stanley and Mah [10, 11], and
Mah [7]. Reviews of the published work have been presented by delaya2] and Mah [13],

and Hamet al. [14] have reported on industrial applications of data reconciliatiomigeés to

improve the quality of measured plant data [15].

The reconciliation techniques developed have been applied in various fields including chemical
and metallurgic processes. Tamhane and Mah [16] presented a thorough review of data
reconciliation ad gross error detection methodologies proposed in the chemical engineering
literature, and those methodologies were illustrated by examples. They presented the data
reconciliation as based on weighted squares estimation under constraints and detectisg of g
errors based on the residuals obtained in the reconciliation step. Data reconciliation techniques
have also been applied in the pulp and paper industry for variodéneoffand orline
applications. For example, Jacob and Paris [17] used data remiimeitechniques for data
calibration of the simulation of an integrated newsprint mill, and suggested redundancy and
sensitivity analysis for the mill sampling protocol. Belktcal. [18] used an oiine systematic
method to improve the steadjate da quality of reatime measurements. However, no
previous work has been published on the application of data reconciliation to a real operating
Kraft mill.

The successful application of the data reconciliation by means of weighted least squares solution
relies on the assumption that errors are normally distributed with zero mean, in other words, not
containing gross errors. In practice, process data do contain gross errors. Such errors will affect
the reconciliation and adjustment by smearing effect, amslldhbe detected. Previous
publications by Reilly and Carpani [3], Almasy and Sztano [19], and Btahl. [8] have

formulated statistical tests for tlketection of grosserrors in the reduced set of balances, either
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collectively (Chisquare test) or indigtually (normal distribution testMany statistical tests have

been developed and presented such as; the global test by Ripps [2], Atmalsy19] and
Madronet al.[20], the nodal test by Reilly and Carpani [3] and Malal.[8] , the measurement

ted by Mah and Tamhane [7], and the generalised likelihood ratio (GLR)yes¢arismanet al.

[21]. These published work presented the application of these gross error detection techniques on
process simulations. However, the application of a statisgsaldr a combination of several
statistic tests to detect the presence of gross errors in an operating Kraft plant data has not been

published.

The object of this paper t® present the application dhta reconciliation and newgross error
detection srategycombining four statistical tests, especially develojpdok applied tomperating
Canadian Kraft mi. A brief description of the process under consideration is first presented; it
is followed by the techniques that have been used. Finally tbaaiiation of measurements is

discussed. Some basic properties used in statistic are presented in the appendix.

3.5Process @scription

The study is based on an operating Eastern Canadian pulp mill manufacturing new@aiint
paper using a mixture of ground pulp (60%) and Kraft pulp (40%) from softwood biomass. Only
the Kraft pulping plant of the mill was considered in this study. Due to the large variations in
instrumentation level of the various sections of the plakielil to their construction period, the
measurements of the mechanical pulping plant, necessary for data reconciliation, were lacking.

The Kraft process is the prevalent pulping process in North America [23] by which wood chips
are transformed into pulp. The Kraft process is an energy intensive process and a large consumer
of chemicals [24]. It is composed of two main lines: the fibee Bimd the chemical recovery

loop. A simplified diagram of the Kraft process is shown in fidife

®> Newsprint is a type of papemeighting between 40g/mand 57g/m and generally used for publication of

newspapers.
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Figure 31: Simplified diagram of the Kraft process

The main purpose of the fiber line is to remove the lignin from thesfilmeorder to produce a

pulp of desired quality and specifications. The lignin is removed in 3 steps: digesting, washing
and bleaching. The lignin is solubilised by the action of a mixture of sodium hydroxide (NaOH)
and sodium hydrsulfide (NaSH) constitting the white liquor, in the delignification step, and

the remaining lignin is removed in the washing step by water, and in the bleaching step by the
successive action of oxygemhlorine dioxide, peroxide and sodium hydroxide. Chemical
additives are tbn added to the bleached pulp to form the paper. Paper sheet is finally drained,
pressed and thermally dried in the paper machine.

The cooking liquor separated from the fibers in the washing step is first concentrated in multi
effect evaporators and themrht in the recovery boiler to produce steam for the mill and to
recover the spent chemicals as smelt. The smelt is sent to the chemical recovery department
where the white liquor is regenerated. A well managed Kraft process is intended to be chemically

ard energetically independent.
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3.6 Methodology

Plant data have been extracted from P| ProcessbBbolke data acquisition system of the mill for

the year 2013 (winter and summer conditions). A seven step systematic procedure for data
reconciliation and gross error detection strategy has been formulated and applied to the operating
Kraft mill. The methodlogy is schematically displayed in figuBe2 and the successive steps of

the methodology are described below. The equation solver software used for data reconciliation
and gross error detection computations is MATLAB.

® P Processbook is a computerized software and data acquisition system, to collect, store, manage and monitor real

time industrial data, developed and manufacture®$8isoft, LLG Inc.
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Step 1: Model description
. ldentify the measured variables
. Establish the process constraints
. Draw the control volume for the system to be observable and redundant

v

Step 2: Data collection
. Selection of a suitable time period
. Extraction of plant data, randomly 3 daily averaged values a month for 12 months
. Separation of the year in two periods: hot and cold weather conditions

v

Step 3: Variance of measured variables calculation

v

Step 4: Variable classification
. Variable decomposition through matrix decomposition of the reduced constraints,
to classify the variables into redundant, non redundant, observable and unobservable
variables.

v
Step 5: Gross error detection
. Normal law test
. Global test
. Combined procedure test: nodal test and measurement test
. GLR test

v
Step 6: Data reconciliation
. Adjustment of measured variables
. Estimation of observable measurements

v

Step 7: Results and process leaks identification
. Variables largely adjusted flagged (over 25% adjustment)

Figure3-2: Organigram of the data reconciliation methodology

1. Model description

For economic and technical reasons, not all variables in a mill are measured. However, some
unmeasured variables can still be estimated from atleasurements by means of mass and

energy conservation laws
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To perform data reconciliation, the system under investigation has to be observable and

redundant. This step requires the identification of measured variables and the establishment of the
completeprocess constraints. Once the constraints are established and the variable measurements
are identified, the system boundaries can be defined and drawn so that the reconciliation may be

feasible.

The concept of observability and redundancy is of parammpuartance for data reconciliation.

It determines the variables that can be estimated given a set of measurements and constraints, and
ensures that the data reconciliation is feasible. It relies on the classification of process variables
into observable ahredundant variables. A variable is said to be observable when its value is
measured or may be indirectly estimated, otherwise, it is said to be unobservable. If the
measurement associated with a given variable is deleted, and if the variable remairebtehse

then the measurement is said to be redundant.

The most frequent problem occurring when performing data reconciliation of an operating mill is
the absence or the lack of suitable measurements needed for a conggigt@nd energy balance
determinabn. The flow rates of the main process streams are usually measured in pulp and paper
mills but there are also material flows which are not measured, thereby causing inaccurate
balance determination [25]. Data reconciliation requires a large amount edsedtatai.e. the
redundancy, to solve the complete set of modeling equatadsmprove the statistical value of

the final data sein instance which is rarely encountered in operating Kraft mills, where scarcity
of data (negative redundancy) is geatlgrthe case [17].

In the model description step, the global redundancy nurobeath unit operation is computed,

in order to determine which department or sector in the mill is suitable for data reconciliation.
The lack of a complete set of measuretagorevergd the reconciliation of the entire mill.
Additional measurement devices are needed for the complete reconciliation of the entire mill. For
this reason, the departments considered in this study are: the digesting, the washing and the
evaporationHence, the unit operations are: the cooking vessel (digester), two heat exchangers
(cooking liquor HEX), the evaporation effects (6 effects), a fiber deknotter (to separate the
uncooked knots from the cooked pulp in the washing department), and two sicmkwashers.

A total of 8 unit operations, 36 streams, 15 process constraints and 58 process variables describe
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the system studied (material flow rates, temperature and pulp consistency). The process

constraints are primarily the heat and mass balamoasdthe unit operations selected.

In order to have a positive global redundancy for the described system, a minimum of 43
measurements are required for a complete baldeisgmination There are 53 measurements for
flow rates, temperature and pulp cistasncy, and 5 observable unmeasured variables, therefore

the system is observable and the reconciliation is feasible.
2. Data Collection

Plant data are archived on a daily basis in the Pl ProcessBook®. The data collected should cover
a range of operatingonditions (e.g. winter and summer) in order to represent the main process
variations. The data for the 53 measurements describing the system have been collected over a
period of one year, at random intervals, 3 times a month. Thus, 36 values arec:ddieeizch

measurement. The collectddta are then sorted by seagloot and cold), and averaged.
3. Variance of measured variables computation

The variance calculation for measurements and measurement errors is an important step for data
reconciliation.lt is likely that some measurements are more accurate than others depending on
the instrument being used and the process environment under which it operates. In order to
account for this, data reconciliation is based on the weighted least squares ofemeasu
correction, where the weights are chosen to reflect the accuracy of the respective measurements.
Generally, it is assumed that the error variances for all measurements are known and that the
weights are chosen to be the inverse of these varianeepulllished data reconciliation
application on industrial processes, more accurate measurements are given larger weights in order
to force their adjustments to be as small as possible. More accurate measurements are chosen
based on the expertise of mill @neers and their experience of the process and are given
accuracy percentage ranging from 5 to 25% depending on how much the device is trustworthy
[40Q]. Unlike previous studies, in this step, variances of measurement errors are calculated (and
not estimagéd) based on real tinrredundancy of measurements. The variances of measurements
are used as basis faromputation of measurement errors variances. The same accuracy

percentage is given to each measurement. This way, the system is not forced to adjust some
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measurement more than others, it will iterate until convergence and the resulting adjustments will

not be guidedby the user.
4. Variable classification

To solve the data reconciliation problem, the variables must be first classified into redundant,
nonredundant and observable [5]. The data reconciliation adjusts only the redundant variables.
The nonredundant variables are not adjusted, and the observabables are estimated. Several
strategies have been formulated for performing process variable classification. These strategies
can be divided into 2 majamategoriesOnecategory of researcheapplies the concept of graph
theay to achieve the clagigation, and the other makes use of matrix ordering techniques and
computations [26]. Graph oriented techniques developed by Valseék Mah and ceworkers

[7, 8], Meyer et al. [28] and Kretsovalis [29, 30jequire an extensive analysis of the prsces
diagrams, P&IDs (Process & Instrumentation Diagrams) and other derived flow sheets. Th
application of the graph theorto an operating mill is complicated and not automated.
Equationsoriented approaches were developed igaoy Romagnoli and Stephanoplos [9],

Crowe [15], Joris and Kalitventzeff31] and Madronet al. [20, 32]. They are based on the

manipulation of the incidence matrix, which corresponds to the Jacobian of process constraints.

Romagnoli and Stephanopoulos [9, 26] proposed a clas&ificgprocedure based on the
application of an output set assignment algorithm to the occurrence submatrix of unmeasured
variables associated with linear or nonlinear model tops Joris and Kalitventzeff31]
developed a procedure for the classificatibivariables that is accomplished by permuting rows
and columns of the occurrence matrix. However, this mathematical procedure fails in the
detection of observable variables. Madmenal. [20, 32] proposed a classification procedure
based on the conveosi into the canonical form of the matrix associated with a plant model
constituted of linear or linearized eduas. The procedure isxtensively described in the
monograph by Madromt al. [20, 32]. Crowe [15] proposed the utilization of the projection
matrix P to eliminate the nemeasured variables for linear systerhte later extended the
method for bilinear systems. In the case of linear and non linear systems, QR factorization
introduced by Crowe allows variable classification. QR factorization is the method chosen and

applied for the current study because of the doitplof its application to a system with large
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data and its suitability to solve bilinear systems. Systems involving heat balances are bilinear.

Therefore, Crowe's method is best suited ferdystem investigated leer.

Moreover, this variable clasgiftion step provides insights into where additional measurement
devices should be placédl orderto increaseahe global redundancy around unit operations, and
helps mill engineers plan the placement of new instruments. In a mathematical way, the
covariarce matrix of the adjustments (in the reconciliation step) is used to predict optimal places
for the addition of new instruments. Iteratively, the covariance matrix is analysed for the addition
or removal of a new instrument to the original system. A goiberion for the placement of new
measurement is the reduction on the trace of the covariance matrix (the trace of a matrix is the
sum of its eigenvalues) as proposed by Kretsovalis and Mah T8@].measurement whose
addition reducesignificantly the trae of the covariance matrix i®lected From a graphical
method, the addition of new instruments in streams connecting unit operations is recommended.
These new measurements incretisglobal redundancy as they are adjusted from both parts of
the neiglbouring unit operations. The addition of such measurement will most likely improve the

datareconciliationaccuracy.
5. Gross Error Handling

It is assumed that measurement errors are normally distributed with zero mean and known
covariance. In practice, ¢hproces data may contain grosgors caused by nenandom events

such as calibration errors and equipment malfunctions. The presence of these errors alters the
statistical basis of data reconciliation using least squares minimization and causes the
measirements to be largely adjusted by error smearing effect [1]. For a successful application of
data reconciliation, the gross errors should be identified and the measurements corrected before
further processing. Thaovel approachproposed for the treatmenf gross errors in the data
reconciliation methodology developed as part of this work is presented in f8g8reand

described below.
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Figure 33: Gross error handling strategy
5.1. Detection of gross error

The detection of gross errors in this study is performed by means of two tests: the normal density
testand the global chsquared test, in order to detect the presence of gross errors in recasydant

well asin non redundant measurements.

The basic priniple in gross error detection is derived from the outlier in statistical applications.

The random error inherently present in any measurement is assumed to follow the normal
distribution. Thus, the normalized erroy{( 1 DOVR IROORZV WdHher&@wde DO GLV
most normalized errorshouldfall insidea{-.) FRQILGHQFH LQWHUYDO DW D FKR
the normalized error which falls outside the confidence region is declared an outlier or a gross
error. Most statistical tests are basedtom discrepancies observed in the constraints, and apply

only to the redundant variables. Theeasured non redundardriables may contain gross errors

without ever being identifiedThus, a undetectedgross errorpresent in a non redundant
measurementould contaminate the data set by smearing effeciraradidate the reconciliation

results To avoid this problem, in the present study, all measured variables are screened using the

normal distribution. The probability density test tise preliminary sep in the gross error
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detection strategyroposed It identifies the variables having the largest variances and the

outliers could beflagged for further investigations.

Once thescreening tesits performed by means of normal density distributihre preenceof
errors isfurther verified by the global chsquared statistic test developed by Mah and
constructed from the observed discrepancies in the constraints (referred to as nodal imbalances),

namely the matrix.rThe testan be written as follows

UL N 875N 1)

with r, thevectorof the residuals of the constraints, and V, the covariance msuiR, as:

NL # U (2
8L #9# (3)

The matrix W is the error covariance matrix. If all the errfoow the standardnormal

distribuion, then ZLOO KDYHXDWHKGLWWULEXWLRQ ZLWK j GHJUHHV
equals the rank of matrix A (number of degree of freedom equals to the number of balance
HTXDWLRQV 7TKH FRPSXWHG YDOXH RI UHV XOwluk(l WKH W
WKUHVKRGEWDBLQHG |UR Pdisttiution IDtEe@dsulRdf thie global test exceeds

the test criterion, then it could be concluded with more than (1 FHUWDLQW\ WKDW D JU
present in the data set, given the@QbLGHQFH OHYHO FKRVHQ . ,Q WKH FXU
confidence chosen is 5%.

5.2 Identification of gross error

If the presence of gross error is detected, it is necessary to identify, locate and elimigedisshe
error before the reconciliatioithe identification of gross errors is performegingthe combined

procedure and the generalized likelihood réBaR) test.

The combined procedure iscambination of twagross eror detection statistical tests performed
in sequence;first on the constraints residuals, called the nodal test, and then on the
measurements, called theeasurement test. The combined procedure is based on the assumption

that, f a gross error is present in any flow measurement, then it affects the carnrssalual (r)
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in which the measurement occuHence, the detection and identification of gross errors should

be performed on the constraints residual and then on the measurements, in sequence.

Reilly and Carpani [3] and Magt al.[8] independently deveped and proposed a statistical test

on each nodal imbalance (r). The test is given by equation 4,

Ny (4)

OL Vb

where , is the vector of residuals of constraint i, andd/the corresponding covariance value in
the diagonal of V. The value of;z is compared against a critical valug Zdetermined from a
standard normal distribution table (or &juare table). If the value of;¥ exceeds the test

criterion; therat least one gross error is present in the constraint r,i.

To locate thegrosserror in theprocess constraintlentified, Mah and Tamhane [7] proposed the
use of a statistical test based on the adjustment made on the measurement in the reconciliation

step. The test can be written as follows:

=+ (5)
YBva

UL by L

In this equation, a, is the adjustment and j, is the number of constraints in the reduced data
reconciliation problem. The valug,3 is computed and tested for normal distribution. Similarly
to the constraint test, the measurement whose removal reduces greatly the results of the test is

suspected of containing a gross error.

One limitation of this measurement test is that it assumeseaor at a time and therefore it
ascribes the probability of presence of an error entirely to one measurement, whereas more than
one error could be simultaneously present in the constraidrefore this procedure may
amplify the magnitude of the erto®ne difficulty of its application to a real process is that it
requires the removal of the measurement to perform the test. In real operating processes, the

removal of one measurement sometimes makes the system unsuitable for reconciliation.

To avoid tke error amplification problem, the gross error handling strategy proposed in this study

utilizes an additional statistical test, the generalized likelihood ratio (GLR) test. The generalized
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likelihood ratio (GLR) test is performed on the entire data sanupiéke other tests, GLR test
can be enlarged to identify the presence of multiple errors assuming that the variables are
independent. Narisman and Mah [dpposedthe use of GLR test for gross error detection.
GLR is based on the maximum likelihoodioaprinciple used in statistics. It is the ratio of the
probability of occurrence of a gross error over the probability of its absence, and is written as
follows:

- "B *s; 6

OL O Q—Iﬁ ©)
In this equation, Hand H are respectively the hyguwsis of the presence and absence of a gross
error in the measurement tested, and f(y) is the normal density function of the measurement x.
Here sup is the calculation of the supremum over all possible values of the parameters in the
hypothesis. The testquation 6) can be simplified, as follows [33]:

a @)

~ S
N
uL S ..$F J4.6b

e F s’ o6 e

SE:

The parameter n, is the number of samples in the measurefisrte average value of the
V D P S Qs+he true mean, andis the sample standard deviation [34].

6. Data reconciliation

At this stepjt is assumed that no gross eremains Data reconciliation, improves the accuracy

of process data by adjusting the process measurements to obtain values that satisfy the system
constraints. Since not all process vhlég are measured due to economic reasons or technical
limitations, the redundant measured variables are first adjusted and then the observable

unmeasured variables are estimated as part of the reconciliation problem.

The measurement vector (y) can betten as:
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UL TEY (8)

Where X, is the vector of true values of the variables &®dthe vector of random measurement
errors, that are normally distributed with zero mean and possess a covariance matrix V as
computed in step 3. The data reconciliation can be formulated by the following constrained

weighted leassquares optimization pblem [35]

i LET ©)
IEJi >u’TU'ﬁ
(e=2e] (a5
subject to the constraints
G, kTy&Qol r (10)

with m, the number of process constraintg, the measured redundant variables, anthe
observable unmeasured variables as classifiedem 4t The constraints arise because of mass
balances, energy balances and any other performance equations that must be satisfied. Several
methods presented in the literature have lamrelopedo solve the optimization problem. The
complexity of the techques depends strongly on the constraints imposed. The constraints are
linear if they represent global mass balances, and non linear if they represent heat balances. The
latter can be linearized and solved analytically. The objective function (equateam @en be

represented by:

e > F&X L F& (11)

<
\'
The analytical solution of this optimization problem under linear constraints, with all variables

being measuress obtained by means of Lagrangian multipliers [36, 37], and is given by:
¥L>F X X250, (12)

The constraints are:
SLr (13)

The incidere matrix is Aand V is the covariance matrix of random errors. If the constraints are

nonlinear (the case of heat balances for instance), then they must be linearized. Several
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linearizaton methods are possible. The successive linearizagiame ofthe most popular
methodsfor data reconciliation applications [38]. The general principle of the successive
linearization technique is to linearize the constraints using a Taylor expaaodioa first order
around the estimatedalues of the variables, and to iteratetii an optimal point is obtained
satisfying the noilinear constraints [3]. Successive linearization using Taylor's expansion is the
methodrecommended for bilinear systerhat steady state [38%nd is used in the present study
[39].

When the data set contains unmeasured variables, the solution can be obtained by the method of
orthogonal QR dctorization developed by Crowghe method als@pplied in step 4 of the
methodologyfor variable classification The incidence matriXA) can be divided into two
matrices: one which contains the measured variglgs and anothewhich contains the nen
measured ond®\,) [36]. The constraints will then be expressed as:

Axx + Ayu =0 (14)
Unmeasured variables are firemovedby multiplying both sides of the equation (14) by a
projection matrix, Pso that [3]:

PA,=0 (15)

The reconciliation problem becomes [36]:
ece H>FEX S FE; (16)
Under theconstraints,

JSLr (17)

The projection matrix P is obtained by applying the method of QR factorizdtibie anatrix A.
The details of QR factorization and the projection matrix P is in the appendix of the dttiele.
solution of the optimization problem is obtained bglaging the matrix A by the matrix RAIn
the equation 12 [36]:

" Bilinear systems are a special case of non linear systems, in wbithlinear terms are constructed by
multiplication of control vector and state vector such &8y constant.
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¥L>F - %, o K o (18)

Once the measured variables are reconciled, the unmeasured variables can be estimated using the

following equation:

YLF: X 7, 8 (19)
7. Results and process leaks identification

Once the redundant measurements are reconciled and the observable variables estimated, the
variables which have been the object of large adjustment (x25% of adjustment) are flagged for
investigation. Thosestrongly adjusted variables could be symptomatic of process leak or

inefficient unit operation.

3.7Results and discussions

The methodology for data reconciliation and gross error detection was applied to a set of 53
measurements describing the Kraft process. T8dlesummarizes the characteristics of the
model studied. As mentioned in the methodology, the model considered and described3in table

1 does not include the bleaching and the recausticizing department of the Kraft pulping process
because the global redundas in these departments ene negative which made the

reconciliationimpossible.
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Table 31: Model description

Departments Unit operations Process Typeof Nb.of | XNb. of
constraints mea sured sreams | variables
variables
Digesting | 1 Cooking vessel Global massand | Mass flow 10 22
2 Black liquor heat heat balances rates and 6
exchangers temperature
of streams
Washing | 1 Blow Tank Global and partial | Mass flow 5 26
1 Deknotter mass bal ances rates and pulp
2 Brownstock washers consistency 13
#l and 22
Evaporation | 6 Effect evaporators Global massand | Mass flow 5 5
heat balances rates and
temperature
of stream

Valuesfor mass flows rates, temperature and consistency of the 43 streams was collected for a
period of one year, randomly three times a mdtithee daily average measuremens#s}otal of

36 values for each of the 53 measurements were collected, averagaparated into 2 groups,

for summer and winter Canadian weather conditions. Variances for measurement and
measurement errors were computed and variance, covariance, and the incidence matrices were
constructed. The incidence matrix represents the Jacobiahe process constraints and serves

for variable classification computation by Crowe method for QR factorization.

The results of variable classification performed at step 4 of the methodology, and displayed in
figure 3-4, provide a good visualization othe places ofthe redundant, non redundant and
observable variables in the mill. From figuB24, one can notice that when there is an
unmeasured variable around a unit operation, it is very likely that there is one or mere non

redundant measurement arduhe same unit operation.

For the case study, 15 % of the measured variables areedondant, and therefore not taken

into account in the reconciliation problem, and in the combined procedure for gross error
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detection. The increase of global redundaticyough the installation of new measurement

instrumentavould improve the accuracy of the reconciliation results
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Figure 34: Variable classification

ategies for gross error detection in industrial processes are applied to

only. The strategy proposed in this work is based on the use of 4 statistical

tests to ensure that gross errors are detected not only on reduadables, but also on all

process measurements (redundant and non redundant). The global test yielded values higher than

the threshold for the washing and the evaporation departments, which suggested with better than
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99.5% certainty, that at least on®sgps error is present in each department as indicated in3table
2.

Table 32 : Results of the global test

Sub-system il Degreeof | y Calculated | Threshold Conclusion
freedom

Cooking Vessel 0.1 2 1.7 46 Hp accepted

HEX 0.1 1 0.7 27 Hy accepted

Washing 0.1 5 2478 92 H, rejected

Evaporaors 0.1 1 9.10E+03 2.7 Hy rejected

The normal distribution screening test for all 53 process measurements suggested that 7
measurements may contain aggarror (y31, y35, y36, y43, y46, y51 and y53). Two of these
measurements (y35 and y36) are nedundant and do not participate in the reduced
reconciliation problem. However, this screening is further evidence of the presence of gross
errors in the washg and evaporation areas.hd normal distribution test confirmed the global

test results, and the measurements susp@ftedntaining gross errs are collected from unit
operations in the washing and the evaporation. The measurements y31, y35, y2ge y43
entering, leaving or connecting washers #1 and #2, and the measurements y51, y53 and y46 are
entering and leaving the evaporation department. It could not be detected by the combined
procedure or by other gross error detection techniques availabltheinliterature that

measurements y35 and y36, actually contain gross errors.

In the combined procedure, the measurements whose removal results in the largest reduction in
$ WHVW UHVXOWY DUH VXVSHFWHG RI FRQWddte(shaywd idb JURV YV
figure 3-5, suggested the presence of one or more gross errors in the washing department. They

involve the measurements y30, y31, y32 and y33 collected on washer #1.
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yTest results
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Figure 35: The results of the gross eretection by the combined procedure for the

measurements in the washing department

Finally, the generalized likelihood ratio (GLR) test, performed on the entire data set rather than
only redundant variables, suggested the presence of gross errors inawements y35, y36,

y37, y38 and y39. These measurements were taken on washer #2. All five measurements
represent wash water flows entering this washer. Measurements y35 and y8&d{nuant) are
incriminated by both the GLR and the normal distributiests. The detection of these gross
errors raises interrogations considering the water consumption and the performance efficiency of

the washing department.

In spite of the disagreement in the identification of faulty measurements, the results of the four
statistical tests performed for gross error detection are not in contradiction. They all identified
measurements in the same area (the washing departnag&et),dt connecting washers (washers

1 and 2). In fact, the statistical tests used are complementary since two are based on redundant

variables only, and the other two are based on the entire data set.

Figure 3-6 summarizes the results of all gross erretedtion techniques applied. All detection

technigues point to variable y31 as suspected of containing a gross error. Because of the smearing
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effect, the error may be causing other measurements to be falsely identified. The magnitude of
the error has beerstimated and the measurements corrected and reintroduced into the system for
further data reconciliation.
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Figure 36: Variables suspected of containing gross errors, detected by the different gross error

detection technicges applied
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To increase the precision of the results, data reconciliation constituting step 6 of the methodology
was performed on each unit operation and extended to include the neighbouring operations.
Therefore, two reconciliations are performed to explbie maximum redundancy of the

measurements and the process constraints.

Figures 3-7 and 3-8 identify the variables of the mill that are strongly adjusted by the
reconciliation. The results show that the areas suspected of containing gross eredss are
where the variables have been strongly adjusted. These results point to poor efficiency of unit

operations, process leaks or even equipment failures.

150%
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g
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20 y22 y34 y26 y38 y40 y46 y48

-50%

-100%

o/
B 7 of adjustment for the internediate reconciliation (first reconciliation)
B % of adjustment of the the final reconciliation (compared to Yinitial)

Figure 37: Results of the reconciliation of the mass flow measurésndfo) adjustment

The two brown stock washers are the unit operations containing the vatiatlase strongly
adjusted. Since the variables are connected through physical balance constraints, the strongly
adjusted variables are both entering and mgitihe unit operations, aggregated around these
specific units. Therefore, it can be surmised that the washers are over consuming water because
of poor performance. These results are actually congruent with the gross error detection results.
The mill analged effectively consumes large amount of water, probably due to faulty operating
conditions in the washing equipment. It should be possible to reduce its overall water
consumption.
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Further diagnostics using additional and specific performance indicatmufldie combined to

this study to complete the evaluation, in order to determine the optimum water consumption.

The results of the reconciliation for temperature variables (figd@k on the other hand, indicate
that they have not been strongly adjustElis is usually the case in pulp mills where steam and
energy consumption are closely controlled and monitored, because they are in direct relation with

the operating cost and the economic profitability of the mill.

Figure 3-9 graphically synthesises ehresults of the data reconciliation methodology. The
strongly adjusted areas in the mill are highlighted. The wash shower flow rates of washers #1 and
#2 should be monitored closely by mill personnel. These two equipments show signs of poor
performance ah further investigation is needed on these unit operations. The results of this
methodology have been validated with mill personnel and who agreed with the results.
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Figure 38: Results of the reconciliation of themperature measuremen(®) adjustment
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3.8Conclusion

Steadystate reconciliation and gross error detection is a mature field but remaining challenges
are hinderingts applicationto Kraft pulp processe$ross error detection and sensor location is
an emerging field, for which efficient techniques that address practical issues are still in

development. In some cases, data reconciliation is not feasible due tf taelsured variables.
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Generally, Kraft mills need to place additional measurement devices to increase data

reconciliationfeasibility andprecision.

This case study shows that the strategy used for the analysis of a Kraft plant by means of data
reconcilation possesses good ability ittentify, to locate gross errors, and correct process
measurement. Data reconciliation generates a congruent set of data that represents a long term
average of the theoretical steady state of the mill, and identifiesoparations with poor
efficiency. It is therefore an important adjunct to advanced control and optimisation.

The proposed strategy for gross error handling gave satisfactory results and effiomwattiy
andidentified the gross errors in the mill. It is highly recommended to combine more than one
gross error detection techniqgue when dealing with real operating processes and to screen all raw
measurements, rather than the reduced redundant dataeerto avoid the error smearing

effect.

The results of the study show that the gross error detection techniques idgntifiscerrorsn

the washing and evaporation departments. The reconciliation results showed strongly adjusted
variables in the washing areaound the two washers. The water consumption of these washers
should be monitored and could be reduced. Potential savings could be generated in the washing
department at low investment costs. The washing department is an intense water consumer.
Reducingwater consumption will reduce the energy consumption of the plant and related

operating cost.

To increase redundancy and accuracy of data reconciliation results, new instruments should be
strategically implemented. It is in particular recommended to place new instruments to monitor
waterleaving thewasher #2. Graphical method and covariance matratyses are useful tools to
identify optimal placement of new instruments. Additional measurements will create opportunity

for deeper and more thorough performance analysis by mill engineers.
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Appendix
1. Basic properties used in statistics

7KH PHDQ thés@nderd deviation s, arlde covariance (cov(y))are importat properties
IRU VWDWLVWLFDO FD O FRX® DaNdriBb@ Y, istlédlared By@3sy:D O X H

A W (20)

In which, N is the number of samples @hd irdex y indicates the measuremerfiie mean value

is used to compute the standlaeviatian, where the standard deviation is:

" - (21)
A WF & 8
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s, which isequal tothe square root of the variandée covariance can be computed by equation
22

Ag@:uJF & (22)
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andthe measurement covariance matrix can be expressed by equation 23

S ] (23)
?KR: L 1
" OFS, H

whereN, is the number of observatien

In this paper, different statistical hypothesis tests are presented (global test, measurement and
nodal tests and GLEests). To perform a hypothesis test, a null hypothegisutl an alternative
hypothesis i DUH UHTXLUHG JRU WKH WHVW FKRVHQ D VLJQLILF
uncertaintyof WKH WHVW I . LV WKHQ WK H Urtll bypothesidiihénhftH R1 U H
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should have been accepted. This is called type | error, or false alarms. A type Il error occurs
when the alternative hypothesssrejected although it is tru€he testgesult in a quantity that is
compared to a criterion orthreshold to decide whether or not the null hypothesis is accepted.

& U R Mdtfidd for QR factorization

Let A, be an invertible matrix of dimension (rkln) (using a permuting matrix to permit the
inversion of the matrix)with m Rn, and with n linearly independent columns. There exist one
unique couple (Q, R) where Q is an orthogonal matrix of dimensiokm and R is a superior
triangular matrix of dimension (nHn), and all the diagonal coefficients being positive, such as
Ay = OR, with:
(24)
Q' Q=1 and R8°C

R1 is an upper triangular matrix of dimension kim),
0 is a matrix full of zeros of dimension ({m) Hn), and
| is an identity matrix

The factorisation of Acould be performed using the following Matlab command:

[Q. R]=ar (A).

The matrix Q, obtained after the factorisatiorAgf could be divided by Qof dimension (mHn)

and Q de dimension (mHmM-n). A, could be written as:
A= > 5 G?Br5C (29)
If both sides of the equation are multiplied by, the following equation is obtained:
PAu= §>s5 6?B°C (26)
With Q an orthogonal matrix:

X>s ?B°Gx ?B°€0 (27)
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Consequently

, (28)
3k#Lr
Fromequation(28), it can beconcludel that the desired projection matrix iS("S :
P=3} (29)
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CHAPTER 4. ARTICLE 2: EXERGY ANALYSIS OF A
CANADIAN KRAFT MILL USING NEW PRACTICAL EXERGY
CONCEPTS

4.1 Presentation of the article

This paper has been submitted to the Entropy Joufhalapplication of exergy efficiency as a
key performance indicator for unit operatiots a real operating Kraft mill ipresented
Thermodynamic imperfections apdor perforning equipmentand unit operationgere targeted
and causes of inefficiencies were diagnosed. Improvement prajedtsecommendationsere

proposed.
4.2 Abstract

This paper presents an exergy analgsisducted on an Eastern Canadian Kraft pulp mill with

the aim of evaluating the thermodynamic performance of the process, using new concepts of
avoidable exergy losses and inevitable exergy destruction. These concepts are introduced and
then used to ideify the location, the magnitude and the sources of thermodynamic
inefficiencies, and determine the maximum potential savings. The application of these new
concepts of exergy analysis leads to the detection of practical possibilities of improvements. The
exergy efficiency, exergy destruction and loss ratios are determined for the seven most
representative sections of the process and the areas with the largest inefficiencies and the biggest
savings potential are identified. The results slioatthe inevitable exergy destruction ratios are
highest in the power plant and the bleaching section. The power plant and the washing
department are sources of high avoidable exergy losses because of their large production of stack
gas and liquid effluents, resgevely. Practical modifications with the biggest savings potential

are proposed to improve the overall process thermodynamic efficiency.

Key Words: Kraft, pulp and paper, exergy analysis, energy, performance.
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4 .3Introduction

The pup and paper industry is one the most energy intensive sectors, consuming approximately
30% of the industrial energy in Candda 2]. Energy is a significant prodtien-cost component

(about 25 % of total ) in pulp and paper manufactufitjg With increasing energy prices and
intensive competition from emerging economies, @anadian P&P industry is compelled to
continuously examine its existing processes and improve their efficiency in order to remain
competitive. As well, the sector reduced its energy use by an average of 1 percent annually since
1990 through improvements ienergy efficiency, by the application of energy integration
techniques and energy enhancement methodolggjesSeveral process integration techniques
such as pich analysis, exergy analysis and energy optimization have been developed and used
independently or in combination for energy integration and performance improvement of pulp
and paper processgd. Thermodynamic analysis based on both energy and exergy have been of
scientific interest for several decaddk A number of exergy analyses of industrial and chemical
processes such as pulp and paper rflssteam power plan{$], power cycleg3], ammonia
production[7] as well as chemical reactd®], have been presented. It has been demonstrated
that exergy is an effective tool for evaluating, analysing and improving the performance of
processeq9]. Exergy analysis provides information on the maximum savings that can be
achieved in a process and identifies the sections or departments where promising improvements

can be implemented 0, 11].

Unlike conventional energy analysis thatniminly based on the first law of thermodynamics,
exergy relies on the first and the second laws of theymandics. It takes into accoutte
properties of the system environment and considers the energy conversion stages in the process
where the quality of energy is degraded. This type of analysis gives an accurate insight into the
process and its specific components and yields originakidle improving water, energy, and

power use. Exergy analysis also provides a good overview on the resources utilization,
management and process emissions; therefore, it can be used for environmentdidjudidse

literature on exergy offers many examples of its applications. @bmad) [10-12] presented an

exergy study combined with life cycle analysis (LCA) of a Sweghalp and paper mill. The
combination of exergy and life cycle analysis reveals the environmental impacts of the resource
management in the process. To be sustainable, industries need to keep their waste streams below

a certain level of acceptance. LCAoals a complete evaluation of resources utilization and
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emissions of the process throughout its life cycle. In their studies, the largest exergy losses occur
in the boilers and the heating processes are highly inefficient.aivalll[11] also considered the
appropriateness of utilization of exergy as ecological indicator for sustainable development.
Gemci and Ozturk13] presented an exergy analysis of a Turkish sulphide preparation process
and highlighted the relevant use of exergy over energy in the diagnostic of the causes of
inefficiencies in the process. Regulagaddal. [14] presented an energy and exergy analysis of a
thermal power plant and showed that the larger losses of exergyimtiarboiler whereas when
energy analysis is performed, the condenser is found to be the least efficient element. Their study
highlighted the differences between the two concepts. They showed that energy analysis, because
it does not consider the entroggnerated and the quality of energy, fails to correctly identify the
process thermodynamic inefficiencies and to assess its real performance.etSatin15
presented amtegration of pinch analysis to thermodynamic analysis of a process through the
exergy load distribution method that provides an analytical expression of the relationship of the
individual unit operations constituting a process and its overall efficietyey demonstrated

the effectiveness of the proposed method in improving systems by applying it to a unit for the
production of hydrogen using methane reforming. Cornelisteal. [16-20] suggested that to
determine the optimal design of an energy system, exergy analysis and life cycle analysis should
be combined in order to have a sustainable aedggrefficient process. Fergg al.[3] combined

pinch and exergy analyses for improving a combicygte power station. They exploited the
advantages and strength of both exergy analysis and pnotedure. Tsatsaronif21]
highlighted the strengths and limitations of published exergy analyses presented in the literature.
He concluded, based on the review of those exergy studies that the concept of exergy is often
viewed as abstract and its practical applicatmmperating processes complicated. It is agreed
that exergy is valuable in identifying the areas of inefficiencies and gives specific insights into
process components and zones of exergy destruction, but it does not provide information on how

the processould be practically improved.

Unlike previous studies, this new study introduces new concepts of avoidable exergy losses and
inevitable exergy losses that help identify practical improvement projects. The application of
exergy analysis on a Canadian Krafilp mill has not been presented. The objective of the work

is to characterize the thermodynamic performance of Kraft process major equipment using a
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novel approach relying on the concepts of avoidable exergy losses, and inevitable exergy
destruction. Th application of this approach helps to identify the maximum practical savings
achievable and where improvements can be implemented in the process. Practical improvement
projects and recommendations for the pulp and paper mill to improve their overall

themodynamic performance are proposed.

4.4 Case Study

The study is based on an operating Eastern Canadian Kraft mill manufacturing publication grade
paper (newsprinf22]®) using a mixture of ground pulp (60%) and Kraft pulp (40%) from
softwood biomass. The average pulp production rate of the Kraft mill is 280 adt/d. The core of

the Kraft processwd EXLOW LQ WKH TV EXW SURFHVV XSJUDGHYV .
PDMRU PRGLILFDWLRQ EHLQJ WKH DGGLWLRQ RI D SDSHU F
variations in instrumentation level of the various sections of the plant linked to thetruaiion

period, only the Kraft pulping plant of the mill was evaluatethanstudy. A prorated fraction of

steam and water consumption by the paper machine was used in the exergy efficiency analysis to
account for the extra pulp fed to the paper machine and coming from the mechanical part of the
mill. The Kraft process has beemsilated on the CADSIM Plus® software (Aurel Systems Inc).
CADSIM Plus is a commercially available chemical engineering software that has been widely

used in the pulp and paper sector to simulate process models. The process simulation was built
with the pupose of obtaining a reliable representation of a long term average-staselpf the

mill, as data source for performance evaluation$igh levelschematic of the Kraft process is

given in figure4-1.

8 Newsprint is a type of paper between 40g/m2 and 57g/m2 generally used in the publication of newspapers.

The furnish is largely mechanicaood pulp with some chemical wood pulp.
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Figure4-1: Simplified diagram of a Kraft process

The Kraft process is the worldwide prevalent pulp manufacturing pr28ssom which a wide
spectrum of finished or serfished paper products is made. The core of the Kraft process is the
chemical delignification step that takes place in a digester where lignin is separated from the
cellulosic fibers. The delignification agentdassolution of sodium hydroxide and sodium sulfide.

The pulp produced in the digester is washed through countercurrent washers and then chemically
bleached in a series of bleaching sequences at different pH and temperature conditions and using
different beaching chemicals. The bleached pulp is then drained, pressed and thermally dried.
The spent delignification liquor separated from the fibers in the washing step (black liquor), is
concentrated in the muléffect evaporators and then burnt in the recobailer to produce the

steam required for the process and recover the spent chemicals. The spent inorganic chemicals
form a smelt that is collected at the bottom of the recovery boiler and is composed mainly of
sodium carbonate and sodium sulfide. The sngeldissolved to form green liquor and then
recaustified to regenerate the white liquor which is the delignification liquor. The calcium
carbonate (cgroduct of sodium hydroxide) is burnt in the lime kiln fired with natural gas to
regenerate the limesquired for recaustification. Several chemicals are used in the bleaching and

the recausticizing departments (Gl@oduced on site, and purchased B0, andNaOH).
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The Kraft mill consumes about 110 MW of steam, 14Gthr(96 n¥/adt) of water angbroduces

1760 ni/h (108 ni/adt) of effluents (the effluents amount is higher than the water consumption
because of the condensation of injected steam). The mill steam requirements are supplied by the
recovery boiler and four additional boilers: one i®dirwith bark and three natural gas (NG)
boilers. The digester, the evaporators and the paper machine departments are the largest steam
consumers. The washing department is the largest water consumer. It should be noted that a well
managed Kraft mill coulde in principle energetically sedufficient. The utilization of fossil

fuel for steam production in the process is a sign of poor energetic performance. Fossil fuel
should only be used to absorb the fluctuations of pulp production and seasonal veaofatiens

steam demand (10% higher average on winter conditionghe Canadian context The
assessment of thermodynamic performance of the individual equipment is an appropriate means

to determine and plan improvement modifications and the replacemieeffafient equipment.

4.5Methodology
Exergy: Theoretical Concepts

Energy efficiency analyses are generally based on a comparison between the current process
energy consumption and its ultimate consumption obtained by maximization of the internal heat
recmvery. Energy conversion stages where the quality of energy is inevitably degraded due to
entropy generation are ignored by conventional integration techniques such as pinch analysis or
mathematical optimization that aim to maximize internal heat recoardyare based on the first

law of thermodynamics. Therefore, these types of energy efficiency analyses can be misleading
because they do not consider the quality of energy. For instance, energy losses can represent large
quantities but be thermodynamigaihsignificant because of their low quality (temperature). It is

in such situations that exergy analysis becomes relevant, because exergy is a measure of both
guality and quantity of energy and it can then be used to quantify the inefficiencies (entropy
generation) in a single process or its components if it is applied corf2dllyEntropy measures

the degree of disorder in a system or a process. It is an extensive property that represents the
amount of energy in a system that is no longer capable to producg24prkThe second lawf
thermodynamics states that the entropy of a real system increases inevitably and it cannot be
reduced back to its initial staf@5, 26]. Exergy as defined by Szarg#t7] is the maximum
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amount of work that can be produced by bringing a process stream in thermal, mechanical and
chemical equilibrium with its environment by a series of reversible operations. However, all real
processes are irreversible with the consequence that exergy is destroyed due to entropy
generation. Therefore, unlike energy, exergy is not balanced fopneadsses. For this reason,

the exergy and energy efficiencies should be treated and investigated by different ways.

Exergy efficiency concepts have been introduced first by Grassman ih9thef[[28]. He
expresses the exergy efficiency as the sum of all the exergy input streams, corzsdesetill
exergy over the sum of all the exergy output streams, also considered as useful exergy as

expressed by equation 1.

A & (1)
A

For reversible processes with no exergy destruction, this definition always gives 100% efficiency.
For real processes, on the other hand, as the thermodynamic efficiency of the process increases,
less exergy is destroyed. Ultimate efficiency is achievdy at equilibrium (reversible process),

i.e. infinitely slow process which is not a practical engineering option. However, part of the
exergy output from the system may be dissipated into the environment as sewered wastes or stack
gases emissions. Thagergy lost is no longer utilizable by subsequent processes, therefore it is
more appropriate from an engineering point of view and from the standpoint of downstream
operations to consider the exergy that remains utilizable rather than the total ouatput, a
accordingly the definition of the Grassman efficiency is not best suited for real industrial
applications. Fratzchej29] introduced a slightly different exergy efficiency definition, that

considers the exergy of output streams of products rather than the total exergy:

~

A
DL

(9214

npmbsar (2)

The exergy of a system or a streas the sum of the contribution of all its forms of exergy;
potential, kinetic, thermal, chemical and electrical, and is completely determined by its

temperature, pressure and composition in regards to a reference state.
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The reference state (temperature, pressure and chemical composition) is usually the environment
in which the system operatg230, 31]. From a theoretical standpoint, the reference environment

must be in thermodynamic equilibrium, and therefore, with no usable €i3gy
Exergy: Development of the method

Energy and exergy flows in the presentdst are limited to their thermal, chemical and electrical
components. The kinetic and potential energies and exergies are neglected because their
calculation involve a high level of detailed information about the process P&ID (process and
instrumentation ihgram), distances between equipment and so on, which are unavailable for the
current study. This assumption is reasonably valid and does not significantly deteriorate the
results of the exergy efficiency analysis as supported by Skod@dladnd Peter®t al.[34],

because the friction losses are assumed negligible for the operating rates and velocities in the mill
at steady state. Systems with no kinetic, thermal or potential energy are considered to be in
equilibrium with the environment, and systems withoueroltal exergy (nor the physical,
thermal or potential stated earlier) are considered to be at the dead [85t86] and cannot

produce any work37-40].

Exergy depends on the reference chosen. The standard reference for temperatusssaredipre

that defined by Szargy7] at 298.15 K and 1 atm, respectively. However, given that the
external conditions vary temporally and spatially, it is recommended to chose the reference
temperature in regards with the external conditions of the system snaist[41]. Thus, the
reference tempature chosen for the present study is 275.15 K. The reason is that the large
amount of fresh water consumed in the Kraft mill has a temperature near 275.15 K which is the

ambient temperature of river water in Canadian winter conditions.

The exergy balarccan be expressed as:

° The dead state refers to the state at which a system and its environment are at mechanical, thermal and chemical

equilibrium.
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SLA;HigEfcuE kjca (4)

The electrical energy is assumed fully convertible to waek; therefore the specific electrical
energy consumed during processing (ElectiMd® of energy) is equal to the specific electrical
exergy t.jcgy The specific thermal exergy,¢40f a stream, in regards with the reference

temperature 3*°chosen for the study (275.15 K) is calculated from the following equdd@hs

X . _ 5
g Ao L ag g F—2: t ©)
Xv

Or more simply,

gt @4 L higt o F g 4 (6)
L Sty g FSrg: a1 F 4 Uyt g Fegl 432

Entropy is generated when separated streams come together to form a mixture, ideamor not.
ideal mixture is an homogeneous one in which the elements are completely intermixed and all its
constituent molecules have the same average energy lewgkedctions[43]. For ideal fluid
mixtures (liquids and gases), the enyrgenerated due to process irreversibility (temperature and

pressure gradient which are the driving forces of the process) is given by:

ectL 4 U g Foegl 432 (7)
L 40" 4F 4;024FpF 0z4+Fp
4 4

For incompressible fluids, the term In(Pi/PO) approaches ZHEme. chemical exergy of a

substancetg 4 (of equation (4)) can be obtained from standard chemical exergy tables with the

specification of tkb reference environment chosavailable in Szarguet al. [27]. For ideal

mixtures containing gases other than those in the reference tables, chemical exergy can be

evaluated by using the following equati@i:

9 The subscript zero in this paper indicates properties at the dead st@t&Cit. B25kPa and £298.15K.
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In equation 8,5 is the mol fraction of the gas and R is the universal gas constant. The term
1+ A% Z§ represents the entropy of mixing and is always negative. The mixtures occurring in
this analysis are assumed rideal. However, an equivalent concept for fid@al mixtures is not
available; thus, the equation for ideal mixtures has been[d&gdThis will introduce errors in
the calculations as the term of entropy of mixing in equation (8) does not contain the activity
coefficient of the different components of the mixt[#4]. However, the impacts of these errors
on the final results will be considered negligible as suggested by M&ll. In fact, this
assumption would have been invalid for systems that contain distillation columns, where th
coefficient of activity of the different components in the mixture is a very important factor in the
calculation of the exergy balanf&7] and of the exergy of separation of the mixture. This is not
the case of the Kraft prosg. The main mixing operations in the Kraft process are the dilution or
pulp thickening, and evaporations. Hence, the variation in the entropy of mixing does not
significantly vary in these types of processes (the difference between the input and cedams st

is only the composition), which makes the assumption reasonable for the present study.

Exergy enters at any location in the process, at a given level and may exit under three forms
depending on its thermodynamic efficiency: lost and no longer alaifab use within the
system, destroyed, and efficiently used to form the products. Therefore, the total exergy balance

around the process is expressed as follows

éMIL éTpmbsEr §quE échr (9)

The exergy efficiently used is the exergy of product streams sent to a subsequent unit operation
for further treatment. The exergy destroyed within the system represents the entropy generated
during the process and is no longer available for use whilexéey lost is composed of the
available energy of the various effluents.

Considering that all real processes are irreversible, there must be a minimum amount of entropy
generated to maintain the minimum driving force required to operate the proceEsaed rate,

and this entropy generation implies that some exergy is destroyed. The minimum amount of
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entropy generation necessary for the process to take place at a desired rate equals the minimum
amount of exergy destroyed during process operations Ehiwhat we call the minimum
inevitable exergy destroyed. The minimum inevitable exergy destroyed (or minimum entropy
generation) varies from one process to another and depends on the type of equipment and
technology used, and on the operating conditidhs. exergy destroyed can therefore be reduced

by changing the technology (or equipment) or improving the operating conditions of the existing
equipment. The best available technologies and modern equipment use significantly less energy
than older onep48]. Entropy generation is minimized in newer equipment through several ways:
minimum friction losses, minimum pressure drops, better control of boundary conditions and,
operating close to adiabatic conditions. The entropy generation could be loweredi@ 2§
changing the technology or the design of equiprjt

The exergy lost is found in effluents and stack gases where the exergy content (available high
quality and quantity of energy) could be upgraded or valorized, this is what we call the maximum
amount of avoidable exergy losEhrough the identification of the minimum amount of exergy
destroyed in each process and the maximum avoidable exergy lossesalpraprovement can

bedevelopedand implemented.

The exergy efficiency definition used herein is that introduced by Fratzcher (equation (2)). This
definition has been adapted to the Kraft mill unit operations and to the product streams. Effluents
and sack gases have been identified for all major equipment and the seven process departments.
Tables4-1 and4-2 display the exergy efficiencies of major equipment and mill departments.
Similarly, the percentage (or ratio) of exergy destroyed and exergylesich major equipment

and department have been computed accordingly with the equations 10 and 11 respectively.

o . AIVERAIVK i ~ .

e Ed Kkj: 10
SHcqr ’L—LAlvEd Usrr (10)
A & .

— =P rr

. (11)
Squr L
Thermodynamically efficient unit operations or equipment have the lowest exergy destruction

ratios. Those areas should be investigated in terms of equipment condition, quality of
maintenance and operating conditions. Thermodynamically efficient processeghe lowest
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exergy lost ratios, which means that exergy content is well managed and internal heat recovery is

well performed. The maximum practical potential of savings with minimum investment cost in

the process is the sum of the total maximum avoedakérgy lost. The percentage of minimum

inevitable exergy lost of the mill indicates how well the equipment and unit operations are

performing thermodynamically. This percentage could be lowered by 5, 10 or 20% depending on

the technology used and the @sment budget allowablgy minimizing the entropy generation

during operatiorj49].

Table 41: Exergy efficiency calculation for the different system components

Unit operation

Exergy efficiency A, y L J=8:%5

qz-_,3

Shell and tube hee

exchanger

Cooking vessel

Steaming vessel

Brown stock washer

Evaporators

Recovery boiler

Bark boiler/Oil boiler
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To synthesie, the method hemeipresents the stepwise procedure that has been formulated:

1. Data collection for mass and heat balance.
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2. Computation of the exergy content of all streams involved, based on reference
environmental conditions chosen.
Identification of the streams: prodigtteams and effluent streams.

4. Computation of exergy efficiencies, exergy lost and exergy destroyed ratios.
Identification of thermodynamic inefficiencies in the process and identification of the
maximum avoidable exergy destruction and the minimum indeitakergy loss in each
equipment and department.

6. Proposal of practical improvement projects recommendations to the mill.

Table4-2: Exergy efficiency calculation for the different departments of the mill

Department Exergy efficiency A 5 ch;:—"é”%”é
"—>8§

Digester Ryl ‘Taerd 'Torovbacaa

" TorpocabS TR E Tacodh TeaaxawaE Too@Avaea
Washing/screening Rl ‘Teoswxaeda Tpo@AUacaA

T 'TorgocabsTeicamocol TaerdE ToomAvacas

Bleaching Bl ‘Torp@aena

T ' TorpocabSTmcodh TaenE  Tvipavodh=lpo@AUaea
Paper machine Rl ‘Taera

e ] ] fi ]
TorpocabFoldmouserd TasaovucadRalecpoa

Evaporation plant sl Ty A
T ' Torpocabdleicodm To»AE T;p

Recovery boiler Tecoh Teaore

Ryl - . ‘ . .
S " Torpocabsbecodm Tap E'TLAE ' Toua
Bark boiler/Oil boiler Bl ‘Tecooa
T 'TonpocabsTenaE Tauk Tis E' Toua
Recausticizing Ryl 'TpaAE ' Tavagaex

‘Togrgocaboldaval Teaodk Toomvaedn Trocoa
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4 .6 Results and Discussion

The preliminary evaluation of energy and water consumption of the Kraft mill studied shows
signs of poor performancevhich was a motive for further exergy analysis to propose
performance improvement projects. The thermodynamic evaluation method prpposeisa
straightforward application of the exergy concept to the Kraft pulp process and the identification
of practical improvement projects achieving the true maximum saviddge Kraft mill was
analysed using the above relations (taklels and4-2). The etropy generation and exergy
efficiency were computed for each process component as well as for the whole systemd-Figure
2 shows the results of the overall exergy efficiency computed and the exergy flows through the

overall Kraft process.

The exergy contg of end products accounts for 20% of the total input exergy. The overall
entropy generation of the process accounts for 45% of the exergy input. The exergy losses which
correspond to the exergy of effluents and flue gases account for 35% of the togsl afxihe

system. These results indicate that the maximum potential exergy savings of the process equal
35% of the total exergy input to the process. The exergy efficiency analysis of the system
components will give more insight into where potential isgsiare possible and which sections

are the least thermodynamically efficient.



91

Exergy Outputs

45%: Exergy destroyed

3 % Make-up Chemicals
7 % Water

13 % Electricity

g— L 14% =marey of condeneats
43 % Fuel: NG Bark Bunker 35%Exergylost <a 0% amerzy ofaffluents

»  12% smarpy of flus gasss

Frergy Inputs

34% Wood biomass 20 % Exerpy of end product

Figure4-2: Overall exergy efficiency of the caseudy mill

Figure4-3 shows the percentage of exergy destructions and losses in the ddtgartments of
the mill, and figure4-4 shows the exergy flow rates going into and coming duthe
departments. igure 4-3 identifies the areas having the largest percentage ofjexkestruction

and figure 4-4 highlights the quantity of exergy destroyddring the operation of individual
departments.
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Figure4-3: Exergy efficiency analysis per department and for the entire mill (%)
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Figure4-4: Overall exergy flow per departmemi (V)

The highest exergy destructions both in percentage and in quantity are in the power plant, in the

bleaching, the digester and the recausticizing departments.
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These results are explained by the fact that in these departments, chemical reactions take place.
This contributes to increasing the irreversibility of the process and the entropy generated. In these
exergy transformation departments, the entropy generation sources are many; the chemical
reactions, fluid friction, free expansion of the gas (blowdowwegat transfer at finite temperature
difference, phase change, and mixing of dissimilar fluids (with respect to composition or

temperature).

On the other hand, the evaporator plant, the washing and the paper machine departments are areas
where either masor heat transfer occur. The fibers or cooking liquor go through these processes
chemically unchanged, i.e. as transit exergy with no chemical reaction but rather a phase change.
The entropy generation in exergy transiting areas is due to: fluid frighoting of dissimilar

fluids, heat transfer across a finite temperature and heat dissipation to the environment, and phase

change.
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Figure4-5: Type of exergy flow entering the different departments of the mill

The type ofexergy flowing into and out of process elements provides information about the

exergy transformation (energy conversion) areas and characterizes the exergy contents of the
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streams. Figured-6 and4-7 display the type of exergy going into and coming dutimt
operations of the mill. The departments where the most significant exergy transformations take
place are also the sites of largest exergy destructions. The least thermodynamically efficient
departments were highlighted for further investigationsrder to identify the equipment or unit

operation causing the inefficiency.
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Figure4-6: Type of exergy floweavingthe different departments of the mill
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Power Plant
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Figure4-7: Exergyefficiency for the power plant and its major equipment

The power plant produces steam at an exergy efficiency of 42%. The main cause of this low
efficiency and large exergy destruction (38%) is the irreversibility of the combustion reactions.
Also, the hgh temperature of the stack gases exiting the bo{#0%b6 of the inputexergy)
contributes to the reduction of the exeggficiency. Exploiting the thermal exergy content of the
VWDFN JDVHV ZLOO LPSURYH WKH ERLOHUVghotid InoF beH Q F\
reduced below a certain level otherwise condensation of sticky and corrosive matter would lead
to other severe problems. Because of the large quantity of exhaust gases and their high
temperature, the power plant accounts for the largesggxess of the mill. Improving the
maintenance of the boiltubes will decrease the heat transfer resistance and clean tubes in the
boilers contribute to a better heat transfer and therefore less exergy lost. Improvements of heat
transfer effectiveness o few percent can lead to significant reductions in natural gas
consumption and the operating cd&§]. The improvements measures include eckdrtubes
cleaning, improved process control on-takfuel ratio, reduction of exergy dissipation to the
environment, and improved heat retention inside the furnace (increased heat transfer by

radiation).
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To improve the cleaning of ibes, the soot blowingressure sbuld be increased by increasing
steam inlet (velocity inmease) or by reducing the nozzldiameters. Superheated steam far
above the saturation point is recommended for use in the soot blower to improve cleaning
efficiency and avoid impingemeé corrosion of the tubes that would lead to higher entropy
generation over time. It is otherwise, not recommended to use superheated steam because it
generates more entropy than saturated steam, however, in the case of the soot blower and the
boiler-tubescleaning, the damage in the tubes generates more entropymeei he condensate
droplets (ifsaturated steam is used) have a higher friction than vapor and their impact on tube
erosion over a long period of time is a serious problem. It is usuallynthiie cause of
inefficiency in industrial boilers. The boiler tubes could be damaged and the maintenance and
cleaning are in some cases unproductive, thus, the replacement of the tubes is highly

recommended for this case study.

Air-to-fuel ratio is a verymportant parameter in order to increase the efficiency of the boiler and
reduce the exergy destruction and entropy generation. THe-faiel ratio should also be
investigated as it has been demonstrated that the higher this ratio is, the less isfliceshoiler.

An optimum ratio must be maintained constant. Maximum adiabatic flame temperature is
achieved at stoichiometric conditions (oxygen to fuel ratio) and decreases as excess air is
increased, it is important to mention that even small quattieexcess air reduce the adiabatic
flame temperature significantl{51], which reduces the heat available for transfer through
radiation and convection (via the combustion flue gases). However, insufficient excess air
implies a possibility of incomplete combustion. During incomplete combustion, less heat is
released and more pafants are produced which reduces the thermodynamic efficiency of the
boiler and increase its environmental footp[b#].

To reduce the exergy loss percentafehe steam plant, blowdown water from the recovery
ERLOHU WKH EDUN ERLOHU DQG WKH QDWXUDO JDV ERLOHI
exploited. It could serve to preheat the colder streams in the mill. For instance, blowdown water
could besent to a flash tank to produce low pressure steam and preheat the inlet combustion air
used in the boilers, This increases the exergy efficiency of the steam plant in two ways: warmer

combustion air increases the adiabatic flame temperature and thénefesses the efficiency of
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the boiler, and the avoided exergy loss through the recovery of the exergy content of the

blowdown water also increases the efficiency of the power plant.

Figure4-7 shows the exergy efficiency of the 4 power boilers and tleveeg boiler of the mill

power plant. These results show that the recovery boiler and the bark boiler, babtwifire
biomass (lignin and barkespectively) are less exgy efficient than natural gasoilers. This

could be explained by many factors. firthe biomass boilers have an increased tendency of
fouling because of the non process elements and the chemical components present in the biomass
fuel, which increases the friction and reduces the heat transfer. Moreover, the biomass boilers are
usually operated with higher air to fuel ratio, because the biomass fuel heating content is less
stable than conventional fuel such as natural gas. It is also more complex to [Ge8)tréin
increased aito-fuel ratio, combined with reduced available heat for transfer induce an increased
entropy generation, which explains why therbass boilers create more exergy destruction ratio

than the conventional natural gas boilers.

It must also be noted that, the three natural gas boilers of the mill have different efficiencies. The
PB # 3 is more efficient than the PB # 6, PB # 2 and PB¥#hg. former is operated at its
maximum capacity because it is more efficient than the three others. The improvement projects in
the recovery boiler and the bark boiler (replacement of the heat exchangers, recovery of the
blowdown water and the fuel gasesesgy content and improve insulation) will increase the
steam generation by approximately 30 MW. This increase will suffice to shut down the least
efficient power boilers (PB # 6, PB # 2), and provide new savings for the mill avoiding the

purchase of costlfossil fuel.
Digester

The digester department is where both chemical reactions and heat transfer take place and
accounts for a large quantity of exergy destruction. The detailed exergy analysis of the
department is presented in figute€8 and shows that the steaming vessel is resporfsiblaost

of the exergydestruction. The main reasons for this large exergy destruction and high entropy
generation are the operating characteristics of the steaming vessel: high pressure superheated
steamis injected into the woodchips. The entropy generasiaurcesn this type of equipment

are the superheated condition of the steam which favors entropy generation, the heat transfer
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across a largeemperaturgyradient, the mixing of dissimilar fluids aige friction between these
fluids in direct contact (change in viscosity, composition, &mafure, structure and phasepr

the case study, these are inevitable exergy destruction sadosesver the exergy of the steam
condensate is not exploited thlowering the process exergy efficientythe steaming vessel is

well isolated (adiabatic conditions), the heating requirement may be reduced and impregnation
may be accomplished without extra live steam (which is the current state of the mill) dledl fulf

by the steam flashed in the black liquor flash tarlkss represents an avoidable exergy.loss
Figure 4-9 shows the exergy improvement potential of the digester department if the steaming
vessel and the chip bin are well isolated and maintainedth@ndxergy content of the effluent

out of the surface exchanger is exploited. A total of 12.5 MW could be saved in this department
provided that the maximum avoidable exergy loss is recovered.
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Figure4-8: Exergy efficiencyfor the digester department and its major equipment
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Figure4-9: Digester's thermal exergy efficiency before and after improvement
Washing and evaporation

The washing department and the evaporation plant are exergy t@rssitias. Because of the

large quantities of effluents of the washing department and the high quality of exergy in the
evaporation, the avoidable exergy loss is large in these two departments and there is a significant
potential of improvement if their exgy content isrecovered This is possible, for example,
through redesigning the heat exchangers network. Moreover, the entropy generation in these
departments is low (the lowest of the mill), which indicates that the entropy generation of phase
change, andlilution and thickening of the pulp is much less than the entropy generation of
chemical reactions. In the evaporation plant, if the exergy destruction percentage increases, this
could be a probable sign of evaporators fouling or scaling due to saklicsgsion. The black

liquor contains about 35% of dissolved solids, and a variation of the black liquor composition
may induce scaling and fouling problems in the evaporators. This decreases the heat transfer,
increases the entropy generation and exeggptrdction[54]. Efficient and adequate control of
operating conditions in the recausticizing department leads to a stable cooking liquor, thus

avoiding problems in the evaporation plant.

Nevertheless, the esgy improvement potential of these two departments (the washing and the
evaporation) is around 1MW provided that the maximum avoidable exergy loss is recovered.
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Recausticizing

The recausticizing department isofimerarea with poor exergy efficiengin percentageand the

exergy destruction is much higher than the exergy loss (waste to the environment). This is mainly

due to the irreversibility of the chemical reactions that take place in this department. There are
four main reactions in the recaustiog department: first, the slaking reaction which occurs by

the addition of quick lime to water to produce calcium hydroxide, second, the causticizing
reaction during which the calcium hydroxide reacts with sodium carbonate to form sodium
hydroxide, the wbL WH ODTIXGR WW KU GF D OFILUHEXIURIL GDIFLXP FDUERC
SURGXFHG DW WKH FDXVWLFLQHWWY MV QTEPH JGI QDB Q/HW HU WHKHWQ RR
HOHYDWHG WHEPRXH\B)DSH . XTbeHéat is provided by combustion natural gas at the

lime kiln (the burth reaction). These reactions contribute to the irreversibility of the process and

the entropy generation and exergy destruction. However, the overall inevitable exergyidastruc

could be lowered by minimizg the avoidable sources of exergy destauctn the department.

For instance, avoiding non isothermal fluids mixing as it is the case in the current design of the
process, and exploiting the thermal exergy released during the slaking exothermal reaction by
circulating a cooler fluid in the equipnt jacket. The avoidable exergy losses of the mill
correspond to the thermal exergy content of the lime kiln stack gases. The exergy improvement

potental of this department is aboutMW.
Bleaching

In the bleaching area, many reactions take place diferatit chemicals are involved which
increases the exergy destruction and entropy generation. The exergy destruction and the entropy
generated are due to the irreversibility of the reactions and the mixing of different chemical
components. On the other tarthe exergy loss is due to the large quantity of effluents generated

at medium to warm temperatures. There are also steam injection points to increase the
temperature of the pulp throughout the bleaching sections. These injection points are source of
high entropy generation and should be completely avoided when possible. An alternative is to
reuse the exergy content of the effluents generated to heat the pulp. Thiswituldze steam

use, and also exergy destruction. The maximum avoidable exergy tiestindhis department

is about 12MW, provided that the avoidable exergy lossesracevered.
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Summary of results

To synthese, the total maximum avoidable exergy lost in the Kraft pulp is 85425 MW.

The savings are possible through replacemepiaxfes of equipment in the recovery boiler and

the power boilers, exploiting the exergy content of flue gases from the boilers and the lime Kkiln,
and of the effluents from the washing plant, the bleaching department and the evaporation
department. The reoumendations proposed to the mill in order to minimize the entropy
generation in the plant are to avoid mixing of dissimilar fluids whenever possible (the fluids can
be dissimilar with respect to temperature, pressure, or composition), avoid steam injection
operate at adiabatic or/and isobaric conditions (increase isolation and reduce pressure drops),
reduce fluid friction by preserving a good maintenance of the pipelines and heat exchangers, and
avoid free expansion of gases (blowdown and explosion) amwd throttling. The proposed
enhancement measures entail investment costs and should be economically investigated in order
to evaluate their economic feasibility. Tadk summarises the improvement potential for each

department in percentages and quagtiti

Table4-3: Breakdown of exergy improvement potential per department

Exergy Improvement Exergy Improvement

(MW) (%)
Digester 12.5 15%
Washing 17 43%
Bleaching 14 12%
Paper Machine 48.5 27%
Evaporation 2 6%
SteamPlant 30 9%
Recausticizing 1 1%
Total (MW) 125 35%

4.7 Conclusion

The quantification of exergy destroyed and lost in the process is a straightforward way to monitor

the energy degradation in the process. In the case study mill, the power plant, the digester and the
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bleaching departments are shown to be the most ineffieieas. More precisely, the recovery
boiler and the steaming vessel are the equipment responsible famogteimportantexergy
destruction. Exergy analysis identifies thermodynamically inefficient areas. Some good
engineering practices might help redumesrgy destruction like avoiding direct heat transfer
when possible; avoiding non isothermal mixing when possible; reducing heat transfer resistance
for indirect heat exchangers by adequate cleaning, avoiding valves in the steam pipelines,
exploiting thethermal content of pressurized saturated water by sending them to flash tanks and

exploiting thermal exergy of stack gases and warm effluents.

The utilization of exergy analysis strengthens the grasp of existing energy inefficiencies of the
process. Exesganalysis, as showed in this study, indicates the practical and possible savings that
can be achieved in the process by internal heat recovery and water reutilization, and entropy
generation reduction. The application of an exergy analysis provides timsigthe resource
management for the lorgrm planning of an efficient and sustainable plant. However, exergy
studies should be done in conjunction with other optimization techniques and more specific key
performance indicators and equipment performanaéuation to complete the analysis.

4 . 8Nomenclature

Adt Air dry ton of pulp

Cp Heat capacity (kJ/kg/C)

'‘Teac Total exergy content of a stream (W)
"Ty Potential exergy of a stream (W)

"Tp Kinetic exergy of a stream (W)
‘Teac Thermal exergy of a stream (W)

"Ty, A Chemical exergy of a stream (W)

'Tgrge  Electrical exergy of a strea(iV)

"Ty, &) Chemical exergy of i component in a stream mixture (kJ/kg/s)
'Tasaxeoc Exergy of the output streams (W)

'Teawcp  Exergy of the waste streams, effluents, emissions and/or stack'\ggses
‘Txgec Exergy destruction streams, entropy generated during the py¢gss
"Tua Exergy input into a systeifw)
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'Taec Exergy output of a syste(V)
Exit dreams
Specific enthalpy (kJ/kg)
H Enthalpy of a stream (kJ)
Odt Oven dry ton
0 Output flow rates
P; Pressure of the stream at the "i" state (Pa or atm)
Po Ambient pressure, pressure of the stream at the equilibrium state (1 atm)
R Gas constant (Pa*ttkmol/k)
S Specific entropy (kJ/kQ)
S Entropy generated (kJ)
Ti Temperature of the stream at the "i" state (C or k)
To $PELHQW WHPSHUDWXUH WHPSHUDWXUH DW WKH HT
3 Exergy efficiency (%)
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CHAPTER 5. ARTICLE 3: EQUIPMENT PERFORMANC E
ANALYSIS OF A CANADI AN KRAFT MILL. PART |: DEVELOPEMNT
OF NEW KEY PEROFRMAN CE INDICATORS (KPI)

5.1 Presentation of the article

This paper has beesubmitted to the Chemical Engineering Research and Desigvo parts,
andpresentsa systematic methodology for evaluating Kraft process operations by means of new
key performance indicators (KPJ$hat take into account the govergioperating parameters and

the design characteristics of the unit operatiolms part |, the development of new key
performance indicators based on dimensional analysis of Kraft process equipment is pri@sented.
Part 1, the application of the equipmengniormance analysis by means of new key performance
indicators (KPIs) is presented.

5.2 Abstract

Equipment performance analydlg means of keyperformance indicators is a prerequisite step

before undertaking any optimization @anprovementmeasure. Howear, there are no key
performance indicators specific to the Kraft process equipmentakatnto accountboth the
governingoperating conditions and the design parameters. In this paper, new Key Performance
Indicators (KPIs) have been developed basedmin depth characterization addnensional

analysis otthe Kraft process equipmenX VLQJ WKH % XFNLQJKThese3HPIs wel KHR UH
used to identify process inefficiencies, diagnose causes of inefficiencies and propose remedial
actionsthrough a sysimatic approactOnce adopted, the KPIs proposaulld serve to monitor

systems performances and allow a closer process control as they incorporate the design

characteristics of the unit operations and their operating conditions.

Keywords: Kraft process, dimensional analysis,equipment performance analysis, key
performanceandicators, Buckingham Pi theorem.

5.3 Introduction

Improving energy efficiency in chemical industries has become of central concern in the last few

decades because of increasing anatiel energy prices as well as environmental considerations
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[1, 2]. This is also the case for the Canadian pulp and paper (P&P) industry that has been facing
economic challenges. To remaompetitive in face of emerging pulp producing countries and at

a time when the demand for paper commodities is shrinking, pulp and paper mills have to double
efforts to reduce their operating cog3$. In response to this situation, a variety of methodologies

and technologies habBeen developed to address the energy efficiency problems and gave
encouraging resultgl]. However, these methodologies are applied with the assumption that all
equipment and unit operations are working efficiently or as intended, which is not always the
case in an operating pulp and paper @)l Therefore, key performance indicators that identify
process inefficiencies and areas of most likely gains should be formulated at the earliest stage of
a retrofit project in order to channel efforts and ensure good success of the development, the
assesment and the selection of enhancement alternatives.-depih and careful performance
evaluation analysis will later reduce commitment of expenditures, efforts, cost and deployment of
resource$5]. Performance of individual equipment and department should be analyzed as a first
step of each energy efficiency and water management program. The conventional way to evaluate
the performance of specific equipment and unit operations is through the use of key performance
indicators (KPI). The use of indicators as a calibration tool is a common practice to measure the
variability and correct thdunctioning of a process. Key perforance indicators, when used
appropriately and when they are adapted to the operations investigated, can rapidly identify areas

that have savings opportunitie§.

In previous publications, the performar@eluation of a process is often based on a comparison
of its efficiency to that of other similar processes through the use of indicators normalized to the
production rate. Francist al. [6, 7] proposed the utilization of fuel consumption and thermal
energy consumption as energy efficiency indicators to evaluate the performance of unit

operations and equipment (ex. boiler, evaporator, etc.).

Many authors such as Lang and G48)y Buckbed 9], Van Gorpet al.[10] and other§11-16],
suggested the use of different indicators to monitor directlyndirectly process performance
efficiency. The proposed indicators are in some cases, based on the utility distribution, energy,
water and chemical consumptions, and for other cases, based on control[l1@bp$he
indicators identify areas with significant deviations from target points (energy or material

consumption for example) but do not provide information on what is causing these deviations.
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There are no indicators that directhgflect the causes of possible inefficiencies such as
equipment lacking maintenance, wrong operating conditions, process leaks, etc. Moreover, there
are no indicators specific to the Kraft process equipment that take into account its intrinsic design
paraneters and operating conditions. Therefore, new key performance indicators specific to the

Kraft process equipment should be proposed.

The development of new key performance indicators that combine the design parameters and the
operating conditions is pos$e through the use of dimensional analyBisnensional analysis is

a powerful analytical technique to study physical and thermodynamic processes; it facilitates the
understanding of physical phenomena; simplifies the procedure of its analysis and enables
diagnostics of its efficiencyit results in a complete set of dimensionless numbers (ratios) that
describe a physical process and outline the conditions under which the process operates.
Buckingham first introduced a stepwise procedure for the develdpofenon dimensional

numbers that describe a given procesl§ 7KH % XFNLQJKDP 3L WKHRUHP G
IURP %XFNLQJKDP V XVH RI WKH V\PERO IRU WKH4GLPHQV
paper[19]. Since then, efforts have been made to develop dimensionless numbers to characterize
unit operaibns performance in a concise way. Several dimensionless numbers have thereby been
developed such as the Reynolds number (Re), to describe the kind of flows in all types of fluid
problems, the Froude number (Fr), for modeling flow with a free surfaceeN(ss), Biot (Bi)

and Peclet (Pe) to describe heat transfers, or Capedficient | IRU HQHUJ\ HIILFLHQF\
name a fewSeveral authorf20-31] used dimensionless numbers to evaluate the performance of
chamical engineering unit operations. The dimensionless groups are then interpreted on the basis

of a pertinent operating ratio (heat or mass flux for example) to evaluate the performance of the
operation under investigation. A number of attempts have beste o produce empirical
correlations that combine different dimensionless numbers, applicable to a range of operating
conditions. Balocco[23] proposed an energy efficiency study for cooling and heating buildings
based on dimensional analysis. Arora and Poty8&k34] suggested the use of dimensional
numbers such as Biot arfkclet to evaluate the performance of displacement washing. Brenner

[34], Mcdonoughet al. [35] and Jairet al.[36-38] used dimensionless numbers to evaluate the
performance of the washing and the bleaching process operations. Nevertheless, no dimensional

analysis on the Kraft process equipment has been published.
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The objective of this work ithe develpment ofnew key performance indicatobmsed on the
characterization and the dimensional analysis of the Kraft process equipment using the
Buckingham II (Pi) heorem. These KPIs will be used, in combination with other relevant
indicators, for a completequipment performance analysis. The work is presented in two parts.
Part | describes the development of the new KPIs, and the results of the application of the

equipment performance analysis on a Canadian Kraft mill are presented in Part 1.

5.4 Context ofthe study: Kraft process

The Kraft process is the worldwide prevalent manufacturing process by which wood chips are
transformed into pulg39]. A simplified diagam of a complete Kraft process is displayed in

figure 51.

Figure 51 : Simplified diagram of the Kraft process

The Kraft process consists of two main parts: a paper line and a chemical recovery loop. The
paper line is compsed of four departments; the digesting, the washing, the bleaching, and the
paper making. The chemical recovery loop consists of three main departments: the evaporation,

the steam plant, and the recausticizing.

The core of the Kraft process is the chaahitelignification step which takes place in the digester

in which the individual cellulosic fibers are separated from lignin to form the pulp. The
delignification agent (called cooking liquor) is a mixture of sodium hydroxide and sodium
sulfide. The pulpproduced in the digester is washed in counterent washers and then
chemically bleached through a series of bleaching stages at different pH and temperature
conditions and using different bleaching chemicals. The bleached pulp is then drained, pressed
and thermally dried. The spent delignification liquor (black liquor), separated from the fibers in
the washing step is concentrated in the rreffiect evaporators and then burnt in the recovery
boiler to produce the steam required for the process anddearethe spent chemicals. The spent
inorganic chemicals form a smelt that is collected at the bottom of the recovery boiler and
composed of sodium carbonate and sodium sulfide. The smelt is dissolved to form green liquor

and then recaustified to regener#te delignification liquor (white liquor). Impurities introduced
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from the recovery boiler and the lime kiln, and non process elements introduced through the
woody biomass are removed in the chemical recovery department, otherwise the overall
efficiency d the mill would be compromised. The calcium carbonate is burnt in the lime kiln

fired with natural gas to regenerate the lime required for recaustifi¢dhn

5.5 Background of the dimensionaanalysis and the Buckingham Il heorem

Dimensional analysis is an effective tool for reidigccomplex physical problems to a simpler

form. The strength of the dimensional analysis is its ability to describe by means of
dimensionless variables the process and for a broad range of scales in various designs.
Dimensional analysis is based on theswamption that because all physical equations must be
dimensionally homogenous, a restatement of these equations in an appropriate dimensionless
form will reduce the number of parameters to treat, and thus greatly simplify the problem. It can
be particuldy useful in exploratory investigations of new phenomena for which the equations

and boundary conditions have not yet been fully formulptép

Any process operation can be described by certain properties e.g. length, velocity, area, volume,
acceleration, etc. These are all known dimensions, i.e. properties which can be measured. If it is
possible to identify the parameters involved in a physs@talation, dimensional analysis can
define a relationship between them. Its use in engineering is ubiquitous and its applications are
many, including astrophysics, electromagnetic theory, radiation, aerodynamics, ship design, heat
and mass transfer, mecheof elastic and plastic structures, chemical reactions and processing,
etc.[42] .

The Buckingham llheorem concerns physical problems with the form:

The theorem states that if the dependent variable (y) is completely determined by the values of a
set of N independent physical quantities (x), M fundamental dimensions, then the variable

(y) can be completely determined byNNdimensionless groug43]. Dimensional analysis must

be based on a complete set of independaantities that describe the parameter of intgrkit

The use of an ingcoplete set of independent variables (influencing parameters of the operation
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under investigation) can significantly deteriorate the analysis. However, superfluous independent
quantities complicate the results unnecessarily. It is important to make singplfssumptions

when possible (example of the steadagte)to simplify andlimit the complexity of the problem

The proposed method permits to assess the performance of a system given its design parameters
and operating at certain conditions. The detgilextedure for the ggtication of the Buckingham

I theorem is explained in the appendix of the paper. A detailed characterization and dimensional
analysis based on the Buckingham tlebrem of the Kraft process equipment for the purpose of
development okey performance indicators, is presented in the following section. A list of the

equipment and unit operations considered in this study is given in tdble 5

Table 51: List of major equipment per department

Department Key equipment
Digester Steaming vessel; Heat Exchangers
Washing Brownstock washers
Bleaching Bleaching towers

Paper drying Paper Machine

Evaporators- BL Concentration Evaporators
Steam Plant Recovery boiler; Power boiler
Chemical Recovery Clarifiers; Lime Kiln; Causticizer; Slaker; Dregs filtel

5.6 Characterization of keyequipment and dimensional analysis of the Kraft process
1. Digester: steaming vessel and heat exchangers

The digesting department is the core of the Kraft process. It consists of 4 main pieces of
equipment: the steaming vessel, a cooking vessel called digester, and two heat exchangers (upper
and lower). The steaming vessel is where the impregnation of wquetfa@med by means of

direct steam injection. The cooking vessel (digester) is where the delignification step takes place
and lignin is separated from the cellulosic fibers by the action of the cooking liquor, called white
liquor. The two heat exchangdrsat the cooking liquor extracted from the digester at two stages
(upper and lower) in order to maintain an appropriate delignification temperature in the vessel,
and permit a good recirculation of the cooking liquor which optimizes the delignification

reaxtions. The digesting department is eneirggnsive, consuming around 15% of the total
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steam requirement of the mjW4]. Figure 52 displays a simplified schematic of the digesting

department and its main equipment.
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Figure 52: Schematic of the digesting department

The three steam users in this department are the two heat exchangers siadntieg vessel.

The dimensional analysis of the department focuses on the steam users.

1.1 Steaming vessel

Assuming the steaming vessel is perfectly mixed at steady state, the independent influencing

parameters characterizing the wood impregnation are swized in table 2.
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Table 52: Parametersharacterisinghe Steaming Vessel

Parameters Description Units Dimensions
t Residence time S T
T Temperature of woodchips (in and out) K S
h Convection heat transfepefficient kd/s/Inf/K | QT-1L-2S1
k Thermal conductivity coefficient of wood kd/s/im/K | QT-1L-1S1
Cp Heat capacity (wood in and out) kJ/n/K QL- A1l
Hsteam Enthalpy of steam KJ/kg QM-1
Msteam Mwood Mass flows of steam injected and of wood chips Kg/s MT-1
I Wood chips length M L
! Density of wood Kg/m® ML -3
r Wood chips radius M L

The residence time (t) provides information on the amount of steam required for a given wood
chips flow rate. The heat transfer coefficient (h) depends on bottine¢hmal properties of the
heating medium (steam) and the hydrodynamic characteristics of its flow, thus it encompasses all
the information and parameters influencing the heat transfer. Thermal conductivity (k) and heat
capacity (Cp) are intrinsic propesieof wood, they determine the required amount of steam
necessary for a given residence time. The density, length (l) and radius (r) of wood chips are also
important parameters to be considered in the heat transfer and the impregnation efficiency; they
havea direct impact on the residence time required. The characterization of the steaming vessel
and the identification of the critical parameters for the dimensional analysis produced 10
independent influencing parameters and 5 fundamental independent dinse(@3j T, M, L and

, DQG LW S UR GbXdirhke@sibhlasklnumbers and one pertinent ratio to be monitored:

Vil A, o0 . o8 olb 23
0s L= Ot L L =OLAPPREKUL A OvL—L0Q owL;% (29
4s LM‘%Q (2b)

l eaaxva

The number Riepresents the ratio of steam to wood flow rates entering and exiting the steaming
vessel. This ratio is derived from on the heat balance around the vessel in order that the

appropriate amount ofeam at specific conditions of temperature and pressure is used to heat the
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wood chips up to a given temperature. Some dimensionless numbers have explicit physical
meanings: N2 refers to the characteristic dimensions of the wood chips, and N4 represents th
Nusselt number and represents heat of convection to heat of conduction. On the other hand, N1
represents the heating capacity over the enthalpy of the steam. It gives an indication on the
performance efficiency of the heat transfer. The higher the I, the better the steaming
vessel is performingThe number N3 is the ratio of convection to heating capacity, given a
residence time and a characteristic dimension of the wood chips. Similarly, N5 is the ratio of heat
of conduction over heating capgcgiven a residence time and a characteristic dimension of the
wood chips. The numbers N3, N4 and N5 give an indication of whether the convection or the
conduction is the limiting factor for an efficient heat transfer in the vessel, taking into acemunt th
operating residence time and the wood chips dimensions (N2). An optimum ratio R1 that takes
into consideration those dimensionless numbers can be found. The residence time (t), the
dimensions of the wood chips and the steam flow ratg gnare the paameters that will vary in

order to maintain optimum KPIs.
1.2Heat exchangers

The governing factors involved in the heat transfer in a tube and shell heat exchanger are: the
heat exchange area (A), the overall heat transfer coefficient (U), the conductivity of the tubes
andshell walls (k), the heating capacities of the cold andlbmts, and the enthalpies of the heat
transferring media. The independent parameters defining the system are given ifBtable 5

Table 53: Parametersharacterisinghe Heat Exchangers

Parameters Description Units Dimensiors
A Heat exchangers area m’ L2
U Overall heat transfer coefficient kJ/s/nd/k QT-1L- A1l
Cp Heat capacity of BL kJ/kg/K QM- A1l
H Enthalpy of steam in kJ/kg QM-1
k Thermal conductivity coefficient kJ/s/im/k QT-1L- A1l
m Mass flow in and out kg/s MT-1

The dimensional analysis of the heat exchangers generates two dimensionless numbers with

explicit physical meaning, and one pertinent ratio:
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The number R1 represents the ratio of the heating capacities of the hot and the cold streams, and
N1 represents the overall conductance over the rates of heat capacity, also designated as the
number of transfer units (NTU) for the heat exchanddf. The performance of the heat
exchanger is function of N1 and R1. Low values of R1 ratio and high values of N1 nompber

a better heat exchanging performance, while N2 which is the equivalent of the Nusselt number
gives an indication on the ratio of heat convection over heat of conduction given the specific
characteristic heat exchange area. These dimensionless su(B¥s) are also valid for the
HYDSRUDWRUV VLQFH WKH KHDW WUDQVIHU LV SHUIRUPHG

jacket surface area.
2. Washing: Brown stock washers

The objective of brown stock washing is to remove the maximum amount ofvd$ssplids

(DS) from the pulp while using as little wash water as posiile The DS left in the pulp will
interfere with later bleaching and papernmgkand will increase the costs of these processes. An
inefficient washing, either because of excessive use of water, or insufficient solute removed could
cause an increase in operating costs in the bleaching, the paper making, the evaporation

departmentsnd the steam plant.

There are two basic pulp washing operations: the dilution/extraction washing and the

displacement washing.

In displacement washing, the liquor in the pulp is displaced with weaker wash or clean water.
Ideally, for a perfect displacemi& no mixing takes place at the interface of the 2 liquors.
However, in practice, it is impossible to avoid a certain degree of mixing because of molecular
and convective diffusion between the wash liquor and the [@iflp Some of the original liquor

will remain with the pulp and some of the wash liquor will channel through the pulp mass. The

efficiency of the displacement washing depends on the degree of mixing and also on the rate of
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desorption and diffusion of dissolvesblids and chemicals from the pulp fibgé7]. The
efficiency of the displacement washing is described by a displacement ratio (DR) and by the
equivalent displacement ratio (EDR). The DR is the ratio of dissolved solid removed to the
maximum amount of solids that can be cemad, and the EDR represents the extrapolation of the

DR to compare washers of different designs and operating cond#i@ns

On the other hand, the efficiency of dilution/extraction washing depends primarily on the
consistencies to which the pulp is first diluted and later thickened. This is described by the
consistency opulp (inlet and discharge consistencies) and by the dilution factor which represents

the amount of water to pulp ratio.

In general, the efficiency of the washing operation is a function of many variables such as the
amount of wash water, feed consistenay, entrainment, pulp porosity, thickness of pulp,
viscosity, wash water distribution, and discharge consistt®;y0]. Most ofthese variables are
interrelated and improvement in one may have a favourable or unfavourable impact on other
factors. The governing independent parameters of the washing operation are listed 34table

and include pulp qperties (diffusion rate D, and¥ LVFRV LW\ HTXLSPHQW GHVLJC
and the operating conditions. A total of 10 independent parameters and 3 fundamental
dimensions are involved. It should be noted that pressure and temperature are important operating
conditions that have nditeen included in the list of independent parameters considered because

the rate of diffusion is a dependent function of these variables. The increase of temperature and

pressure leads to a higher rate of diffugi®g|.

The dimensional analysis of the washing equipment generates 7 dimensionless numbers that are

required to understand the washing mechanism and evaluate its performance
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Parameters Description Units Dimensions
D Rate of diffusion m?/s L2T-1
Viscosity of the pulp wash Pa.s MT-1L-1
t Contact wash time S T
% Tangential velocity of fluid m/s LT-1
A Washing area m’ L2
! Density kg/m® ML-3
W Pulp thickness m L
d Diameter of the washer m L
m Pulp mass flow and wash water flow kg/s MT-1
04.DSSI Cleanliness of pulp % NA
The dimensionless numbers are:
0sLZ%  otL—=, OuL—, OvL-2N4A owLSa (4a)
4s L ¢G=LL= a (4b)
| pleOc@a

CAAUAER a0 @D x

Two dimensionless numbers, N3 and N4, have explicit physical meaning: N3 represents the
characteristic design ratio of the washer, and N4 isRagnolds number. The number N1
represents the rate of diffusion per washing area, for a given washing time. The operating
conditions such as velocity of pulp and residence time should be investigated for an optimum
value of N1. The number N2 represents\iseous forces over the mass flow of the pulp through

the washing machine, which gives an indication on the resistance to flow. The number N5 is the
ratio of the rate of diffusion over the tangential velocity of the pulp and gives an indication of
which forces are dominant and which operating conditions favor the washing and the diffusion of
solutes. Finally, R1 ratio represents the cleanliness of pulp over the water consumed normalized
to the quantity of pulp washed. It (R1) combines the quantity of veaigithe amount of solute
removal. R1 is selected as the main key performance indicator of the washer equipment as it is
ultimately the main goal of the washing department. Thus, the operating conditions and the

remaining dimensionless KPIs should be inigaged in order to maximize R1.
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3. Bleaching: Bleaching towers

The washed brown pulp enters a five stage bleaching process whereOgl®aOH, Q and

H.O, are used to produce a white pulp. The bleaching towers are described using the standard
name conwvetion for bleaching sequences; with capital letters that refer to the oxidizing/reducing
chemical used, and subscripts when more than one tower uses the same bleaching chemical.
Hence, CIQ is referred to with the capital letter D that stands for chlobiexide, O, stage is

referred to as O for oxygen delignification, NaOH is referred to as E for caustic Extraction and
H.O: is referred to with the letter P for Peroxide delignification. The bleaching sequence is then
called QEOPD.

The objective of bleachg is to improve the cleanliness of the pulp as measured by brightness,
with minimum chemical cost and environmental impact, while producing a high quality pulp.
This occurs by removing or discoloring the colored substances in the pulp. Residualslignin i
major contributing factor to the color of the pulp and must be removed or brightened. Chemical
pulps are usually bleached using lignin removing chemicals. The chemicals used can break down
the residual lignin into small water or alkali soluble partghwihe minimum effect on
carbohydrateg40]. Usually, alkaline and acidic stages are used to reach targeted brightness
indicated by a given Kappa number. The influencing parameters involved in the bleaching
operation are the chemical consumption (kg/odt of pulp) in each stage, theaemgethe
brightness via Kappa number, the COD and the pH. These parameters must be closely monitored
and controlled. Sandeegt al. [37, 38] investigated different bleaching conditions in order to
optimize the bleaching while minimizing the chemical consumpfideir work showed that; in

order to optimize the bleaching, the Glharge in the Pstage should not be over-68% of the

total charge, for instance BD;. The temperature at the extraction stage (EOP) should be
PDLQWDLQHG DW U & oDrgp®vé the Rt bdghtGess (te usual temperature in
PLOOV L1 5%).&he use of @and HO, in the NaOH extraction stage improves the
resulting brightnes of the pulp.

It is difficult to apply the dimensional analysis on the bleaching operation because it requires the
knowledge of all effective reaction rate constaji§]. These constants are not available in

operating pulp and paper mills. However, the Kappa number is an indirect parameter that
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provides information about the bleaching reactionItesurhus, the main parameter to evaluate
the performance of a bleaching stage is the dimensionless Kappa number (brightness). It is a
function of the retention time in the bleaching section, and of the chemical consumption. Hence,

the main dimensionlesatio for performance evaluation of the bleaching section is:

¢G=LL= (5a)

| Ptz aUod®szeeasx
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The chemical consumption is defined as the amount of chemicals consumpdr(ka) of oven
dried pulp. The fully bleached pulp enters a drying process where 90% of the water is removed

and dried and the paper sheet is produced.
5. Paper machine

The paper machine is a very important unit operation of the Kraft process as it is the product
finishing equipment of the entire procdd$]. The paper machine is constituted of three main
sections: the forming section also called wet sectionpithes section, and the drying section. In

the forming section, the slurry, a mixture of pulp and chemical additives used to promote certain
properties of the final products, is evenly distributed over a perforated moving screen, the wire.
The dewateringn this section occurs mainly under gravitational forces. The web enters the press
section where water is removed by mechanical compression. In the third part, the web passes
over rotating heated cylindefs4, 55]. Thermal energy is used alone for dewatering in the dryer
section. A schematic of a paper machine is shown in figtBeThe thermal drying part of the

paper machine is very energy intensive and is genetalyargest energy consumer of the mill

accounting for about 40% of the total steam consumptidn
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Figure 53: Schematic of thpaper machine

The governing parameters involved in the paper machine throughout its three main sections are
listed in table . The gravitational forces (g) are the only forces for dewatering in the first
section. The width (w) and area (A) of paper $laeel its conductivity (k) determine the amount

of heat required for drying the paper. The heat transfer by convection (h), the pressure,
temperature and enthalpy of the steam (T, P, H) are important properties of the heating medium,
essentially the stearithe length (I) and diameter (d) of the cylinders as well as the velocity (v) of

the paper sheet through the paper machine are important design parameters and operating

conditions that also determine the amount of steam required for drying the paper.

Table 55: Parameters characterisitige Paper Machine

Parameter Description Units Dimensions

A Paper sheet surface m’ L2

w Width of paper M L

H Enthalpy of steam in kJ/kg QM-1

T Temperature of steam K A

t Residence time gdaper S T

P Pressure of steam kPa ML-1T-2
h Convection heat transfer coefficient kJ/s/nf/K QT-1L- A1l
k Thermal conductivity coefficient kJ/s/m/K QT-1L- Al
Cp Heat capacity of paper sheet kJ/kg/K QM- A1l
m Mass flow kg/s 0A1

I Cylinder length M L

d Diameter of cylinder M L

v Velocity of paper sheet through the paper machi m/s LT-1

g Gravitational forces m/s LT-2
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The characterization of the paper machine identifies one ratio that can be used for benchmarking

and the dimensional analysisoduced 9 dimensionless numbers.

Ue 4 € 4 eca ER 2 kb (6a)
OsL=-a OtlLza OulL<a OvLa%L owL — 0xLBK|s$rg
EAc, PN A
OyL==% 0zL— KNSNOQ Of Lo
| _
4sL—CPA=l | EPA=A?KJIKIU (6b)
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The dimensionless numbers can be arranged to describe the three different constituents of the
paper machine. The numbers N1, N2 and N3ril@sthe wire section. They take into account

the gravitational forces, operating condition (v) and dimension of the wire (l). They are pertinent
KPIs for the section and should be monitored and interpreted in regards of the water removed per
pulp treated(kg/kg). The number N4 is the main dimensionless KPI for the press section. It
represents the mechanical pressing force per characteristic length and mass flow of pulp and
should also be interpreted in regards to the water per pulp removed in the Sdatiorumbers

N6 and N7 are dimensionless design ratios characterizing the equipment. The last two
dimensionless numbers characterize the drying section, number N8 is the Nusselt number and N9
represents the ratio of the heat supplied over the heatingityapfathe paper. The dimensionless
numbers combined with the ratio (R1) of overall evaporated water to the steam used are valuable
performance indicators to be monitored and integrated in the performance management strategy
of the mill. The ratio R1 issed for the overall monitoring of the energy consumption in the
paper making department and should be minimized in regards with the other dimensionless

numbersThe value of R1 for a modern paper maclsheuld besqualor less thari.3[56].
6. Evaporators

Multi effect evaporators are used to concentrate the weak black liquor by means of heat transfer
before sending it to the recovery boiler. Steam is injected into the evaporator jackets and supplies
the heat required to evaporate the weak liquor. The easgubmvater is injected into the next

evaporator unit and so forth. Hence, these evaporators in series exploit the maximum available

thermal energy from the steam injected. The main parameters involved in this heat transfer
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operation process are similar tisose obtained for the heat exchangers and consequently the

dimensionless numbers produced are also similar:

#T o (7a)
Os LI—D%,L Ot L D
| o on s
4s L —ARSLKNIPA@ A N2 KT U (7b)
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The overall ratio of evaporated water over steam injected normalized to the producti@tijate
is used for benchmarking he value of R1 for a modern setfect evaporator train should be
equal to or higher than §%5]. The two dimensionless numbers N1 and N2 describe the
performance of heat transfer in the evaporator, given their design chatectepresented by

the heat exchange area of the evaporator jacket (A).
7. Steam plant: Recovery boilers (RB) and power boilers (PB)

A black liquor recovery boiler has two main functions: it generates steam from the heat liberated
by combustion of therganic constituents of the black liquor combusted, and the spent chemicals
from pulp digesting (sulphur and sodium) are recovered from the black liquor as a smelt. The
recovery boiler thus acts as a chemical reactor. This double function makes itsdidisiaie

and the evaluation of its performance complex. In addition, the recovery boiler is the bottleneck
in most mills. An efficient recovery boiler is important and necessary to supply the energy

required by the process.

The recovery boiler can be septd in two parts: the furnace section where the combustion
reaction takes place, and the heat exchanger section where tHeohreabmbustion gases is

transferred to water.

Environmental issues and corrosion problems of stack gases from the recovaryhéed been

subject to many studies. They have not been treated in the present study. Nevertheless, energy
improvement of the RB induces lower environmental impacts. In an ideal recovery boiler, all the
sulphur and sodium components would be transforraesbtlium sulphide (N&) and sodium
carbonate (N£&O;) and form the smelt.
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In a real recovery boiler, the reduction ratio {8léotal S) is typically 9®5%. A substantial part

of the sulphur and sodium is carried by the combustion gases into the stadl,imthe form of

sodium sulphate dust and sulphur containing gases. These components are the cause of most side
problems such as fouling of heat transfer surfaces and corrosion. Ther&iblan the flue gas

and in the smelt is a critical performance index that must be monitored. Faelydof dust

carried by flue gases is a sensitive indicator for the sulphur and sodium chemistry (before
electrostatic precipitator). High pH (>10) indtes that the ratio is less than unity. Low pH<7 is

an indication the ratio is high, with an increased tendency to form acidic sulphates. Thus, the

S/Na ratio and the pH must be monitored clogé&l§].

Furthermore, nomprocess elements such as potassium (K) are concentrated into gaseous phase in
the lower furnace. This lowers the dust melting temperature aottgén increased sticking and
fouling effects. Nomprocess elements should be eliminated from the process in the causticizing
department. The critical parameters to achieve sustained performance of the recovery boiler are
given in table 5. For efficient fuel combustion, the heating value of fuel (HHV), and the amount

of feed air are the dominant factors influencing the performance of the boiler. For the heat
exchangers zone of the boiler, the heat exchangers area (A) and the overall heat transder (U) a
the main parameters. The black liquor droplets diameters should be maintained constant for a

better control of the combustion reacti@7].

Table 56: Parameters characterisitige Recovery Boiler and Power Boiler

Parameters Description Units Dimensions
A Heat exchangers area m’ L2
U Overall heat transfer coefficient kJ/s/ni/k QT-1L- A1l
T Temperatures of water and air in and steam oy k A
H Enthalpy of water in and steam out kJ/kg QM-1
k Thermal conductivity coefficient kJ/s/m/k QT-1L- Al
m Mass flow in and out kals MT-1
HHV fuel High Heating Value of fuel kJ/kg QM-1

The dimensional analysis of the furnace generates one main dimensionless number and three

indexes to monitor
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Theair to fuel ratio (R1) must be closely monitored for an efficient and complete combustion in
the furnace section this ratio should be as low as possible, yet providing a complete combustion
(excess aiand the value of R1 higher thah The pH (R2) andhe S/Naratio (R3) of the flue

gas must be monitored to validate the efficiency and completion of the combustion reddteons
value of R2 should be higher than 10 and the value of R3 should be less thai lumikey
performance indicator N1 represetite overall energy efficiency of the boiler. The valuéNaf

should be as high as possible.

The dimensional analysis of the boiler, economizer and swgaer generates two dimensionless

KPIs, and one ratio to monitor:

°T :leec@ 0B OcGA T (9a)
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The first dimensionless indicator N1 describes the maximum amount of energy that should be
transferred to the water to produce steam over the real energy transferred. In other words, N1
represents the efficiency of energy transfer in the heat exchangepftre boiler. The second

indicator is the Nusselt number. The ratio R1 represents the energy content ratio, which is also an

indicator of the energy efficiency of the boiler.
8. Chemical recovery:

The green liquor cycle, the recausticizing plant and the lime cycle must operate at optimal
conditions to ensure adequate white liquor availability and quality and energy efficiency of the
mill. For example, a poor performance of the green liquor filtersluxige filters decreases the

filterability of lime mud and increases the lime kiln dead load. This results in poor white liquor
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quality. Several mills have reported a deteriorated performance of green liquor filters or sludge
filters/thickeners. Even wimeapparently solved locally, these problems tend to propagate to
further process stages of the lime cycle. This causes decreased lime filterability, higher tendency
for ring formation in the kiln, lower free CaO and increased dead load. In certain ¢teses, t
problems could spread affecting white liquor composition causing scale formation in the digester
or in the evaporation plant. These problems are most likely caused by an accumulation of non
process elements (NPEs) in the chemical recovery cycle due iteieased mill closure. The

main objective of the chemical recovery loop is to maintain a steiaty white liquor (WL)
composition so that pulp quality is maintained. Unsteady WL composition implies an imcrease

consumption of bleaching chemicalgashwater, energy, as well as related operating costs.

Optimizing the purge of the non process elements is vital for the overall process economy of the
pulp mill. As mentioned earlier, accumulation of non process elements' may lead to a series of
problems, fequent problems are scdt@mation on the process equipment, inefficient filtration,
decomposition of oxygehased bleaching chemicals induced by transition metals, increased
energy consumption, and formation of sticky dust in the recovery boiler caygedassium and

chloride

8.1 Slaker and causticizer:

In the slaker, lime and green liquor are mixed to produce white liquor. The slaking reaction is an
exothermic reaction that reaches full conversion. However, because limestone is a naturally
occurring mineral, its physical characteristics vary widely. Magiation in raw material
properties results in variations of quality of the calcium hydroxide, the end product. The slaker is
fed with lime and green liquor at a lintewater ratio varying between 1 to 3.3 and 1 to 5,
depending on the quality of CaO. Tigally, a slaker is comprised of two chambers. The first is

the slaking chamber where lime and water are mixed. It is equipped with an agitator. The second
chamber is usually used as a grit removal chamber. The lime slurry flows by gravity (g) from the
first chamber to the grit chamber. The viscosity of the slurry is reduced by the addition of cold
water to allow the heavier grit to settle to the bottom of the second chamber where the grit is
elevated and discharged by a screw. The slaker is equipped wstbdimentation type

classification device to remove unreacted lime and grit from the system as shown in #gure 5
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The most important factors affecting the slaking efficiency are given in tahl@he influencing
parameters include the torque which es@nts the power of agitatior2,(the design parameters

of the equipment (height and diameter), the characteristics of the-bglidsmixture (densities,
diameter of particles, solubility) and the operating conditions (velocity, retention time). The

slaker is assumed to be perfectly mixed and at steady state.

Volumetric
Ratary Feeder\ o
™
Sample Chute Eﬁ[ }

/§) Grit Remover
Chamber

Dust and
Vapor
Canister

b — N \\_L _________
S0 O L
L.r-\"‘.. . H E """"" 4
P VP A oo i
Mt :r'\- :' 0 :_'L ______ : ii
ot A -
Grit Discharge T i} :D
Slurry Discharge -~ \ @i: ,i
Lime Slurry \

Heat Exchanger

Figure 54 : Typical slaker flow patter{b8]
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Table5-7: Parameters characterisitige Slaking

Parameters Description Units Dimensions
2 Torque (F*r) Kg*m?%s’ | ML2T-2
g Gravitational force m/s’ LT-2
E %o E S Density of the particles kg/m’ ML-3
Eo]« Density of the green liquor kg/n’ ML-3
A Agitator area m° L2
t Retention time S T
\ Velocity in (tangential velocity) m/s LT-1
Viscosity of green liquor Pas ML-1T-1
r Radius of particleand radius of agitation palm of the stirr m L
H Height of the tank m L
s Solubility m?/kg L2M-1
m Mass flow Kg/s MT-1

The dimensionless numbers obtained for the slaker are:

OsL— L =OLANPPPEKOt L=a ouL®%a ovL—a (10a)
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The dimensionless groups obtained relate the properties of the mixtaperating conditions

and design characteristics. The dimensionless numbers N1 and N8 have explicit physical
meaning: the former is the aspect ratio of the chambers and the latter is the Reynolds number that
gives an indication of the type of flow as funct of the operating conditions. The number N2
represents the tangential forces over the gravitational forces. This number should be fixed in
RUGHU WR KDYH DQ DGHTXDWH KRUL]JRQWDO IORZ DQG JULW
an indication of he horizontal flow in the slaker as a function of its dimensions. The numbers

N4, N5 and N6 combine properties of the mixture (solubility and viscosity) and operating
condition (power of agitation and velocity). The dimensionless KPIs should be maintained
constant for constant operating conditionsdR. Optimum operating conditions should however

be determined. While the hydrolysis of quick lime is an exothermic fast reaction, the causticizing
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reaction is an equilibrium reaction and therefore reversililenever actually reaches full
conversion. This reaction takes time and thus, typically 4 agitated tanks called causti@zers
installed in series. The causticizers have the same dimensionless numbers as the slaker. The
residence time should be closehpnitored and controlled in both the slaker and the causticizers:

it indirectly determines the amount of grit removed as a function of the diameters and settling rate

of the particlesand of the amount of white liquor produced.
8.2 Clarifier:

Clarifiers are settling tanks equipped with mechanical implements for continuous removal of
solids being deposited by sedimentation. Clarifiers are generally used to remove solid particulates
(known as sludge) that settle at the bottom of the {d0k There are two clarifiers in the
chemical recovery loop. The first one is the green liquor clarifier that eliminates the insoluble
components in the smelt and Rprocess elements. The second is the white liquor clarifier that
eliminates the grits and unreacted lime mud. The critical paessngvolved in the clarification

are given in tabl®-8. The governing parameters include the velocity of inlet and outlet flows as
well as the dissolved solids collected at the bottom of the clarifier, and all the operating

parameters and design chaeaidtics (height and diameter).

Table 58: Parameters characterisitige Clarifier

Parameters Description Units Dimensions

Msolids in Mass flow of solids in kgls MT-1
Msolids in overflow Mass flow of solids in the overflow kg/s MT-1
Msolids in underflow Mass flow of solids in the underflow kg/s MT-1
M overflow Mass flow of overflow kgls MT-1
M underflow Mass flow of underflow kg/s MT-1

t Retention time S T

D Diameter of clarifier m L

H Height of the clarifier m L
liig Density of clarification liquor kg/m’ ML -3
L articles Density of particles kg/m® ML-3

m/s

LT-2

g Gravitational force
\ Velocity of liquor in m/s LT-1
Vp Velocity of particles settling m/s LT-1

The dimensionless numbers obtained are:
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The dimensionless number N5 is the most important KPI for the clarifier as it represents the
ultimate performance of solids removal in the clarifier. The other dimensionless KPIs should be
maintained constant for the optimum operating rate that maxintieesaiue of N8. N1 is the
dimensionless physical aspect ratio and N2 and N3 give an indication on the rate of settlement of

particles.

8.3 Dregs filter:

Dregs removais a key unit operation in the liquor cycle; its function is to control the buildup of
non process elements. As mentioned earlier, fluctuations of this buildup are felt throughout the
pulping liquor recovery cycle. Also, some NPEs are soluble in green liquor (GL) but less so in
white liquor (WL)[40]. Hence if they are not removed from the GL, they can accumulate in the
lime mud circuit thus lowering lime availability and increasing kiln fuel cost. Good performance

of dregs filter is essential for the overall operation of the process.

The critical @rameters involved in the filtering phenomena are given in taie Bhe
influencing parameters include the bed permeability, the cake resistance, the pressure increase

through the filter membrane, as well as the retention time and properties of atediltquid.
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Table 59: Parameters characterisitige Dregs filter

Parameters Description Units Dimensions

k Bed permeability % NA

R Cake resistance/(1/thickness of cake) m* L-1
a3 Pressure difference Pa ML-1T-2
A Filtration area m° L2
Q Filtration volume m’/s L3T-1
% Velocity m/s LT-1

t Retention time S T

g Gravitational Force m/s’ LT-2
h Height m L

! Density of filtration liquor kg/m® ML-3

Viscosity of liquor Pas ML-1T-1

The dimensionless numbers obtained are:

U Ya €. é¢ (12a)
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The dimensionless number N1 is the design ratio of the equipment, amdntbers N2 and N3
give an indication on the direction of the flow, whether it is horizontal if the tangential velocity is
too high or vertical if the retention time or the velocity are too low. The remaining numbers N4,
N5 and N6 give an indication on tflew resistance during the filtration. The resistance is either

caused by pressure difference increase or by viscosity increase.
8.4 Lime Kiln

The calcium carbonate is heated in a rotary or vertical kiln to drive awayfrG@ limestone
(CaCQ) and producealcium oxide (or quick lime) CaO by calcination. Calcination conditions
highly affect the quality of the quicklime produced. The following factors are the major
determinants of the quality of CaO: purity of limestone, temperature of kiln during caloinati
resident time in the kiln and concentration of @the kiln atmosphere. The patrticles size of

the limestone fed must be relatively uniform (particle diameter) to achieve even heating. Since

the temperature in the kiln and the residence time anstaot, the heat penetration in the
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particles of limestone would be affected by size variability. Heat does not quite penetrate to the
core of larger size stones, therefore, the center of these pieces remain as calcium carbonate while
the outside is converd to CaO. For medium size stones, the heat penetration is complete and
therefore the conversion is also complete. For smaller stones the outside layer is overheated
forming a hard outer shell where water cannot penetrate, therefore the slaking prgceatyis
retarded or even prevented. The critical parameters involved in the slaking are given in table 5
10; the most important ones are the design and operating conditions of the equipment and the
properties and the lime stone.

Table 510: Parameters characterisitige Lime Kiln

Parameters Description Units Dimensions
dp Particles diameters m L
Cp Heat Capacity kl/kg/K | QM- Al
LHV Low Heating Value of fuel kJ/kg QM-1
T Operating temperature K A
m mass flow kg/s MT-1
D Kiln diameter m L
t retention time S T
\ velocity m/s LT-1
Ss Specific surface m’/kg L2M-1
L Length of kiln m L
g Gravitational Force m/s’ ML -2

The dimensionless numbers obtained are:

Az AAT . c¢. £ 13a
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They describe the performance of calcination reactions and give information on the flow inside
the kiln. The number N1 is the specific surface area of lime stone fed to the kiln as a function of
its characteristic length and tangential velocity. It musiioaitored with the temperature along

the lime kiln. The number N2 is the ratio of the energy liberated during combustion of natural gas
to the energy required to heat the calcium carbonate to the desired temperature for the production

of lime. Numbers N3N4 and N5 give an indication on the flow direction inside the lime kiln.
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These numbers should be controlled in regards with the diameter of the calcium carbonate (lime
mud) particles, and the flow rate (or velocity). The velocity increases when smaleeter
particles are fed and decreases when in the opposite case. To achieve optimum calcination
reaction, the velocity, the temperature along the lime kiln and the dimensions of particles of lime

mud should be evaluated simultaneously, using the abowendionless numbers.

5.7 Conclusion

The characterization of kegquipment of a Kraft process combined with ad@pth dimensional
analysis leads to the formulation of dimensionless numbers that can be used as performance
indicators. Dimensional analysis is a valuable tool to describe ghglsamical phenomena that

take place in unit operations and to formulate dimensionless equations that best desicribe th
performance. The dimensionlesKPIs developed in this work take into consideration the
operating conditions, the design parametedstae fundamental physical parameters involved in
each unit operation. The optimum operating ranges must be determined for each KPI in order to
monitor the performance of individual equipment. Real time monitoring of KPIs will help mill
personnel by providg themwith several approaches to control the system performance and
operation fluctuations and to reduce their energy consumption. However, additional

instrumentation may be necessary for the mill to be able to compute all the dimensionless KPIs.

The application of some of the developed dimensionless numbers is presented in Part 1l of this
paper. Not all dimensionless KPIs could be used however to evaluate the performance, because

of the lack of instrumentation and measurement required in the pulpnadiyisés in Part Il.
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CHAPTER 6. ARTICLE 4: EQUIPMENT PERFORMANC E
ANALYSIS OF A CANADI AN KRAFT MILL. PART II:
DIAGRNOSTICS AND IDE NTIFICATION OF IMPRO VEMENT
PROJECTS

6.1 Presentation of the article

This paper has beesubmitted to the Chemical Engineering Reskaand Designn two parts.
The devebpment of new dimensionless key performance indicators (KPIs) based on a
dimensional analysis of Kraft process equipment is presented in Part |. The equipment
performance analysis of an operating Kraft mill, by means of key performance ind{&dRis$

is presented in Part 1.

6.2 Abstract

The Kraft process is an intensive user of capital, energy, water, and chemicals, and is particularly
vulnerable in the presemrecarious economisituation. Therefore, Canadian Kraft pulp mills

offer good potential for improvement, especially if the equipment and unit operations are
diagnosed in details by means of specific Key Performance Indicators TKieltharacterization

and performance anaig of equipment is a prerequisite to optimizatidrthorough evaluation

of the equipment performance must be performed to assess the actual vs. the expected
performance before proceeding to anydkiof energy improvement projecA systematic
methodologyfor equipment performance evaluation through key performance indi¢&tiets)

is presented in Part New key performance indicators (KPIs) based on dimensional analysis as
well as other conventionatey performance indicators are used to efficiently Igre and
diagnose the causes of inefficiencies of the equipment, and pragegaateemedial actions.

The methodology has been applied to an Eastern Canadian Kraft mill and several improvement
projects leading to 30% of energy savings are proposed|imgtaireasonablyfow investment

cost and a payback @fla.

Keywords: Kraft process, equipment performance analysis, dimensionless key performance

indicators, energy efficiencyystems performance.
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6.3 Introduction

The Canadian pulp and paper industas lbeen going through a difficult phase for the last
decades because of many reasons, the emergence of new competitors from emerging countries,
the reduction of paper demand, the increase of energy prices, and the strict environmental
regulations[1,2,34]. The pulp and paper industry is among the largest industrial consumers of
energy and water, and is forced to increase its energy efficiency to face the precarious
economical situatiorf2]. As a result, a variety of methodologies and technologies has been
developed to address the energy efficiency challenges and has produced significant energy
savings [3]. However, these energy savings often imply high capital costs for major
modifications in the plant, and are difficult to justify by mill mgeaent[5]. Major capital
investment are often required when several causes are combinednstance, when
improvement to product quality and increase in production rate are sought simultaj&pusly
However, coskffective improvement projects are possible through proper process performance

and efficiency evaluatiorn$].

Conventional optimization or energy enhancement methodologies such as Pinch analysis, do not
address process issuesglsas whether wash stages could be operated with less water. They are
applied with the assumption that all equipment and unit operations are working efficiently or as
intended, which is not always the case in operating pulp and paper mills. Hence nesdilts

be considered in the light of-thepth process knowledge, and equipment performance evaluation.
This is especially the case for the aging Canadian Kraft p2]lsOlder equipment often uses

more water, chemicals or energy than necessary. Such equipment may also present a bottleneck
to future production increag®]. Thus, a structured equipment performance evaluation is-a pre
requisite step to any energy optimization procedure and implementation projects, to avoid

unnecessary commitment of expenditiin the long term.

Evaluating the individual equipment and unit operations of a mill will help channelling efforts to
address points of concern in an efficient manner, and understanding fundamental mechanisms of
process systems will lead to an easier identification of wieffcies[7]. This type of equipment
performance analysis can lead to low capital costs projects generating gainkngttegm|[6].
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Low capital cost solutions begin with careful housekeeping; close monitoring and efficient

operating equipmerjb).

One tool that is mentioned in the literature for process performance evaluation, is the comparison
of energy, water and electricity consumption of a mill with the Canadian average and best
practice mills, using key perfarance indicatorg2]. This comparison leads to a preliminary
appraisal and identification of inefficient departments in the mill. Calculating and comparing key
performance indicators of a mill with a Canadian average was reported to be helpful in
identifying general inefficiencieg]. Further analysis is however required to pinpoint the exact

location and unit operations of inefficiencies.

Lang and Gerry9] proposed indicators to monitor process control systems and identify periods
where control loops are outside the normal mode or when they oscillate. These indicators identify
areas with significant deviations from target poif@sergy or material consumption) but do not
provide information on what is causing these deviations. Similarly, Buckb@e defined
indicators as the ratio between the setpoint and the actual targets achieved. The challenges that
are associated with wide variations in energy savings led the industries to an intensive
monitoring. Van Gorpet al.[11] proposed a strategic method for utility distributexmd energy
management based on metrics for energy consumption per unit of production. The metrics are
compared to the goals set for the energy reduction projects and a mathematical relationship is
used to monitor the consumption compared to the targetsinR¢12] proposed a similar
methodology by adding a retime monitoring of these indicators. Siwit al.[13] proposed the

use of performance indicators that take into consideration the logistic and productivity time
periods of the mill based on their business strategy. Retsiah[14] developed a software to
control various processes indicators. Siwtl al. [13] proposed the use of an indicator that
connecs paper production, economic parameters and the energy consumption for the overall
performance evaluation of the mill. However, no work has been published on a complete
structured and systematic approach for equipment performance analysis of a Kraftopaks,

by means of key performance indicators (KPIs).

The objective of this work is to present the application of a structured and systematic equipment

performance analysis to an Eastern Canadian Kraft pulp mill, in order to assess the current
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performarce of the process unit operations, identify areas of inefficiencies, diagnose the causes of
inefficiencies, and propose low cost improvement projects. The work is presented in two parts.
Part | described the development of new key performance indicateesl lmn dimensional
analysis of the specific Kraft process key equipment, and the current paper, Part Il, presents the
application of the equipment performance analysis using key performance indicators (KPIs). It
should be mentioned that not all the dimenfss KPIs developed in Part | have been used in

the current study, because some of them required the computation of variables for which
measurements are not performed in the mill. However, a sufficient number of KPIs were used for

a complete equipment germance analysis of the Kraft pulp mill.

6.4 Case study

The study is based on an operating Eastern Canadian pulp mill manufacturing nejiSptint

paper using a mixture of ground pulp (60%) and Kraft pulp (40%) from softwood biomass. Only
the Kraft pulping plant of the mill was simulated and evaluated in this study. Due to the large
variations in instrumentation level of the various sections oplduet linked to their construction

period, the measurements of the mechanical pulping plant, necessary for the construction of the
process simulation, were lacking. A prorated fraction of steam and water consumption by the
paper machine was therefore ugethe performance evaluation to account for the extra pulp fed

to the paper machine and coming from the mechanical part of the mill. CADSIM Plus® software
(Aurel Systems Inc) was used for the simulation of the Kraft process of the mill. CADSIM Plus is

a ommercially available chemical engineering software that has been widely used in the pulp
and paper sector to simulate process models. The process simulation was built with the purpose
of obtaining a reliable representation of a long term average ss&ddyof the mill, as data
source for performance evaluations, and to assess the impact of the improvement projects on the

overall performance of the process.

The average pulp production rate of the Kraft plant is 28%/ddfThe core of the Kraft process
wDV EXLOW LQ WKH TV EXW SURFHVV XSJUDGHV ZHUH LPSC

" Newsprint is a type of paper weighting between 40g/m2 and 57g/m2 generally used in newspapers.

12 Adt: air dry ton o pulp
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EHLQJ WKH DGGLWLRQ RI D SDSHU PDFKLQH LQ WKH 1V
given in figure 61.

The Kraft process is theorldwide prevaknt pulp manufacturing proce$$6] by which a wide
spectrum of finished or serfished paper products is made. It consists of two main parts: a pulp
line and a chemical recovery loop. The pulp line is composed of four main departments; the
digesting department where lignin is separated from the cellulosic fibers (pulp) under the action
of the delignification agent (white liquor), a solution of sodium hydi®XNaOH) and sodium
sulfide (NaS), the washing department where lignin is removed from the pulp, the bleaching
department where the remaining lignin and dissolved solids are removed from the pulp, and the
paper making department where the pulp is dhipeessed, and thermally dried to produce the
final product (bleached paper).

[ Chemical ] [Mechanical i

preparation pulping
Chemicals
e 3 ( . g 3
Wood S ; : ;
= Digesting Washing Bleaching Paper Machine [~ Paper
chips | ) \ J y
White liquor Black liquor
E— EEEEEEEE—
Recausticizing Evaporation
N/ )
g e T e SIS S e e \
: Steam plant [
I
! |
Recqvery Steam Power boilers | 1
[ boiler to process |

Water Water

Figure 61: Simplified diagram othe Kraft pulp mill

The chemical recovery loop consists of three main departments: the evaporation plant where the
spent delignification liquor (black liquor) separated from the fibers in the washing step is
concentrated in the muléffect evaporator, the power plant whene toncentrated black liquor

is burnt in the recovery boiler to produce the steam required for the process and to recover the
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spent chemicals, and finally the recausticizing where the spent inorganic chemicals are

regenerated to produce the white liquarptigh a series of chemical reactions.

The Kraft mill consumes about 110 MW of steam, 14Gthr(96 n¥/adt) of water and produces

1760 ni/h (108 ni/adt) of effluents (the effluents amount is higher than the water consumption
because of the condensationimgected steam). The aggregate steam requirement of the mill is
supplied by the recovery boiler and four additional power boilers (i.e. completely supported by
the recovery boiler): one is fired with bark and three with natural gas (NG). The digesting, th
evaporation and the paper making departments are the largest steam consumers, and the washing
department is the largest water consumer. It should be noted thatrmamaljed Kraft mill could

be in principle energetically sedufficient. The utilizatiorof fossil fuel for steam production in

the process is a sign of poor energetic performance. Fossil fuel should only be used to absorb the
fluctuations of pulp production and seasonal variations of the steam demand (10% higher average
on winter conditions) However, since the current mill is a combined Kraft and mechanical pulp,
the lignin generated from the Kraft pulp is not sufficient to produce the steam required by the
entire mill, and in particular to cover the full paper machine steam demand, in Kttt and
mechanical pulp are blended, and which consumes 40% of the total mill steam consumption (as a
standalone Kraft mill, the paper machine consumes about 7% of the total steam requirement).
The assessment of the performance of the individual egqumpnis an appropriate means to
determine and plan the improvement modifications, and the replacement of inefficient equipment.
The improvement projects with the largest gain and that entail lower investment costs are

prioritized.

6.5 Methodology

The overd methodology for equipment performance analysis is schematically presented in figure
6-2. It consists of four main steps: identification of the unit operations with poor performance,
diagnosis of the causes of inefficiencies, proposal of improvemengécspjand economic
evaluation of the proposed projects. The procedure pinpoints areas of inefficiencies and
highlights issues that should be examined to formulate improvements of the overall system's

performance.
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Identification
Characterization of equipments through new Key Performance Indicators (KPIs)

Diagnosis
Evaluation of the performance of key unit operations, identification of inefficient areas and
diagnosis of the causes of inefficiencies through the use of KPIs

Proposal of improvement projects

Evaluation of economic impacts of the proposed improvement projects

Figure 62 : Overall methodology for equipment performance analysis

Step 1: Identification

The identification of process inefficiencies is done by means of key performance indicators
(KPIs). The KPIs used in this study are focused on water, chemicals, and energy utilisation in the
process unit operations. Old or inefficient equipment generatiguumes more resources (water,
energy and chemicals) than necesgaty Therefore, the utiiation of KPIs is a privileged first

step for a performance evaluatidevery department in the mill is characterized by its energy
(thermal energy consumption (TEC)) and water consumption (WC) normalized to the overall
pulp production of the mill. Thesavb general key performance indicators help to situate the
plant against similar North American Kraft pulp manufacturing mills. Each department is also
assessed and evaluated with other key performance indicators specifically adapted to its major
equipmentDimensionless KPIs have been developed and presented in Part | of this work. The

key performance indicators used in this study are presented in the-table 6

Digesting:

The digesting department comprises four main pieces of equipment: the steamimhgtwesse

heat exchangers, and the cooking vessel (digester). Steam is used in the steaming vessel to
preheat the wood chips prior to the cooking vessel, and in the two heat exchangers to heat the

cooking liquor extracted from the digester as shown in figt8e



Table 61: List of KPIs per equipment and department
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Department Process Key performance indicators (KPIs) References to
Part |
Digesting Steaming Apepiga VX IR KPIL.=R1 (2b
Vessel 25 L3 auu.a 2% L A G ' (26)
Heat ; A% o0 A KPI,=N1 (2a)
Exchangers| -2%L4-,a "2yl 8
KPI1,=N1 (3a
Overa” '2'bL 6|(yL (JADBDl'@lUUlDUDlBD 3 ( )
department AgaxP0vyuiaipi KPI,=R1 (3b)
Washing Overall Aa
-2+ 0 amm@umoa
department 2+L 9%L 2 0ax0
Brown stock| FOr amount of water usedt the washers:
h 2+ L&(L aairDYoVAaiRDYAAR
washers A Aaxi YD
For amount of soluteemoved:
'Z'E L &4L cauAUaXUOHXUUaB
(,apAamDYUaxu
-2+ L '&4 L :sF&4:&%(+%(ES
With:
548
&% (- rEvr and
+ %I ——— and
2ol T iph
0p L —202x0
aprvDID
For water and soluteemoved:
ok L P0EE0 KPI=R1 (4b)
-2ty aaigbyy
UaxdIpPOPI
i ; EEEL)
Bleaching Bleaching -2+l ai@azo(ﬁ ] KPI,,=R1 (5a)
stage W oaxaironi
Overall -246L 9%L AaéiBAD@LieiC?D
department &0ax0
Evaporation Evaporator | - Apaibovie
p p 257L—5 L5PAZPKIKIY KPls=R1 (7b)
Overall 'Z'SSL 6' %L cAprAmeumume KPIl,=N1 (3a)
department AgaxBpovUiaiel
Paper Making Dry end “24gL—RERIZ | EPAZPKIKIY KPIl;s=R1 (6b)
section of Apal0uYiRDI
the paper
machine 2+, L 6'%L C.ADBBIEIUUIDUDLBD
Overall agaxmoyuiaioi

department
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agaplBAAL aioyv

Steam Plant | x Recovery - . ) _
boiler and 2%, dainp WU 2s<L A Nap~ KPI,=1/(R1
power (8b)* N1 (8a))
boilers KPl=R1 (8b)

Recausticizing x Overall -2+4_L 6'%L CA\DBD\I?ZJTUU'I'DUDIIBD
department a0axPyUiaipi

The dimensionless key performance indicators, K&id KP}, are dedicated to the steaming
vessel, the largest steam consumer of the department, and depend on the headrbatadite
vessel. The dimensionless KRhd KP}, are related to the two black liguheat exchangers, and

the KPk indicates the overall steam consumption of the department.

- Hon
(1!.: .}.I‘ﬁ-'J ) _ condensable  Frash water
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| :
. : p (0.8 MW p| Surface
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Total digesting department: 17.5 MW

Figure 63: Simplified schematic of the digesting department

Washing:
The washing department is the largest water consumer of the mill. The performance indicator
KPIlg indicates the overall water consumption of the department (WC). The performance of the

washing equipment is assessed from two angles with the use of five dimensionless key
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performance indicators, (i) the amount of water used {l&Rt KPlg), and (ii)the amount of
dissolved solids removed (KEKPIly, and KP{o). The KP} represents the dilution factor and is a
measure of the wash water applied in excess of that required for total displacement expressed as
mass of water per mass of oven dry ton oppulhe KP4 represents the displacement ratio at the
washing equipment. Displacement washing is based on the principle of replacing by clean wash
liquor the liquor which is entrapped in the pulp mat and contains a high concentration of
dissolved solids. timum displacement (i.e. all the dissolved solids are removed) occurs when
no mixing of the two fluids takes place. The displacement ratio, DRg|Kdthen expressed as

the ratio of dissolved solids removed from the pulp to the dissolved solids caticengradient
between the pulp and the wash water. The concentration gradient is the driving force of the
diffusion of dissolved solids. The ideal DR is equal to 1. In practice however, this ratio varies
from 0.5 to 0.9[17]. The KP} represents the equivalent displacement ratio (EDR). EDR is a
useful indicator for comparing wasts of different designs and operating conditions. It compares
the displacement efficiency of the actual washing equipment with a hypothetical one operating at
a standard inlet consistency of 1% and outlet consistency of 12% , and having the same dilution
factor (DF)[18§]. It is computed by correcting the actual conditions of the washing, dilution ratio
(DR) and, inlet and dischaggconsistencies ¢ of the pulp (DCF and ICF from the currend) C

High EDR values for the same dilution factor imply efficient washing. Typical EDR values for
the washing equipment of the studied mill are between 0.8 and 0.85 for compact baffle (CB)
wasters and between 0.58 and 0.78 for the rotary vacuum drum (RVD) w&$Ber$he last
performance indicator for the washers is {PIt describes in a single function the amount of
solutes removed expressed by the difference of K&gpa] number of the pulps entegrand

leaving the equipment, and the amount of wash water per pulp used in the equipment. This

number is set according to mill target for the final Kappa number of the pulp produced.

Bleaching:

The bleaching department is also a significant water congupnotess step. The washing stages

between the bleaching towers consume large amounts of water to remove the remaining lignin,

13 Kappa number of a pulp is a measure of the residgrih content (or indirectly the brightness) the wood

pulp by a standardised analysis method.


https://en.wikipedia.org/wiki/Lignin
https://en.wikipedia.org/wiki/Wood_pulp
https://en.wikipedia.org/wiki/Wood_pulp
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the impurities, and the bleaching chemicals from the pulp. The department is assessed for overall
water consumption with the uss KPl,. The key performance indicators for the washing
equipment in the washing department are also valid for the washing equipment in the bleaching
department. Moreover, KB|] which represents the ultimate difference in Kappa number of the
pulp enterig and leaving the bleaching stage normalised to the amount of chemicals consumed

per unit of pulp.

Evaporation:

The evaporation effect is assessed by means of two main key performance indicatgys, KPI
which represents the steam economy (amount of evagonatter to amount of steam consumed)
and, KP{,which represents the overall thermal consumption of the department. The higher the
steam economy per number of effects, the more efficient is the evaporation department. The

typical value of steam economyrfa sixeffect system is 5.5 (kg/k@20].

Paper Making:

The paper making department is a large steam consumer of the mill. Steam is consumed in the
dry end section of the paper machine. The performance of this section is assessed by the use of
KPli5 which represents the steam econontyis limportant to note that unlike the evaporation
department, the steam economy in the paper machine has the inverse definition, the amount of
steam consumed per evaporated water. Hence, the lower this value is, the better is the efficiency
of the equipmet. A typical value of kg steam per kg water evaporated for a modern well
maintained paper machine is 12%)]. The KP}¢ represents the overall steam consumption of the

department normalised to its pulp production.
Steam Plant:

The steam plant is composed of the recovery boiler andpfmuer boilers. Three power boilers
are fired with natural gas, and one is fired with bark. The power boilers and the recovery boiler
efficiencies are assessed with KPdnd KPlg. The KPl;represents the thermal efficiency per
fuel consumed, and the KRepresents the aio-fuel ratio. The latter should be lower for the
power boilers fired with natural gas. However, this ratio must be closely monitored in all cases,

and maintained constant at a value as low as possible (higher than 1)
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Recausticizing:

The recausticizing department is assessed withigKEtharacterizing the overall thermal
consumption of the department. However, modern and well managed mills (that have a good

energy management strategy) have zero steam consumption in this dep@tinent

Step 2: Diagnosis

The KPIs are calculated for each unit operation and compared to target set points. KPIs far from

their target values are symptaticaof inefficiency. The inefficiencies are possibly due to poor

operating conditions, poor heating transfer due to equipment corrosion or fouling, or old

equipment that needs to be partly or completely replaced.

Step 3: Performance improvement

Performane improvements derived from the diagnostics made. They are identified based on the

KPIs values and on published work, best available techniques, and good engineering practice

guidelineg5, 8, 22]. The projects include modifications of operating conditions, improvement of

maintenance, or replacement of parts of or totality of the equipment concerned.

Step 4: Economic analysis

Changes in the operating conditions and maintenance improvements entail investment costs and

may also increase the operating cost of the process. The capital cost requirement is computed by

analogy to published work, and proportionally adjusted for the ftsshtand proposed remedial

projects.

The following assumptions are considered for the economic evaluation.

x The natural gas price B3/GJ. The HHV of natural gas (HHNg) is 54.7 MJ/kg or 46.25
MI/m[23].

x The price of fresh water is 0.065 $/1f24].

x The price of effluent treatment is 0.069 $/m

x Number of operating days is 354 or 8500 hours per [yshr

1 HHV: High heating value is equal to the heat released upon combuo$tiofuel and determined by bringing all
the products of combustion back to the original-goenbustion temperature and pressure, and by condensing any

vapor produced
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6.6 Results

Digesting:

The overall thermal energy consumptiohthe digesting department (Kplis at the Canadian

75" percentile level (3.8 GJ/adhich suggests the possibility of improvemantipotential for
significant gains.The steaming vessel and the heat exchangers are the two steam users of the
department. The KPland KP} are dedicated to the steaming vessel. The former describes the
ratio of steam to wood and the latter represents the thermal efficiency performance of the
equipment. The results of KPIs indicate an overconsumption of steam in the steaming vessel and
a poor heating efficiency. This implies a potential insulation problemghMexplains the high

overall thermal consumption of the department gKRis indicated in table-B.

Table 62: Results of the KPIs for the digesting department

Steaming vessel | Overall department
KPI; (kg/kg) 0.3 -
KPI ;-target (kg/kg) 0.04 -
KPI, ((kJ/kg)/(kJ/kg)) 0.05 -
KPI ,-target((kJ/kg)/(kJ/kg)) 0.06 -
KPI 5 (GJ/adt) - 3.8
KPI s-target (GJ/adt) - 2.2

On the other hand, the KPand KP}, dedicated to the two heat exchangers, indicate that the
latter are operating efficiently.

The steamconsumption in the steaming vessel could be lowered if proper improvements and
good insulation to the equipment are providete steam should not be injected into the
steaming vessel (figure-®), and recycled steam from the blowdown black liquor flastk t
should suffice for the heating required by the wood chips temperature gradient of, based on the
heat balanceThis can result in 11.5 MW of total steam savings, which account for 10% of the
total steam consumption of the mill. The impact of the hess feduction in the equipment has
been assessed using a simulation mode€LADSIM Plus By improving the maintenance of the

steaming vessel, the steam injection could be avoided, and consequently, the quantity of mixture
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of noncondensable gases and fladisteam will be reduced. This would result in a reduction of 6
m*h of hot water at € from the surface condenser of the digester department. The capital
investment to improve the steaming vessel equipment and new piping to return the clean
condensate to the steam plant is approximateljjZBfland 0.25 M$, respectively. The energy
savings and revenue generated take into account the increase of operating cost due to the heating
of water to compensate for the decrease of condensates feomisjection.

Washing:

The washing department is an intensive consumer of water and has a direct effect on the steam
consumption in the evaporatof7], and on the chemical consumption in the bleaching
department. Thus, the efficiency of washisgimportant for these two subsequent processes.
Reducing water consumption induces energy savings from the evaporation, but could imply an
increase of costly bleaching chemicals consumption. The performance of the washing department
is mainly representely the amount of wash water used, and the amount of solute removed from
the pulp. The 5 five dimensionless KPIs are given in takle Bhe washing department case

study mill consists of a deknotter, two compact baffle washers (CB washers), a screkteo, an
thickeners (rotary vacuum drum RVD Washers). The pulp leaving the deknotter that removes the
uncooked pulp and sends it back to the digesting is first washed in two CB washers. The washers
are placed in series to achieve higher removal efficiency.rifised pulp is screened to remove
oversize particles, and washed and thickened again in two vacuum drum washers. The washed
and thickened pulp is then sent to the bleaching department. The four washers receive fresh water
from the warm water tanks in @dto maximize the concentration gradient and enhance the
removal of solute. The deknotter and screeners receive filtrates from the filtrate tank of the
washers. The washers and filtrate tanks in the washing department consume 44% of the total
warm, hot, ad fresh water of the mill. The KPWhich represents the overall water consumption

of the department indicates a high amount of water consumption in the department compared to
an average North American bleached Kraft mill (96 m3/adt vs. 90 m3/adt foreaaga 1980
bleached Kraft mill)[28]. Table 63 presents the results of three performance indicators for the

washing equipment.
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Table 63: Results of the KPIs for the washers

KPI; (DF) | KPIs(DR) | KPIo(EDR) | Typical EDR
CB Washer 1 1.3 0.92 0.81 0.80.85
CB Washer 2 1.31 0.81 0.71 0.80.85
RVD Washer 3 6.76 0.82 0.86 0.580.78
RVD Washer 4 6.76 0.82 0.86 0.580.78

It should be mentioned that the mill produces very high quality and clean pulp with dissolved

solids content in the outlet stream from the last washer below 0.04%. However, there are still

possibilities to further reduce water usage. The EDR for the se€Bndasher is below the

typical value but the dilution factor in the two last washers is extremely high (typical DF is

around 2.5). The distribution of water wash between the four washers could be improved. The

water throughout could be increased in thistfiwo washers and reduced in the last two, while

maintaining the same inlet and outlet discharge consistency. The washing performance could be

maintained while reducing the water consumption by increasing the wash water temperature and

the washing rotabin speed, equipment permitting. For the two types of washing equipment, wash

ZDWHU WHPSHUDWXUH VKR XO[29 Elt duDeniQWASD W&ddd @8mparbtiirR 5 U&
U& $ VOLIKW WHPSHUDWXUH LQFUHDVH WR U& ZLOO VI

water required to perform the same washing efficief®g]. Thus, the total water savings

possible for these washers is 66/m(15% reduction of the current consumption of the

department and 6% of the total mill water consumption), provided that the brightness of the pulp

exiting the department is maintained. The energy balance for this improvement project remains

unchanged. TheegdUJ\ UHTXLUHG WR LQFUHDVH WKH ZDVK ZDWHU W

by the energy content of the wash water saved (4 MW).

Bleaching:

For the bleaching department that consists of three stage€dp, and . The main KPIs

involved describe theleanliness of the pulp and the wash water consumption. Both of these

KPlIs indicate that the mill bleaching department is operating efficiently. This is expected because

the profitability of the mill is strongly related to the proper use of costly bleacathiamicals.

However, the overalwater consumption in the bleaching department could be reduced if
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retention time in the washers is extended by a few seconds, and the heat content of the effluents
from the washing and bleaching departments might be ustdlling an energy upgrading
system such as an absorption heat pump.

Paper Making:

The paper machine, consumes 41.5 NBM5 GJ/odf) of steam to prdeat the air, to warm up

the white water at the silo chest, and to dry the paper sheets. The equiptoantsafor 40% of

total steam consumption of the mill. The dryer alone consumes 24.0 MW of this steam which is
22% of steam consumption of the mill. The computed steam economy for the dryer is 1.1 ton of
steam consumed per ton of water evaporated. Thisu@inie smaller than the typical steam
economy of 1.3 t/{30], so the paper machine is operatefciently, a result that could be
expected because it is the newest equipment installed in the mill and represents the best available
technology in pulp machinery in North America.

Evaporation:

The analysis of 6 effect train evaporators that concerttrateveak black liquor (WBL) from 19

to 50 % dissolved solids results in an overall steam economy of 5.75 tons of evaporated water
per ton of steam consumed which is larger than the typical steam economy (5.5 t/t). Thus, it is
reasonable to conclude thhe evaporation effect is operating efficiently.

Steam Plant:

The steam plant is a key department as it generates the steam required to operate the mill. It
comprises one recovery boiler, one bark boiler (PB#1), and three natural gas power boilers (PB
#2, PB#3, and PB#6). Four power boilers are required to supply the steam demand of the mill
because the organics content of the black liquor is not sufficient to produce steam for the entire
facility. A reason is that the paper machine which treats the nixafi and mechanical pulps

and accounts for 40% of the total steam consumption of the mill. The analysis of the key
performance indicators for the boilers, shown in table tdicates that the fuel consumption to
steam generation ratios in the recoveoyldy and in the two natural gas boilers (PB#2 and PB#6)

are close to the ¥5Canadian percentile of 1.67 (GJ/Gd), whereas modern power boilers have

a fuel cosumption at 1.2 (GJ/GJ). The air to fuel ratio indicates that there is about 10 to 20% of

!> Odt: Oven dry ton of pulp
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excess air in the recovery boiler and power boilers. These KPIs indicate that the recovery boiler
and two power boilers (PB #1 and PB # 2) do not operate efficiantysavings opportunities
are possible by implementing improvement projects. The power boilers #3 and #6 are the most

efficient units in the steam plant.

Table 64: Results of the KPIs for the steam plant

7 G airIn 7 G stack Steam Production (MW) | KPI 17 | KPI 15
Recovery Boiler 169 478 40.1 2.17 1.2
Power Boiler 1 210 321 15.8 1.53 1.2
Power Boiler 2 172 233 15 1.6 11
Power Boiler 3 172 145 27.7 1.15 11
Power Boiler 6 210 135 18.1 1.2 11

The low efficiency of the recovery boiler and power boilers #1 and #2 can be detected by their
low steam production and elevated temperatures of the stack gases. This low performance may be
caused by several factors. It could be due to poor operatingtioosdjlow air inlet temperature

which is the case or high excess air), and to poor performing equipment. There are many sources
that could compromise the efficiency of the boilers: low flame temperature due to high
percentage of excess air or low inlat @mperature, heat losses to the environment due to poor
insulation, and poor heat transfer due to boiler deposit formation that increase the heat transfer
resistance. Blowdown water is also a source of inefficiency since its energy content that
represerd 3 MW of energy lost is not exploited. Upgrading modifications in the recovery boiler
and in power boiler #1 are highly recommended. The possible enhancement projects could be,
improved insulation of the boilers, replacement of the burners and the lobainggrs, heat
recovery from stack gases to preheat the inlet air, improved process control to reduce excess air
from 20 to 15%, heat recovery of the blowdown water by sending it to the warm water tank,
repair of steam leakage and monitoring of the ste@pst to prevent venting a significant
amount of steam. The implementation of these modifications could increase the steam production
of the recovery boiler by 15 MW (37%), and 5 MW (33%) in the power boilei26). However,

they entail a capital cost of approximately 2.7 M$.

Recausticizing:
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The recausticizing department should not be a steam user department. By adequate control of the
green liquor temperature in the dissolving smelt, for instance by raising the temperature of the
GLOXWLRQ ZDWHU WR WKH GLVYVR O ¥anQ donsumptionNin théPat WR
exchanger could be avoided, saving 1.0 MW of steam. This project entails enhanced process
control and the installation of measurement devices, estimated at 0.[Z2M$

Summary of Results:

Several improvement projects have been proposedhrdigesting, the washing, and the
recausticizing departments as well as for the steam plant. The improvement of some unit
operations may increase the consumption somewhere else in the mill. Therefore, to avoid
problem displacement, all proposed projecasenbeen integrated to the simulation model to
assess their overall impact on the system performance.

The total increase in steam production at the boilers is 20 MW and the steam savings in the
process is close to 15 MW. Therefore, the total excess gieaunction capacity created is 35
MW; this corresponds to 30% of the current steam consumption at the mill. The fresh water
saved and the reduced effluent volumes are &®& @and 105 rih respectively. These values

correspond to 5% of current water constiopand 6% of the total effluent production.

The excess steam of 35 MW can be used to eliminate the use of fossil fuel (natural gas) at two
power boilers, therefore, the power boilers PB #2 and PB #6 can be completely shut down
reducing the steam produa by 32.1 MW. The steam generation by PB #6 can be reduced by 3
MW.

Table 65 shows the economic analysis of the improvement projects proposed. The total capital
investment cost for the performance improvement projects is approximately 3.2 M$. The
operding costs would also increase by 0.2 M$/a. The net profit of 2.8 M$/a is significant, and the
payback period is short (0&). The natural gas savings at the boilers result in a 1.3 ktja CO
emission reductionwhich is environmentally advantageolturther steam and water savings

could be achieved by improved process integration.
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Table 65: Economic analysis of improvement projects

Retrofit Savin Simple
Departments Improvement Projects Capital Cost ﬁ payback
(k$) (k$/a) time (a)
, Insulation 100
Digester 448 0.8
Condensate return 250
Recausticizing | Process control 150 92 1.6
Boiler Maintenance 750
Steam traps 375
Steam Plant | Condensate return 250
(recovery bo_||er Blowdown steam Recovery to deaerator 400 2340 0.9
and bark boiler
PB#1) Air requirement 150
Optimization of equipment 500
Flue Gas Heat Recovery 250
Total 3175 2 880 1.1

6.7 Conclusion and recommendations

The results of the application of the proposed equipment performance analysis methodology
using new key performance indicatdosan Eastern Canadian Kraft mill highlight the importance

of the scope of the study. Equipment performance evaluation by me&®sis an efficient

way to identify poor efficiency equipment and cast light on potential improvements. Low
investment cost improvement project arise as results of the methodblecpuse the
improvement projects involve the enhancement of inefficigoipgnent rather than a complete
process retrofit desigTherefore, quipment performance analysis is a necessary prerequisite
step to improve the overall performance and avoid unnecessary commitment of expenditures in
the long run. The KPIs developed aptesented in Part | of this paper could improve the
proposed methodology and direct the diagnostics towards the specific reasons of inefficiencies.
These KPIs would complete the methodology and more improvement projects with low to no
investment cost coulde identified. A close monitoring of key performance indicators should be
done to maintain the process performance once the improvement projects implemented. A data

base for optimum operating key performance indicators could be developed by the ntitheyer
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and correlation between KPIs could be developed in order to better understand and describe the

processes performances.
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CHAPTER 7: GENERAL DISCUSSION

Process simulation of the case study

The operatingconditions of the process have been established based on several sources of
information, mainlyfrom the process simulatioon Cadsim Plus platfornof the Kraft mill
studied the processmeasurment data achived in the (Pl)ProcessBook, the data acquisition

systemof the mill, and finally fromthe process diagrams am& IDs of the mill

The process simulation of the case study mill has beenhasiéidon triakanderror and required

a lot of effort and iput fromthe mill engineersHowever,because it has not been based on real
operating reconciled data of the mill, the simulatawes not fairly represent the long term
averagesteady stateof the plant and it does nateflect the real mill fluctuationlt is
recommended thatath reconciliation shouldbe performed at the earliest stages of process

evaluation and simulation construction.

On the other hand, the analysis of the base case process permits the identification of certain
factors affecting the @rall efficiency of the mill, such as the presence of power boilers in the
steam plant, the overall fossil fuel consumption, the presence of cogeneration and heat upgrading
systems, the presence of non isothermal mixing, the amount of effluents gerteatesel of

measurement instrumentationthe mill, etc.

Date Reconciliation and Gross Error Detection

The application of data reconciliation and gross error detedctioan operatingKraft mill
produceda reliable dataetthat can baised as basis fdahe construction ofprocesssimulation
andthe evaluation of the milberformance. Thelata sefproducedaims torepresent fairly the
long term averagsteady state of the processd rdlects the real operating fluctuations of the

mill for the chosen period of time.

Moreover, the data reconciliatioof real operating datpermits the identification of strongly
adjusted measurements in {i@cessesLarge adjustments in measurement variables may be a
sign of over (or under) consumptiof resourcespooroperatingperformance omwrong operating

conditions. The results of data reconciliatigmovide a mean to identify areas of deviation from
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targets in the mill. Therefore process inefficiencies and malfunctions can already be ftagged f

further investigation.

Onelimitation of the application oflata reconciliatiorio an operating Kraft mill is the lacér

scarcity of measured variabl€3ata reconciliation i$easibleonly if the system isbservable and
redundant syster(positive global redundancyThis situation is rarely encounteredaperating

mills. Data reconciliation requires a large amount of excess data, the redundancy, to solve the
complete set of modeling equations. In old pulp and paper mills, on the otiterthere are as

IHZ PHDVXUHPHQWY DV QHFHVVDU\ IRU WKH GDLO\ PRQLWR
consumption, and pulp productiaand daily expenses and revenue$here are not enough
measurements and they are not well distributed in the nolidar to cover the entire process and

to solve the mdeling equations which represent tb@enstraints of the reconciliation problem.
Generally, dditional measurement devices have to be installed, to indfeagecess visibility,

and improvehe data econciliation precision. The placement of additional measurement devices

is an emerging field and algorithsmon optimum placement of measurement devices are still in

development.

In the current study,he lack of measurement data in the chemical recoleny of the mill
prevented the performance of data reconciliation in the departthenhighly recommended to

the mill that additional measurement devices should be installed in the chemical recovery
department

Data reconciliation is a constrained weigd least squares optimima problem, where the

weight factor for each measurement represents its accuracy. In most published data reconciliation
procedures, the weights of the measurements are established based on the experience of the
engineers that eform the reconciliation andheir knowledge of the process and the
measurement instrumextion These weights, since they are based on human judgement,
introduce a bias in the system during computation and may force the reconciliation to adjust
certainvariables more than others, as they are presumed less accurate. To avoid this human bias,
in the current data reconciliation, the weights are takenvassely proportional of the standard
deviation of the error. This choice is reasonable as it gives ia Weeight factor to each

measurement and does not depend on a human judgement. Moreover, it does not force
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reconciliation to adjust certain measurements more than others, rather, the system will iterate

until convergence.

On the other hand, there are sohmaitations and difficulties to the application of gross error

detection techniques to realerpting mill data.

First, the majority of gross error detection techniques are able to detect the presence of gross
errors only on redundant variables. The nedundant measurements are testedfor gross

errors Therefore, a gross error could be present in the data set without being ever detected if such
detection techniques are used alone. The grosssgfrpresentand undetectedyill spread and
affectthe good measurementsth which theyare conne@d via energy and mass conservation

laws, and could make the reconciliation inaccurdtas is why it is highly recommended to
implementa gross error detection strategy that is able to detect the presagrosoérrorsn all

measurement datet not only the redundant ones.

Second,most gross error detectiostatisticaltechniques are based on the elimination of the
measurement suspected of containing a gross error and testing the remainsej fdatgross

erros. The measurement whose removal results in the biggest reductiba test statistics
suspected of gross erromsloreover, most gross error detection techniques are not able to
estimate the magnitude of the gross error. Rather thaiactiog the measurement by renmay

the gross error, they remove the measured varglsdpected of containing a gross efrom the

data set. This solution is viable when largenmbers of measurements aneailable. However,

this is not the case in opéray pulp and paper mills. Eliminating measured variables
compromisae the feasibility of the reconciliation proceduiost likely, in pulp and paper mills,

the observability of the process is hindered and the system becomes unobservable even if only
one neasurement is removed. Therefore, the practical application of such methods is

complicated.

Third, goss error detection techniques available in the literature have been built and tested on
process simulations where the errors are introduceteirsysem in designated measurements

and the test identifies correctly the measurement contaangngss error. There is no published
gross error detection strategy appliedgreal operatingulp and paper plant
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Fourth,the gross error detection strategies available in the literature assume the presence of one
gross error at a time. Therefotkey ascribeéhe probability of presence of gross errors entirely to

one measurement, when two or more gross errors could be prékentassumption could
exaggerate the magnitude of the gross error. This limitation is avoided if multiple gross error
detection strategy is performeddowever, multiple gross error detection techniques are
complicated to perform because the number oissitzd| tess to compute increases exponentially
depending on the number of combinations tt tes

One last difficulty of the availablenultiple gross error detection techniques, is that they are
performedbased ortombinations ofndependent variablel operating pulp and paper mills, the
variables are strongly connected, which makes the identification of independent variables
complicated. An additional mathematicatocedureshould beincorporated tothe variable
classification step developed by Crowe,orderto classify the variables into dependent and
independent variables. A recommendai®to examine the columns of the incidence matrix (A)

of the process and verify that they arénearly independent.

Exergy Analysis

Exergy analysis gives aaccurate insightn how well energy and resources are useanaged
and distributed in thg@rocess It shows the exergy flosvbetweenprocessesthe interactions

between processemnd how efficient unit operations are.

Exergy analysis brings to a commdenominatorquality and quantity of energy contents in
process streams.ittentifiesareas where exergy is lestddestroyed and wheggactical savings

can beachieved

However, exergy analysis should be performed in combination with ptbeess integtion (PI)
techniques such gsinch or mathematicaloptimization in order to ppose the most efficient
design. Exergy analysis identifies areas of biggest thermodynamic imperfection and energy
degradation, but does not necesgaprovide the best solan or alternative on the exergy

recovery systems or design.

Exergy analysisinternal heat recovery integration and entropy minimization should be combined
in the analysis of energy systems such as pulp and paper mills, in order to propose the
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thermodynamically optimum improvement projecifie entropy minimization is a new area of
research in process design engineering and has gained significant idtenegtthe last few
years. Entropy minimization is complementaryte exergy analysig hey bothare based othe
second law of thermodynamijcandcould serve inthe design of optimum equipmeand in the

identification of optimurnoperating conditions.

Key performance indicators

Key performance indicators (KPlsye widely appliedn industrial processes for equipment
performance evaluation. Standard KPIs have been formulated to describe process performances
and optimum operating ranges have been set as targdeidtion fromset targets is a sign of

poor performanceMoreover, dmensional analysis is a pertinent tool to develop dimensionless
numbers that descrilibe performance of an operatiorhe dimensionless numbeistainedake

into account theimportant design parameters aritie operating conditions relevartb the
operation under investigatiortHowever, optimum operating ranges for the dimensionless
numbers obtained have to lestablished In the current study, not all dimensionless key
performance indicators developed have been used for the equipment pectorevatuation
because optimum operating rages and parameters important for the computations of the KPIs
were missing. The development of optimum operating ranges for the dimensionless numbers
developed for the Kraft process is highly recommended and atored between KPIs could be
established It is recommended for the mill to investigate the optimum operating rdogése

developed dimensionless KPIs.

Equipment Performance Analysis

Equipment performancanalysis by means of KPIs has been shown tarbefficient way to
identify poor efficiency equipment and plan improvement projects requiring low investment
costs. Equipment performance evaluation could be particularly interesting prior to the
implementation of an integrated biorefinery, since ceregjnipment need to be enhanced or
modified to increase the receptor mill productivity and debottleneck certain unit operahans.
methodology will help identify the most promising enhancement modifications to improve the

overall performance and avoid weaesary commitment of expenditures in the long term.
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The use of adapted key performance indicators that take into atkkedesignparameters of the
equipments and theperating conditions facilitate the unit operations' performanoaitoling
and thediagnostic ofthe causes of inefficiencies. This procedure resaolthe identification of

practicalremedial solutions to improve tleguipmengefficiency.

Equipment performance analysis should become a standard procedure in pulp and paper mills and
should be performed in a frequent bad®eal time optimization, monitoring and control of key
performance indicatorshould be integrated in the mill energy consumption reduction strategy.

Context of the Canadian Kraft pulp mills

The application of the prased methodology to an operating Canadian Kraft mill revealed
significant savings in both energy and material. However, it is worth putting the Canadian Kraft
mills in an international contextlugman et al. [127] published a comparison of energy
consumpbn in chemical pulp mills, internationally, and found that the Scandinavian mills are
more efficient than the Canadian mills. However, the variation in energy use was found to be
remarkably large among the Scandinavian mills, which indicates that thgey esasing potential

is significant. Similarly, Fracaret al.[128] evaluated the energy consumptigrogressiorof the

Brazilian P&Pindustry during 30 yearsdy an energy decomposition analysis amtenergy
efficiency index approach. An international quemison based on this approach revealed that both

the Swedish and Finnish mills were the most efficient, followethbyrazilian, American and
Canadiammills. Canada ishe onlycountrywhere there was a reduction in the energy efficiency
levels from 199 to 2009 128]. Therefore, assuming that an average Canadian Kraft mill is less
efficient than an average Scandinavian mill, it is expected that the application of the proposed
methodology would reveal lessgnificant savings than those reported in the current study.
Neverthelessit is assumed thagavings are still possibi@ any pulp and paper because of two

main reasons: the first is that most commonly, the minimum energy targets are set based on the
first law of thermodynamic and the current methodology proposes more practical minimum
energy consumptions and the second reason is that the current study proposes new key
performance indicators that reveal in a straightforward way the causes of the inefficienaies
process, facilitating the diagnostics. These indicators will help identify optimum operating ranges

and could be used for process control and optimization, in order to decrease the mill energy and
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material fluctuations. An improved process control wilprove the overall mill performance and

energy efficiency.

Scope of application of the methodology

The methodology proposes intended to be used by process engineers in the P&P industry and
in other industries also relying on watsased processes such the mining, metlurgy and

agrofood industries, or high energy intensive industries such as petrochemical industries
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CHAPTER 8: CONCLUSION AND RECOM MENDATIONS

The main objective of this workvas to develop new key performanceindicators specially
tailored for the Kraft process, and to quantifie performance of individual equipment for the
use of energy, water and products, in order to improve the performance of the overall process.
The objective waschieved, and aystematic methodology for equipment performance analysis
from a standpoint of energy, water actiemicas utilization by means of new key performance
indicators (KPIshas been developed and applied to an operating Canadian Kraft pulphaill
stepwise rethodologyconsists ob steps:

x Process simulatioand application of daa reconciliation and gross error detectibrategy

x Exergy analysis,

x Equipment performance analysig means of newPlIs,

X Synthesis and summary of improvement projects

x Economic galuation oftheimprovement projects proposed

The development of a computer aided simulation of the process is necessary to analyse the
performance of its unit operations and quantify exchanges between systems.

Data reconciliation and gross error deimttstrategy applied to operating Kraft mill studied
produced a reliable set of data that represent the long terage steady state of the millhe

results of the application of data reconciliation identified strongly adjusted measurements, which
indicate the presence gfossible procesmefficiencies over/under consumption of energy and
water or inadequate contrdi operating conditions, in certain unit operations.

Exergy analysisof the process gve a broad perspective for the detectiontidérmodynamic
inefficiencies. Theconcepts oexergy destictionand losesareessential tadentify areasvhere
practical savings can be achieved, without eestimating the practical maximum savings
possible

New dimensionless key performance indicatdvave been developdshsed on a thorough
dimensional analysis of the major Kraft process equipment. However, the suggested optimum

operating range®r the develope&PIs haveo be eétermined based on experiments
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The improvement of the process by appd the unified methodology results in substantial

energy and resources savings involving low capital investment.

The consideration of all driving forces of the process gives a broader perspective of the process
performance efficiency. The application this kind of methodology shudd become a standard

procedure and should be performed at the earliest stages of enhanoethedtologies
Original Contribution
The maincontributionsof this thesis are summarized as follows:

x A systematic and strategimethodology forequipment performance analysis has been
developedand tested by its applicati®a an operating Canadian Kraft mill.

x Datareconciliation anda new gross error detectiostrategybased on four statistical tests
have beerappliedto an operaing CanadiarKraft mill. The gross error detection strategy

reveals the presence of gross errors in the redundatit@non redundant data set.

x Exergy analysishas beerperformed on the case stu#yaft mill using new concepts of
avoidable and inevitabl exergy los and destuction These new concepts identify process

thermodynamic imperfections and where practical exergy savings are possible.

x New KPk for Kraft processunit operationshave been developedased a dimensional
analysis using the Buckingham Pi theorerihe proposed KPIs take into account the
governing operating conditions of each unit operations and the main design parameters.

The results of this study can serve as benchmark for developing a quantified list in terms of
energy savings potential and opportunities for improving the efficiency éf&randustry. The
methodology can be adapted and applied to the mining, metallurgiefoagt@r petrochemical

industries.

Recommendations for Future Research

Dynamic data reonciliation could be performethasedon the key pdormance indicators
developed. Pnamic dimensional analysis for time dependent parameters could be particularly
interesting to investigate unit operations that require deeper knowl&tge procedure wil

facilitate the real time performance monitoring and control of the mill.
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Exergy analysis should be combined tother process integration procedsreeither a
mathematical optimization or a pintlased methodology, to propose the most

thermodynamically dicient heat exchange design networks.
Optimum operating conditions coulte investigatedand determined using the entropy
minimizing optimization procedure.

Correlations between the dimensionless Kirtgposectould be investigated, in order to identify
the most critical operating parameters that govern each unit operation, and determine the

optimum operang ranges for each KPI.
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APPENDIX A +DATA RECONCILIATION
1. Data collection:

The representation of a variable in the Pl ProcessBook of the mill is presented ifipure

Figure A1: Measurement of a variable over a year

2. Variable Classification:
a. Graph theory

According tothe graph theorythe processas to be representeg a graph whichcanbe simply
derived from the flow diagramf the process, anay adding an additional node designated as the

pefivironmental nod§ §nd connect the input and output streams of the system to that node.

The graph theory stipulates than unmesaured variable is not observable, if and onlyitifis
part of a cycle containing only nemeasured variables. As for redundant variables, Hrey
identified by applying the following procedure:

X One begins by merging each pair of nodes comteby an unmeasured streanvariable to

construct a reduced graph which contains only the measured variables. The measured
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variables eliminated, upon ntielg of the nodes are not redundant and the flow forming the
reduced graph are measured and redundant variables.
b. & UR Ziefhod: QR factorization method

The QR factorization method is as follows. Letl#e an invertible matrix of dimension (idn)
with m Rn, (using a permutation matrix to allow the inversion of asqumare matrixand with
n linearly independent columns. There exist one unique couple (Q, R) where Q is an orthogonal
matrix of dimension (mHm) and R is a superior triangular matrix of dirsem (m Hn), and all

the diagonal coefficients being positive, such as R, with:

Q =| d RBSC
Qe an r (A-1)

R: is an upper triangular matrix of dimension Kim).
0 is a matrix full of zeros of dimension ({m) Hn)
| is an identity matrix

The factorisation of Acould be performed using the following Matlab command:
[Q. R]=ar (A).

The matrix Q, obtained after the factorisatiorAQf could be divided by ¢of dimension (mHn)

and Q de dimension (mHmM-n). A, could be written as:

Au=>5 6?Br5C (A-2)

If both sides of the equation are multiplied bithe following equation is obtained:

A= §>5 G?BrSC (A-3)
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With Q an orthogonal matrix:

¥>s 6?BSG>x ?BSE0 (A-4)

Consequently 3L #Lr (A-5)

A non redundant variable represents a column of the reduced matix § where all its
elements are nil, and an observable variable is a variable represented by a roRs ihntiaerix

where all its elements are nil.

From the previous equatigaquation A5), one can conclude that the desired projection matrix is
3('; :

P=3{ (A-6)

3. Data reconciliation :
a. Linear system with all variables measured

The least square minimisation can be writtefodews:

IEJ:UFT! 975 UFT, (A-7)
e

with
UFTL A
(A-8)



181

Thus IEJA 87°A (A-9)

The LagrangeP X O W L @édhoti pexnfjts to solve the optimization problem under constraints.
The Lagrange multipliers can be writtas:

L A 9?5AF a#:UF A (A-10)

With A the incidence matrixandW the variances matriaf errors

The problembecomes:

I E J. (A-11)

To minimize L,
%AL r (A-12
1A P (A-13

Consequently:

LA 25 i
Lt 975 AEt# ALt (A-14)
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0.
— LFt#:UFA LT (A-15)
Oa
Thus:
e=F#' 59 (A-16)
AL F#U:## 9 ;°° (A-17)

The analytical solution to the reconciliation problem using tigrange multipliers (by replacing

¥L>F X X725 (A-18)

b. Successive linerization

The general principle of the successive linearization technique is to linearize the nonlinear
constraints using a Taylor expansioh the first order around the estimated valudsthe
variables. Applying the Taylor expansion, the resulting linearized problem may be written as

follows:

, 8E < —=b (A-19)
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With x and u the measured and the non measured variables respectively, ardl A, are the
Jacobian mateces of the measured and the non measured variables, respectively. These matrices

are obtainedby partiallyderiving the constraints of the system:

Ya
v Ll_/; vE (A-20)
:I/‘
S I—?:_v_a;_ (A'Zl)
With :
b=, ¥E X (¥&p (A-22)

i represents the iteration during the successive Iinerizathdné’( et A%are the estimates for the

measured and the non measured variables.

The strategy consists of eliminating the non measured variaiieg the QR factorization

method of the matrix A Consequently the problem can be written as:

s VYL %, (A-23)

With  $the projection matrix

Then, the system is solvéltrougha sequence of iterations:
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§/L)F )6( V;x )é v )é V;X;?5: é V)F )én; (A-24)
¥L 2 §,F 2 5§ .,¥ (A-25)

With §(et S(are the estimates for the measured and the non measured variables.
5 &g a5 T—¢ arethe matrices from the QR factorisation Qf

Then, a new iteratiohegins The constraints function f (x,u) and the Jacobian matrigesé A,

are recalculated and a new estimates are evaluated. The iterations continue until convergence.
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APPENDIX B *THERMAL ENERGY EFFIC IENCY ANALYSIS AND
ENHANCEMENT OF CANAD IAN KRAFT MILLS

ABSTRACT

The implementation of the integrated forest biorefinery is a potentially effective way to diversify the product
portfolio of the Canadian Pulp and Paper (P&P) industry gemerate new revenues. However, it is subject to
constraints and limitations. One constraint is high energy efficiency that ensures independence from fossil fuels. In
order to achieve this goal a new innovative methodology for the analysis of the effimigpoy of waterbased

P&P processes has been developed and validated. Specific features of this methodology include combined steam and
water systems analysis, a project oriented approach, and the use of heuristics rules. This report presergfhe result
the application of this original methodology to the energy efficiency of three operating Canadian Kraft pulp mills of
different configurations: a dissolving pulp mill, a standard Kraft mill combined with a mechanical pulping line, and a
twin-line stamlard Kraft mill. The energy efficiency enhancement programs developed by the application of this
methodology could, if implemented, produce steam and water utilization reductions far superior to those obtained by
the current engineering practice: a reduttdf 30 to 40% for steam and 25 to 50% for water. The method has
revealed large differences between the three mills in steam and water utilization. The proposed energy enhancement
program would enable the mills to permanently shut down the current poikensbired with natural gas, to support
integrated biorefineries producing biofuels or other bioproducts, and to increase their production of electricity. The
implementation of the efficiency enhancement programs in Kraft mills by themselves (i.eytvitbefineries)

would have an attractive cost recovery period, varying from less than one year to about three years.

l. CONTEXT OF THE WORK

The Canadian forest can be an abundant source of renewable biomass provided it is managed responsibly [1]. As
long asthe forest feedstock is maintained and more trees are planted than harvested, its lifecycle will produce a
neutral or negative carbon footprint. The forest can be, at the same time, a biomass feedstock and a carbon sink. On
the other hand, when a fosdilel is chemically transformed or combusted, the @Bich is released is derived from

carbon which was stored millions of years ago. The impact on the atmosphere is therefore a net addition of
greenhouse gases.

The three main components of wood, celluldggin and hemicelluloses, can be separated and converted into
biofuels and many other vahaglded bigproducts. This process is called the forest biorefinery, in analogy to the oil
refinery based on a fossil feedstock. Cellulose, lignin and hemicekbudrsealso found in a large group of wild or
cultivated lignocellulosic plants. However, the forest biomass should be a preferred feedstock for good reasons:

x It can be produced on marginal land and therefore does not compete with food crops for édaple fie

x The maintenance and development of the forest inventory already well mastered is the object of continuous
technical and scientific developments;

X The separation and first steps of the transformation of woody biomass can be performed in existing pulp an
paper (P&P) manufacturing facilities.

The P&P sector in industrially mature countries such as Canada has been facing difficult economic conditions for
some time due to a decreasing demand for commaodity paper products such as newsprint, the traditsbenalofna

the Canadian industry, and other printing and writing grades. Simultaneously, new large and modern P&P plants
have been built in tropical regions endowed with low labor costs and fast growing forests with maturation periods of
10 to 20 years veus 50 to 75 in Canada. To regain its economic prosperity, the Canadian P&P industry is
implementing novel transformative technologies and developing wood biatedsed products to penetrate new
markets [2]. Biosensitive packaging materials for food pctsjusecurity papers with embedded codes or
nanocrystalline cellulose are examples of such products. They are essentially cellulose based, as is paper. The forest
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biorefinery is also an important element of this reorientation strategy receiving incredtgngon from the
industry. It can utilize all components of the woody biomass.

The objective of an ongoing project of thBDBBF Research Unit of Polytechnique Montreal that is supported by
BioFuelNet, a Canadian Network of Centres of Excellence, ahdr ajranting agenciesis to determine the
conditions for the sustainable implementation of woody biomass converting plants within, and linked to, P&P
manufacturing facilities. This concept schematically represented on Figure 1.1 is called the intfegested
biorefinery. Part of a process stream rich in hemicelluloses, lignin or cellulose is diverted from the receptor P&P mill
and fed to a converting plant called the biorefinery. Kraft pulping, the prevalent pulp making process worldwide has
been choselfor the initial phase of the project. Work has now been initiated with other pulping processes using
chemical and mechanical technologies. Also, the work has concentrated on the conversion of hemicelluloses and
lignin while cellulose remains used for egtisebased products for the time being.

Hemicellulosesare complex polymers of various sugars. They can be directly extracted and degraded into sugars
such as xylose, arabinose, glucose, mannose and galactose by hydrolysis [3]. The sugars caark@rmedrby

chemical or biological pathways such as fermentation, into a variety of biofuels and primary chemicals which can be
further processed by specialty product manufacturers. Feasible processes 