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RESUME

Les principaux objectifs de cette thése sont divisés en deux pgpriespales. Le premier
objectif est de développer de nouvelles techniques d'intégration des procédés (IP) pour améliorer
individuellement I'efficacité des systemes d'eau et de vapeur, la performance des équipements, et
le r,seau d€,changeurs de chaleur¥) d€un proc,d, existant. Ces techniques sont valid,es en

les appliquant au procédé Kraft. Le deuxieme objectif est de développer une méthodologie
d€am,lioration de l'efficacit, ,nerg,tique et de la consommation d€eau (SWAKHEam Water
Analysis Enhangeent Integratioh d€un proc,d, en combinant les nouvelles techniques d'IP.

Les études de cas sont établis pour trois usines Kraft opérant au Canada (usines A, B, et C) avec
un large spectre de la répartition géographique, des produits et des matierésegrebes
modeles de simulation de chacune des trois usines ont été développés sur-flarnpéate
CADSIM Plus et sont utilisés pour fournir des données pour l'analyse et intégrer les

modificationsproposées.

Les usines de pate et papier kraft constituesg mnportants utilisateurs d€eau et d',nergie
thermique dans le secteur industriel canadien. Il y existe une forte interaction entre les systemes
de vapeur et d€eau. Pour diminuer les cofts de fabrication et accro,tre la rentabilit,, il est
nécessaire dedduire la consommation d'énergie et d'eau ainsi que les colts de traitement des

eaux usées.

Avant de passer ... [€tape de d,veloppement de nouvelles techniques d'IP et de la m,thodologie
SWAEI, une étape préalable est I'analyse compardbeechmarkiny pour donner un apercu

sur la consommation de vapeur et la performance du systtme d€eau. La mise au point d€une
technique d€analyse comparative a permis de caractriser chaque ,tude de cas (i.e. les trois
usines kraft) en termes de consommation d'eau eterdié Dans cette technique, la
consommation de vapeur et d'eau des usines sont étalonnées par rapport aux données de
référence. Les trois cas sont comparés en termes d'eau et d'allocations de vapeur pour différents
usages et aussi en termes des r,seawectdfhgeur de chaleur de maniere a souligner les
similarités et les différences. Les potentiels d'économies d'eau et de vapeur sont résumés dans

I'étape de synthése. Les caractéristiques avantageuses d'une usine donnée sont utilisées pour
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proposer des meses de diminution de la consommation de vapeur et de I'eau pour une autre

usine et vice versa.

La premitre technique d€intgration d,velopp,e est l'analyse simultan,e des r,seaux
énergétiques et d'eau (SEWNAimultaneous Energy Water Network Analysisi se déroule

en cing étapes pour économiser la vapeur et I'eau en méme temps. Une nouvelle approche pour
identifier le volume de contrdle pour I'extraction des données est développée. Inévitablement, des
effluents doivent étre soutirés pour éviter I'accuatioh de produits chimiques et de particules
indésirables. Dans la ligne de traitement, le potentiel d'économie de vapeur est déterminé en
tenant compte des contraintes existantes pour l'utilisation de I'eau et de filtrats. De nouvelles
régles pour la réilisation de filtrat sont pr,sent,es. La nouvelle d'analyse de I€utilisation de
I'nergie et de [€eau peut ftre r,alis,e sous forme de tableau ou graphique pour identifier les
mesures de réduction d'eau et de vapeur. La nouvelle représentation grapbkigoarides de
pincement de I',nergie et de I€eau est constitu,e des concentrations des contaminants et des
courbes de température en fonction du débit pour tous les puits et les sources. L'eau économisée
est systématiquement enlevée de la source d'originegktau de production d'eau chaude et
tiede. Ceci élimine la consommation de vapeur pour la production d'eau chaude / eau tiéde et
fournit également l'eau plus chaude au réseau HEX existant. Enfin, une analyse économique est
effectuée afin de calculer tm(t de la tuyauterie pour les nouvelles connexions de réutilisation

de l'eau. La méthode SEWNA a été appliguée sur les trois usines de pate kraft et a permis
d€estimer des ,conomies importantes de vapeur et d€eau avec un retour sur investissement
relativement court. Le total des ,conomies d€eau et de vapeur de l'ordre de 24 ... 54 % et 11 ... 29

% respectivement, ont été obtenus par de simples modifications de tuyauterie.

La seconde technique d€int,gration des proc,d,s d,velopp,e est I'analyse de la perfcendas
equipements (EPAEquipment Performance Analysi€lle permet la caractrisation, [€analyse

et le diagnostic des ,quipements individuels ou des d,partements d€une usine du point de vue de

la consommation de vapeur et d'eau. L'indicateur de pexfarenclé (KPI Key Performance

Indicator) pour l'efficacit, ,nerg,tique et / ou de la consommation d'eau de I',quipement ou d€un
service est calculé et comparé a des données de référence. Les causes et les solutions probables
sont établies pour les inafficités. Cette technique a été appliquée a l'usine C. Sur la base des
projets correctifs envisagés, la production de vapeur dans les chaudiéres peut étre augmentée de



21% et également la consommation de vapeur et d'eau peuvent étre réduites par 9% et 11 %
respectivement. Les résultats obtenus de cette technique pourraient étre une incitation pour

évaluer en profondeur la performance des équipements sur site en entier.

La troisitme nouvelle technique d€int,gration des proc,d,s est la 4ijtsiallation de &
conception du réseau HENRétrofit - HEN) et se compose de quatre étapes successives. Les
contraintes physiques et d€op,ration du proc,d,, notamment sur les temp,ratures des op,rations
unitaires les plus sensibles sont analysées. Une cible réalistd'gummomie de vapeur est
établie en fonction des contraintes et la classification des utilisateurs de vapeur. Les courants
existants des échangeurs de chaleur sont évalués pour étre utilisé plus efficacement dans le
nouveau réseau. Pour utiliser plus effiement la chaleur perdue, les courants sont classés
comme hautement et faiblement corrosifs. Le HEN proposé est congcu en utilisant un nouvel
algorithme en fonction de cinq heuristiques et régles pratiques. La technique a été appliquée sur

le moulin C et ne économie totale de vapeur de 38% a été obtenue.

La méthodologie globale SWAES{eam Water Analysis Enhancement Integratoomsiste en

Six étapes successives. Dans la premiere étape, le modele de simulation du scénario de base est
développé. Dans laedixieme étape, un péfalonnage gre-benchmarkiny est effectué en
comparant la consommation de vapeur et d'eau avec des données de référence. Le coeur de la
meéthodologie est l'identification des projets d'amélioration de I'énergie et de I'eau en appliqua
séquentiellement les techniques SEWNA, EPA etHEN. L'application séquentielle de ces
techniques conduit a des résultats beaucoup plus grands d'économie de vapeur que si elles
avaient été appliquées individuellement. Cette application séquentieithiit@ des projets
complémentaires pour maximiser les économies de vapeur. L'exces de vapeur estimé peut étre
utilisé pour réduire ou éliminer la consommation de combustibles fossiles. Le reste de la vapeur
en exces pourrait étre vendue dans la commungut&luire de ['électricité en utilisant la
cogénération ou une combinaison de cogénération et d'un systeme pompe a chaleur & absorption
(tri-génération). Ces solutions de rechange pour l'utilisation de la vapeur en excés sont
examinées du point de vue @cmique pour choisir la plus prometteuse pour la mise en “uvre.

Dans la cinquitme .tape, les projets identifi,s sont prioris,s et une strat,gie de mise en "uvre en
deux phases est propos,e. Dans la premifre phase, il est propos, de mettre en “uvreelss proj

gui conduisent a la réduction des combustibles fossiles ou de leur élimination. Les autres projets
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propos,s sont ... mettre en “uvre dans la deuxitme phase afin d€,conomiser plus de vapeur pour
la vente ou la production d'électricité. Enfin la sixieme&@&mniere étape consiste en une post
analyse comparative menée afin de visualiser les zones d'amélioration. La méthodologie a été
appliguée sur les trois usines et a donné 27, 33, et 66 % d'économies de vapeur et 38, 24, et 58 %

pour les économies d'eausdgsines A, B, et C respectivement.



ABSTRACT

The principle objectives of this thesis are dividedtatwo main partsThe firstkey objectiveis

to developnew process integratiofPl) techniques to individually improve thefficiency of
water and steam systems, the performance of equipment, and the heat exg¢haXyeaetwork

of theexisting watetbased process. These techniques are validated by apiiigingo theKraft
process. The second objective is to devedopteam and water anais enhancement and
integration (SWAEI) nathodology tamprovethe energy and water efficiency ofveaterbased
process by combining the neRl techniques. The case studies are three Canadian Kraft mills
(mills A, B, and C)with a broad spectrum of geoguaic distribution, products, and raw
materiab. A simulation ofthethree mills has beetlevelopedn the Cadsim Plugplatformand is
used to provide data for analysis and incorporate proposed modifications.

The Kraft pulp and papefP&P) mill is one ofthe major water and thermal energy ssarthe
Canadian industrial sectors. It is also one of the wadsed processes where there is large
interaction between water and steam systemsddaeasananufacturing costand increase

profitability, it is ne@ssary to reduce energyater, and wastewatdreatment costs.

Before going througltthe development of newPl techniques andSWAEI methodology, a
prerequisite stepgs benchmarkingto give actual insights about current steam and water
performance A benchnarking techniquecharacterizes thease studiestlfree Kraft millg in

terms of water and energy consumptibmthis technique,ite steam and water consumption of

the mills are benchmarked against reference datacd$esare compared in terms of waterda

steam allocationfor different uses and also in terms of the heat exchanger and water networks
so as to indicate the similarities and differences. The potential for steam and water savings are
summarized inthe synthesis stepThe advantageousharactestics of onecaseare used to

propose the steam and water saving measures for acateand vise versa.

The first developed PI techniqi® sSmultaneous energy and water networks analysis (SEWNA)
thatinvolvesfive steps to save steam and watethesame time. Mew approach to identify the
control volume for data extractioils shown Inevitable effluentsfrom the source pooare
subtractedo prevent accumulation of chemicals and unwanted particles. In the process line, the

potential for steam sawnis determined considering the existing process constraints for water



utilization and filtrate reutilization. The new rules for filtrate reutilization are presentethew

water and energy analystan be performed either in tabular or graphical forndemtify the

water measures with respect to steam reduction. The new graphical Water and Energy Pinch
Curves consist of contaminant concentration and temperature curves versus flowrate for all sinks
and sourcesThe saved water is reduced systematicalynfthe origin source othe hot and

warm water production netwarkThis eliminates steam consumptiorior hot/warm water
production and also provides hotter and warmer water ukawgxisting HEX networkFinally,

the economic analysis is conducted tocukdte the piping cost for new vea reutilization
connections. SEWNA has been appliedtloathree Kraft mills and reswdt in significant water

and steam savinggith areasonably short payback period. The tetater and steam savings in

the range of 254% and 1129% respectivelyhave beemchievedy simple piping

The second developed PI techniquedsipment performance analysis (EPA)characterizs,
analyze, and diagnoseindividual equipment or departmerftem the standpoint ofsteamand

water consumption. The key performance indicator (KPI) for energy and/or water efficiency of
equipment ora departmentis calculated andenchmarkedagainst reference datardBable
causes and solutioase determinetbr inefficiencies.This techniqudiasbeen applied taill C.

Based on probable remedial projects for improveméetsteam generation at the boilers ban
increasd by 21% and alsocsteamand watercan be saved b9% and 11%, respectivelyThe
results of thigechniquecould be an incentivior in-depth and ossite performance analysis

The third new PI technique ithe retrofit HEX network design (FRHEN) for a waterbased
processthat consists of four successive stefiéie physical and process constraints including
hard and soft temperatud sensitive unit operations are analyzédrealistic targeting for
steam saving is conducted basmdthe constraints antthe classification of steam usershe
existing process stream HEXs are assessé@ used effectively ithe new network To utilize
efficiently the heat of waste streams, they@tegorizedashigh and low corrosiveThe retrofit
HEN is designed using a new algorithm accordindite heuristic and practical rules. The

techniquehas been applied anill C. The total steam saving 88% has been accomplished

The ¢eam and water analysis enhancement and integration (SWAdodology consists of

six successive steps. In the first step, the simulation modbetiase case is developdd the



Xi

second step, peenchmarking isaried out by comparing the steam and water consumption
with reference dataThe core of methodology is the identification of the energy and water
improvement projectsby sequentially applying SEWNA, EPA, and-HEN. Sequential
application of these techniquessults in significantly more steam saving thatndywould have

been applied individually. This sequential application $e&ml complementary projects to
maximize steam savinghe excess steam is used to reduce or eliminate fossil fuel consumption
The remainder of excess steam could be soldh® local district, generate electricity using
cogeneration ol combination of cogeneration arah absorption heat pumprigeneratiof
system.These alternatives for usintpe remainder of excess steam are exmd from he
economial perspective to choose the most promising one for implementéiictep five, the
identified projects are prioritized and the implementation strategy is proposed in two phases. In
phase onejt is proposed to implement the projecthatlead to fossil fuel reduction or
elimination The other projects are proposed to be implementdteisecond phase to save more
steam for selling or generating electricitiyinally, the posbenchmarking isconductedto
visualize area®f improvemat. The methodlogy has been applied on three mikrd yielded

27, 33, and 66% steasavingsand 38, 24, and 58% water savinigs mills A, B, and G

respectively.



CONDENSE EN FRANCAIS

Les procédés a base d'eau, comme la productionale, sle pates et papiers (P & P ), et de la
biere, sont des procédés dans lesquels I'eau est le principal moyen pour véhiculer la masse, le
momentum et € nergie. Dans ces proc,d,s, lI'eau est utilis,e ... diffrentes fins, par exemple
comme milieu de réacth, comme solvant dans certains procédés d'extraction, comme un agent
de lavage et bien d€autres applications. L',nergie thermique (vapeur d'eau) et les systtmes d'eau
dans de tels procédés sont fortement liés entre eux et interagissent les uns avessleSexu
procédeés font face a plusieurs contraintes, telles que la compétitivité mondiale, la demande du
public pour des produits durables et des reglements environnementaux stricts. Une facon de
demeurer compétitif est de diminuer le colt de fabricagon réduisant le colt de la
consommation d'énergie et d'eau ainsi que le traitement des eaux usées. En outre, dans ces
procédeés, puisque I'électricité est utilisée pour actionner les pompes, une augmentation de la
consommation d'eau et de la productiorffidients, entrainent une plus grande consommation
d'électricité. Par conséquent, les principales incitations pour les programmes de conservation de
I'énergie et de I'eau sont de réduire les colts de fabrication, les émissions, ag €6 eaux

useées rejges a I'environnement.

Un trts bon exemple de repr,sentation de proc,d,s impliquant de grandes quantit,s d€eau et de
vapeur est celui de la production de pate et du papier (P & P). Ces procédés se caractérisent
comme l'un des grands consommateurs d'ém@igse classent en quatrieme place des plus gros
consommateurs d'énergie entre les différents secteurs d'activité indugtiedie et al., 2012;
Persson and Berntsson, 200Reau est également largement utilisée dans les procédés P & P
comme une utilit¢, comme de la vapeur ou un agent de transfert de masse, tel vageldda

dilution de la pate, le nettoyage, le refroidissement des pompes, et plusieur¢Baytreset al.,

1996) Ces hautes consommations d'eau et d'énergie augmentent le colt du produit final. La
hausse des codts, la concurrence mondialssante, et la baisse de la demande de(Pa&d,
2010)conduisent a la fermeture des usines non rentables dans les zones en région ou les usines
sont souvensituées. Afin que l'industrie puisse soutenir son avantage concurrentiel sur le
marché, elle doit réduire ses colts de fabrication et, en particulier, ses colts énergétiques, qui

sont estimés a typiquement 3@MateosEspejel et al., 2011acju total des codts de fabrication.
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La bioraffinerie forestiere consiste en la conversilenla biomasse vers un large spectre de
produits par diverses voies d'extraction et de transformation. Le concept d'int,gration d€une
bioraffinerie dans une usine de p%o.te kraft existante offre [€opportunit, ... l'industrie papetitre
d€augmenter sa rentaldlitd'améliorer le développement durable, et de rester compétitif en
produisant des produits a haute valeur ajoutée, tels que biocarburants, produits chimiques,
polymeéres et produits pharmaceutiqbtabee et al., 2005; Thorp, 2009) est prévu que la
plupart des usines integrent une bioraffinerie dans les limites des spécifications actuelles.
Cependant, cette intégration peut imposer des exigences supplémentaires sur le dgsteme
utilités et une augmentation des codts d'exploitation (par exemple, une capacité supplémentaire
pour le traitement des eaux usé@SETC, 2003) Ainsi, les usines de pate kraftwiaient étre
autosuffisantes en termes d'énergie qui puisse étre fournie a la bioraffinerie. Pour ces raisons,
I'industrie des P & P doit concentrer ses efforts sur [€am,lioration de I'efficacit, ,nerg,tique et,

par la suite, la réduction de la consommat€,nergiethermique et les émissions de gaz.
SAnalyse comparative (Benchmarking)

L'étape préalable pour déterminer le potentiel d'économie d'énergie et d'eau est l'analyse
comparative(MateosEspejel et al., 2011dUne étude comparative est une comparaison d'une
usine du point de vue de la consommation d'énergie et d'eau avesides concurrentes. Les
r,sultats de cette ,tude sont la force motrice de mise au point de strat,gies d€,conomies d',nergie
et d€ea(CIPEC, 2008; Francis al., 2006)

Une technique d'analyse comparative a été développée pour diagnostiquer l'inefficacité des
systemes de vapeur et d'eau et identifier de facon préliminaire le potentiel d'amélioration de
I'efficacité énergétique et de I'eau. Cette techniqusiste en trois étapes ; analyse comparative

avec la pratique actuelle, la comparaison de trois usines Kraft, et la synthése. La consommation
de vapeur et d€eau des usines ont ,t, compar,es aux donn,es de r,frence. Cette analyse a t,
menée sur trois usés canadiennes Les trois usines ont ensuite été comparées en termes d'eau et
d'allocations de vapeur pour diffrents usages et aussi en termes des r,seaux d€,changeur de
chaleur et d'eau pour donner une indication des similitudes et des différences. Les
caractéristigues avantageuses d'une usine donnée peuvent étre utilisées pour proposer des

mesures d',conomie de vapeur et d€eau pour une autre. Pour avoir des r,sultats plus pr,cis, la



comparaison avec plus de cas est recommandée. Enfin, le potentiebutiezonl'eau et de

vapeur est resumé dans I'étape de synthese.

Les r,sultats ont montr, peu pour l€usine A, I' eau peut ftre r,duite au lavage, ... la machine ...
pate, et a la recaustification. Pour les deux lignes de l'usine B, I'eau peut étre réduitehdnia ma

de la pate et a la recaustification et pour la ligne 2, le lavage et la vapeur ont un potentiel
d',conomie d'eau. Les principales sections dans laquelle I'eau peut ftre r,duite pour l€usine C
sont le lavage et la mise en pate mécanique. Pour tmdesines,|'amélioration du réseau
d',changeurs de chaleur pour I'eau et l'air peut entra,ner une diminution ou I€ limination de la
consommation de vapeur pour produire de I'eau chaude et de I'air chaud pour les sections hors
procédé. En outre, en plus tEam,lioration du systtme de r,cup,ration de la chaleur et d€eau ...
température plus élevée a la ligne du procédé et du dégazeur, la consommation de vapeur peut

étre réduite de maniéere significative.

€ Analyse simultanee des reseaux *nergetiques et d'e@EWNA: Simultaneous Energy and

Water Networks Analysis)

La technique de PI la plus commune qui a été utilisé pour I'amélioration de l'efficacité du réseau
d'eau est lI'analyse de pincement massique de l'eau. Les analyses de pincement massique de l'eau
sort des techniques graphiques qui ont été construites de maniére analogue a l'analyse de
pincement thermiquéhole, 1998; Dhole et al., 1996;-Hialwagi et al., 2003; Wang and Smith,

1994) Avec la hausse du colt slecombustibles fossiles et de I'énergie gégnéral, la
conservation de I'eau et de I'énergie doit étre réalisée simultanément afin d'assurer la durabilité et
réduire les colts de production. Il y a eu plusieurs tentatives pour intégrer les analyses de
I'énergie et de l'eaFeng et al., 2008; Leewongtanawit and Kim, 2009; Manan et al., 2009;
Savulescu et al., 2005b; Wan Alwi et al., 201M)anmoins, I€analyse de la configuration
existante pour la production d'eaoiacide et chaude a été négligée, les contraintes physiques et

du procédé n'ayant pas été examinées attentivement. La plupart des procédés a base d'eau
nécessitent de I'eau non seulement en grande quantité et pureté, mais aussi avec une température
élevée(Cortés et al., 2011; Feng et al., 2Q0@) termes de température de I'approvisionnement

en eau pour différentes demandes, la températul€eder et du filtrat acceptables, doit ftre

analysée avec soin et pas seulement en fonction des températures fixes d'alimentation comme
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une limitation pour la réutilisation du filtrat et I'utilisation de I'eau chaude ou tiede. La plupart

des techniques lisées pour les cas génériques ont été en fait adaptées pour des problemes de
petite taille. La qualité des données utilisées est I'un des défis majeurs pour l'analyse de l'eau. La
température acceptable et les concentrations de contaminants doiventtedits par une
approche systématique. Chaque ensemble de données devrait tenir compte des caractéristiques de
chaque type de procédés, par exemple, la concentration de contaminant acceptable pour les puits
d'une usine de pate kraft ne peut pas étre éilour une autre usine parce que chacune possede

ses propres caractéristiques. En ce sens, des directives systématiques pour extraire les données

pour lI'analyse de I'eau devraient aussi étre développées.

L€analyse simultan,e des r,seaux ,nergtiques etall SEWNA a été développée dans ce

travail pour permettre la résolution des problémes mentionfiiesssus. Un exemple générique a

ete utilisé pour illustrer les cing étapes de la technique. Dans la premiere étape, une nouvelle
approche est démontrée padentifier le volume de contrble pour I'extraction des données. Les
données requises comprennent les débits, les concentrations de contaminants et la température
de tous les puits de méme que les sources et les niveaux de concentration des contaminants
acceptables pour chaque puits. Les criteres pour soustraire systématiquement les effluents
inévitables des sources sont présentés. Dans la deuxieme étape, le potentiel d'économie de
vapeur dans la ligne du procédé est déterminé et les contraintes desatiéuti et de
consommation d'eau sont évaluées. Dans la troisieme étape, plusieurs principes et régles
heuristiques ont été établis pour la réutilisation de I'eau. La nouvelle analyse de I'énergie et de
[€eau a t, d,velopp,e et peut ttre effectu,e sousrine de tableau ou graphique pour identifier

les mesures de I'eau en ce qui concerne la réduction de la vapeur. Les nouvelles courbes de
pincement EadEnergie graphique et courbes de pincement de I'énergie sont constituées des
concentrations de contaminardt des courbes de température en fonction du débit pour tous les
puits et les sources. Dans la quatrieme étape, le réseau d'eau tres chaude et chaude est analysé
afin de réduire la consommation d'eau enregistré a partir des sources d'origine. Lds sbjecti
d'éliminer la consommation de vapeur pour la production d'eau trés chaude et chaude et
d'identifier les nouveaux niveaux de température de I'eau sur la base des courants existants des
echangeurs de chaleur du procédé. Enfin, une analyse éconasiquenée afin de calculer le

colt de la tuyauterie pour les nouvelles connexions de réutilisation de I'eau.
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SEWNAa été appliqguée dans trois usines canadiennes Kraft. Des économies substantielles
d€,conomie de vapeur et d€eau dans lintervalle e91% et 2454 % respectivement ont été
évaluées par de simples changements de conduites. L'utilisation de cette méthode montre donc
gue les consommations d'eau et de vapeur peuvent étre considérablement réduites. Les résultats
ont également confirmé que la rifigation de I'eau peut étre améliorée. La période de retour sur

investissement pour chacun des trois cas est court.
SAnalyse de la performance des équipements (EFjuipment Performance Analysis)

Les techniques d'intégration des procédés sont fréquemappliquées avec I'hypothése que
tous les équipements et les services fonctionnent efficacement, mais ce n'est évidemment pas
toujours le cas. Par cons,quent, la performance d'une pifce d',quipement ou d€un section en

termes d€eau et d€efficacit, ,nerigjtie doit étre soigneusement évaluée.

La technique d'analyse de performances des équipenid?s & été développée pour exécuter
efficacement cette t%o.che. La performance des ,quipements individuels et de sections d€usine a
éte évaluée et analysée pourgtiastiquer les inefficacités thermiques et de l'eau dans les
différents procédés. Les causes et les solutions probables ont été identifiées pour caractériser et

possiblement éliminer les inefficacités.

La techniqgue EPA a été appliquée a l'usine C et neyjéts d€am lioration probables ont i,
proposés pour améliorer la performance des équipements et des services. La production de
vapeur dans les chaudiéres peut augmenter de 21% par rapport a la consommation de vapeur
actuelle de l'usine tandis que I'écomie de vapeur globale peut étre de 9 % de la consommation
actuelle de vapeur. L'économie totale d'eau et la réduction de la production d'effluents peuvent
aller jusqu€... 11% et 7 % de la consommation actuelle de l'eau et la production d'effluents,
respectiement. Les résultats de cette technique pourraient étre un incitatif pour une analyse en

profondeur et de la performance des équipements sur tout le site.
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€ Retroinstallation de la conception du réseau HEX {REN Retrofitting , Heat Exchanger
Network)

La technique la plus courante de d'intégration de procédeés (Pl) qui a été largement utilisée dans
différents secteurs pour améliorer l'efficacité énergétique est l'analyse de pincement thermique.
L'analyse par pincement est le principal outil pour la figtstallation de la conception du réseau
d€,changeurs de chaleur (HEX). N,anmoins, elle ne permet pas d€,tudier en profondeur les
interactions entre I'énergie et I'eau dans les procédés. De plus, il existe plusieurs contraintes dans
le procédé qui peuventaaser des difficultés pour améliorer les économies de vapeur. Ces
contraintes sont divisés en deux catégories : les contraintes physiques et les contraintes de
procédés. Ainsi, l'identification et I'analyse de ces contraintes constituent une tachellessentie
avant d'entreprendre tout effort visant a moderniser la conception du réseau HEX (HEN) de
conception afin qu€il soit proche de l'optimum. L'analyse par pincement fournit les informations
cibles, comme I€exigence de chauffage minimum (Minimum HeatiggiRenent) et I'exigence

de refroidissement minimum (Minimum Cooling Requirement), et nécessite un effort significatif
pour l'extraction des donn,es, [€analyse des donn,es, et la construction des courbes composites.
En outre, la cible MHR pour les prat#s a base d'eau n'est pas toujours réaliste et est parfois
loin de ce qui peut étre realisé dans la pratique. Par exemple, Mateo&61 at)estime une
économie de vapeur de 29 % en utilisant des courbes de pincement pour une usine de pate kraft,
mais I'économie de vapeur finale qui a été réalisée était de 13%, ce qui est mainsodeIde
I'estimation. Cette différence est principalement due aux contraintes physiques et du procédé et
aussi par le fait que toutes les regles de pincement pour lansgtatiation de la conception du

HEN n€ont pas pu ftre respect,es. En d€autas, fes reégles de pincement ne peuvent pas
rppondre ... toutes les caract,ristiques sp,cifiques de conception d€un HEN. Puisque- la r,tro
installation de la conception d€un HEN n,cessite beaucoup d'efforts et de temps, le ciblage
approprié des économies dégie est important. En outre, les points de mélange smtherme

(Non Isothermal Mixing) devraient étre considérés a la conception du HEN, cependant, dans
l'analyse par pincement ils ne sont pas pris en compte. Les regles de pincement de la conception
du HEN ne sont pas suffisantes et de nouvelles regles et des directives pratiques sont nécessaires.
Par conséquent, une nouvelle techniqi®®HEN) a été développée pour surmonter ces

difficultés.



XViii

La technique de rétrmstallation de la conception du résedlEX (R HEN) qui a été
développée se compose de quatre étapes successives. Dans les deux premieres étapes, semblables
a l'étape 2 de SEWNA, les contraintes physiques et du procédé, notamment les contraintes de
température dures et molles des opératiomsaimes les plus sensibles sont analysées. Une
nouvelle approche a été développée pour offrir un ciblage réaliste pour I'économie de vapeur en
fonction des contraintes et de la classification des utilisateurs de vapeur. Les courants existants
des HEX du pcédé sont évalués. Les courants de rejets ont été classés selon le niveau de
corrosion haute et basse pour exploiter efficacement leur niveau d€,change thermique. Un nouvel
algorithme a été développé pour la rétrstallation de la conception du HEN Bassur

I'estimationcorrection. Le HEN est concu selon cing heuristiques et regles pratiques.

La technique RHEN a .t, appliqu,e sur I€usine C. Les r,sultats ont montr, qu€une surface
additionnelle de 9850 frpour les HEX est requise pour réaliser unenémie de 42,1 MW

(38%) de la vapeur. Cette technique a également été comparée avec l'analyse par pincement. Les
résultats ont montré un ciblage plus précis et une plus grande économie de vapeudplr R

en comparaison de l'analyse par pincement.
SConvasion de I'énergie et valorisation (upgrading)

L€industrie des P & P est consid,r,e comme ayant la plus grande capacit, de cog,n,ration
industrielle au Canada. Cependant, il y a encore un potentiel additionnel de production
d'électricité si la consommatidntale de vapeur diminu@IPEC, 2008; MteosEspejel et al.,
2010d) Les pompes a chaleur constituent d'autres outils d'intégration des procédés pour
récupérer davantage de chaleur et de vapeur par récupération de chaleur de bas niveau. Ces
dispositifs sont installés pour améliorer la chalaurible potentiel a basse température a des
températures élevées a haut potentiel et économiser davantage dgBakletiari et al., 2010a,

b; Costa et al.,, 2009; Costa et al.,, 2004)a trirgénération est uneombinaison de la
cogénération et d'une pompe a chaleur. Il a été évalué quegienéiation peut réduire la
demande de chaleur nette du procédeé et fournir de I'électricité au (Bseaova et al., 2007)
Néanmoins, linvestissement nécessaire pour cette combinaison est élevé et doit étre

soigneusement examiné pour déterminer s'il est rentable ou non.



€ Analyse de Ifamelioration de la vapeur etalieet intégration (SWAEL Simultaneous Water

Analysis Enhancement and Integration)

Mateos et al(2010d, 2011cpnt développé I'analyse de l'interaction de systemes qui se compose
de six étapes principalesa récupération de chaleur interne, la réutilisation de I'eamibgtion

de points de mélange ndsotherme, la récupération des condensats, I'énergie valorisée par une
pompe a chaleur, et la conversion d'énergie par turbine. lls ont utilisé différents outils
d'intégration des procédeés tels que l'analyse de pincaheamique pour la récupération de la
chaleur interne et la valorisation de I'énergie, et de l'analyse par pincement massique de l'eau
pour la réutilisation de I'eau L'analyse de pincement thermique a été effectuée apres I'application
de chaque étape poeéwaluer l'effet sutes courbes de pincement et la conception du réseau
HEX. Cette méthode exige beaucoup d'efforts pour développer le réseau HEX. Cependant, de
nombreuses mesures peuvent étre facilement combinées. Par exemple, la réutilisation de I'eau, la
récupération desondensats, et une partie de I'élimination de points de mélange NIM, et la
récupération de chaleur interne ont été obtenues en appliquant la méthode SEWNA.
L€ limination des points de m,lange NIM restants et la r,cup,ration de chaleur interne ont
eégalemen été réalisees par R HEN. Mateos et al.(2011lc) a également présenté une
meéthoddogie unifi,e pour proposer des lignes directrices pour mettre en “uvre les projets
identifiés pour une usine Kraft Canada compte tenu de leurs contraintes techniques et

économiques.

La m,thodologie d€analyse de [€am,lioration de la vapeur et d'eau gtation (SWAEI) a été
développée pour combiner différentes techniques d'intégration des procédés pour atteindre le
deuxieme objectif principal de cette these. La méthodologie consiste en six étapes successives.
Dans la premiére étape, le modele de simutatiu cas de base est développé et utilisé en tant
gue source de données pour les analyses. Dans la deuxieme étape;amadypeccomparative

est menée afin de déterminer les zones d'inefficacité. Le coeur de la méthodologie est
l'identification des pr@ts d'amélioration de la consommation d'énergie et d'eau en appliquant
séquentiellement SEWNA, I'EPA et-IREN. L'application séquentielle de ces techniques a
conduit & des résultats nettement supérieurs d'économie de vapeur que si elles auraient été
appliquées individuellement. Cette application séquentielle permet de proposer sur des projets

complémentaires pour maximiser les économies de vapeur. Dans la quatrieme étape, la vapeur en
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exces est utilisée pour réduire ou éliminer la consommation d'énergite.fde reste de la

vapeur en exces pourrait étre vendu ou utilisé pour produire de I'électricité par cogénération ou
par un systeme de {génération. Les aspects économiques de ces alternatives sont évalués et
[€aspect le plus prometteur est s,lectiopaur la mise en “uvre. Dans la cinquitme ,tape, les

projets identifi,s sont prioris,s et la strat,gie de mise en “uvre est propos,e en deux phases.
Dans la premifre phase, les projets menant d€abord ... la r,duction des combustibles fossiles ou ...
leur élimination sont appliqués, et lors de la deuxieme phase, les autres projets pouvant étre mis
en “uvre pour ,conomiser plus de vapeur. Enfin, la pésaluation comparative est effectuée

pour identifier les zones qui ont été ameéliorées de facon significatiterraps d€,conomies de

vapeur et d€eau.

La méthodologie SWAEI a été appliquée sur les trois usines canadiennes Kraft et a permis
d€estimer des r,ductions de-BB % de vapeur d'eau et de-28 % pour I€eau. La strat,gie de

mise en “uvre pr,voit la planifi@tion pour obtenir un procédé consommant beaucoup moins de
vapeur, d'eau, de combustibles fossiles, et avec un impact environnemental moins négatif par de
plus faibles émissions de G@t moins d'eaux usées, conduisant a des produits plus écologiques

et dus durables , et avec un bénéfice net finalement plus élevé. En appliquant la méthodologie
SWAEI sur ces usines, les prépare comme des récepteurs optimisés au niveau énergeétique pour

I'int,gration d€une bioraffinerie durable suite ... une planificatiordéii@me.

La méthode n'est pas spécifique a certains procédés a base d'eau. Cependant, chaque procéedeé
posséde ses propres caractéristiques et la définition des différentes contraintes doit étre effectuée

individuellement.
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1 CHAPTER 1: INTRODUCTION
1.1 Justification of Project

Water based processesich as sugar, pulp and paper (P&P), and,laer the processein
which water is the main medium for heat, mass, and momentum trarnsfénese processes,
water is utilized for different purposesuch asa reaction mediuma solvent in extraction
processesa washing agent, et@.hethermalenergy(steam)and waer systems in such processes
are strongly interrelated and interact with each ofhleese processes along with other chemical
processes envisage several issgash as global competitiveness, public demand for sustainable
products, and strict environmeahtegulations. One way to remain competitive isiéoreas¢he
manufacturing cost byeducingthe cost of energy and water consumption and also water and
wastewater treatments. In addition, in these processes, electricity is employed to pump the water
ard therefore the greaterthe water consumption and effluent production, tireaterthe
electricity consumption. T the main incentives for energy and water conservation programs

are to reduce the manufacturing sp&tO, emissionsand wastewategoingto theenvironment

A very good representative exampleaoivaterbased process ulp and paperR&P). Pulp &
paperis characterized asne of thelarge energy consumers and ranked as the fourth biggest
energy user amonthe different industrieChen et al., 2012; Persson and Berntsson, 2009)
Water also is widely used e P&P as a utilitysuch as stearar mass transfer agerguch as
washing, pulp dilution, steam production, cleaning, pump cooling,(Btgant et al., 1996)
Thesehigh water and energy consumptigasse the final product codRising costsjncreasing
worldwide competitionand decreasing pulp demaf|dISI, 2010)are leading to closures of
unprofitable mills in rural areas and towns where thisnaire often located. In order for the
industry to sustain its competitive advantage in the market, it must reduce its manufacturing
cosk and in particular its energy cost, which are estimatedat 30% (MateosEspejel et al.,
2011c)of total manufacturing costs.

Forest lorefinery is the conversion of forestry and agriculklniamass into a large spectrum of
products by various extraction and transformation pathwdy® concept of integrating
biorefinery into an existing Kraft mill gives the opportunitythe@ P&P industry to increase their

profitability, improve the enviramental sustainability, and remain competitivg producing



high-value productssuch as biofuels, chemicals, polymers, and pharmaceufMalsee et al.,
2005; Thorp, 2005)it is expected that most mill systems can handle biorefinery within current
specification limits. Howevethis integratiorcan place additional demands on the utility system
and increase operating coge.g. additional capacity for wastewater treatmé@GgTC, 2003)
Thus, Kraft mills should be se#ufficient in terms of energy that can supply energytiar
biorefinery. For these reasons, the P&P industry must focus its efforisnpoove energy

efficiency and, subsequentilgducethermal energy consumption and gas emissions.

The perequisite step to determine the potential for energy and water savings is benchmarking
(MateosEspejel et al., 2011dA benchmarking study is a comparison of a rrtim the stand

point of energy and water consumptiasith its competiors. The results of this study atiee

driving force for further attempts towards water and energy ssy@IEC, 2008; Francis et al.,
2006)

The most commn process integratiofiPl) technique that has been widely employed in different
industies to enhance energy efficiency is the Thermal Pinch Analy&isch Analysis is the
maintool for theretrofit heat exchangeHEX) network design. Nevertheless, dabs notdeeply
consider the interrelation between energy and water in wassd processes. Moreover, there
are several constraints withthe processthat cause difficulty to enhance steam saving. These
constraints are divided inttwo categories physial and process. Thus, identification and
analysis of these constraints are an essential task before conducting any effort taheH&X
network (HEN) design so as to design a near optimal HEN. Pinch Analysis provides the targeting
information such & the minimum heating requirementMHR) and minimum cooling
requirement MICR), however it requires significant effort for data extraction, analgkithe
data, and constructing the composite curves. In addition, this targeting (MHR) forbaaest
proceses is not always realistic andssmetimedar from what can be achieved in practice. For
example, Mateos et al2011c)estimated 29% of steam saving using Pinch curves for a Kraft
mill but the final steam savintpat was accomplished wa8% which is less than a half dfie
estimation. Thiglifferenceis mainly because of the phyaicand process constraints and dls®

fact that all of the pinch rules to retroftie HEN designcould notbe respected. In the other
words, the Pinch rules cannot tackle all specific characteristics vehterbased process to
design the HEN. Since thetrofit HEN design requires lots of effort and tint@geting energy



saving is significantly important.In addition, mn-isothermal mixing (NIM) pointshould be
considered at the HEMesign; however, in Pinch Analysishey havenot been taken into
acount Thepinch rules to design HEMrenot sufficient and new practical rules and guidelines
are requiredTherefore, a new technique should be developed to overcome these aspects.

The most commorr| technique that has been used for water efficiency ivgment is Water

Pinch analysis. Water Pinch analyses are graphical technihaesiave beenanalogously
constructed with Thermal Pinch Analygidhole, 1998; Dhole et al., 1996;-Halwagi et al.,

2003; Wang and Sitm, 1994) With the rising cost of fossil fuel anénergyin general, water

and energy conservation should be performed simultaneously to ensure sustainability and lower
the cost of productionThere were several attempts to incorpornergy and wateanalyses

(Feng et al., 2008; Leewongtanawit and Kim, 2009; Manan et al., 2009; Savulescu et al., 2005b;
Wan Alwi et al., 2011) Neverthelessthe existing configuratiorfor warm and hot water
production has been exlooked; the physical and process constraints have not been carefully
examined Most waterbased processesquirewater not only in quantity and purity but also
temperaturgCortés et al., 2011; Feng et al., 200@) terms of temperature of water supply to
different demans| the acceptable temperature of water and filtrate should be analyzed carefully
and not just considering the fixetipply temperatures as a limitation for filtrate reutilization and

hot or warm water usage. Most of teehniquesapplied for generic cases and in fdoty were
suitedfor small problems. The quality ¢ie employed datasi oneof the major challenges ifo

water analysis. The acceptable temperature and contaminant concentrations should be
accomplished by a systematic approach. Each set of data should consider the characteristics of
each type of process, for instance, the acceptable contaminant conaefdratiee sinks of one

Kraft mill cannot be used for another mill because each mill has its own feataréhis sense,
systematic guidelines for extracting the data for water analysis sladstddbe developed.

Therefore, a new technique is requiredddrassall these issues.

The process integration techniques are commonly appiiadhe assumption that all equipment
and departments are working efficiently, but this is not always the. ddserefore, the
performance ofan individual piece ofequipmem or department in terms of their water and

energy efficiency should be carefully evaluated.



P&P is also considered as the largest industrial cogeneration capacity in Canada, however, there
is still potential for more power generation if the total steamsamption decreas¢€IPEC,

2008; Mateosspejel et al.,, 2010d0Other process integration tools to further save heat and
steam by recovering the low grade heatlaat pumpsThese deviceare installed to upgrade

the low potential heat at low temperature to high potential heat at high taomeeand save
steam(Bakhtiari et al., 2010a, b; Costa et al.,, 2009; Costa et al., 20@G4deneration is a
combination between cogeneration ankdeat pumplt has beerreported that trigeneration can
reduce thenet heat demand of the process and supply electricity to thgNMadnova et al.,

2007) Nevertheless, he investment required for this combinatias high and should be

examined carefully to decide whether it is profitable or not.

In addition to energy and water savings, the implementati®teain and watgprojects have
several advantages withn environmental impact reduction through lower enassi of
greenhouse gases (GH@&)d smaller effluent productipfower maintenance costue to more

reliable equipmentnd higher profit fothe mill.

Applying PI techniques orma Kraft mill, prepares it as an energy optimized receptor for

sustainable bi@finery integration through a well defined roadmap

1.2 Context of the project

This research is part of the BiokrEn projethe global objective of the BioKrEn project is to
evaluate the feasibility of biorefinery proposals for Canadieaiit P&P mills and b develop
optimized process designs that best integrate biorefining into existing mills. Three biorefining

technologies are studidxy other group members

Lignin recovery from black liquor
Gasification of wood residues
Hemicelluloses extraction from woathips prior to pulping and their conversion into

high-value productss bioethanol and furfural



In this project a in-depth energy analysi®r three existing Canadian KraR&P mills is
performed with thefocus ondeveloping technically feasible solut®rio reduce the energy

requirements of thmills, andcreating excess stedr biorefinery integration

1.3 General Objective

The main objectives of this thesis are

To develop new process integration techniques to individealhancehe efficiency of

waterand steam systems

To develop a steam and water analysis enhancement and integration (SWAEI)
methodology toimprove energy and water efficiency of a watmsed process by

combining the process integration techniques

1.4 Structure and Organization

In Chapte 2, thewaterbased process is defined and Kraft pulp and paper is introduced.

In Chapter3, the literature reviewconcerningdifferent Pl techniques fothe enhancement of
water and energy efficienag presentedThese PI techniques consist of interhaht recovery,

water reutilization, energy upgrading and conversion. Their applicatitineiR&P process is
shown. The main challenges regarding the most popular Pl techniques are disénafigdthe
literature is synthesized and the specific objedtiare defined. The overall methodologwlso
described The case studies which are three Canadian Kraft mills as good representatives of

waterbased process are introduced and characterized.

In Chapter4, a new developedtechniquefor benchmarkings presented The cases are first
benchmarked against reference data ftbestandpoint of steam and water consumption. Then,
the three cases are compargdm the standpoint ofwater and steam allocations for different
uses The areawith high water and stea consumption are determined ahe causes are stated.
Their water reutilization and heat exchanger networks are compared to identify the similarities
and differences so as éxploitthe advantages of one casepossible solutiorfer another case

and vce versa.



In Chapter5, the simultaneous energy and water networks ang$&%8/NA) for a waterbased
processs developed and presented. Tdmncept and the structure SEWNA aredescribedThe
technique consists of five steps: data extraction, constaaialysis, water and energy analysis,
warm and hot water network analysis, and economic analysis. A generic example is used to
illustratethe different steps ofthetechnique. In the second patrt, this technique is applied on three

Canadian Kraft mills. fie advantages of this technique over previous studies are shown.

In Chapter 6, equipment performance analysis (EP®K) developed and presented. EPA
encompasses four stepslentification, diagnosis, performance improvement, and economic
analysis.The key mrformance ndicator (KPI) regardingthe steam and water consumption of
equipment and departments are identified. The reference data for the KPIs are determined. The
KPI of the case study is calculated and compared with reference data to diagnose the
inefficiency. Some probable causes and remedial solutions based on the previous studies are
identified. The result of this study is a starting point for adepth onrsite analysis of the poor

performance equipment.

In Chapter7, theretrofit HEX network (RHEN) design for watebased processés developed
and presented. Thencept andtructure ofR-HEN is elaborated. The result of applyingHEN
on a Kraft mill is shown and compared with the result of applying Pinch Analysis to reveal the

advantages of RIEN.

In Chapter8, the steam and water analysis enhancement and integratioREB\Wiethodology

is developed and presented. It combines different Pl techniques to obtain the highest steam
saving by defining complementary projects. It consists of processation, prebenchmarking,
identification of water and steam projects, energy upgrading and conversion, implementation
strategy, and podienchmarking.In the identification of water and steam projects, three
aforanentioned techniques (SEWNA, EPA, aneHEN) are applied sequentially. Different
alternatives for using the saved steam are examined. A strategy to implement the most promising
alternative is proposedhe methodology is applied on three Kraft mills anddbtiledresults

are presented. Thesults of applying SWEI anda standalone technique (SEWNA, EPA, and
R-HEN) are compared to demonstrate the advantages of combining different PI techniques. In



addition, the results ofhe three mills are comparedhe sensitivity analysis in the major

paameters is conducted.
In the general discussion, the highlights of eclt@pterare presented.

In the conclusions and recommendation, th&n contributions and the possibility for future
work arediscussed.

In the appendix thextracteddatafor water anl energy analyssof chapters 5, 7, 8re tabulated

Details of HEX networksof these chaptei@realso presented.



2 CHAPTER 2: WATER -BASED PROCESS AND KRAFT MILL

2.1 Water-based Process

Waterbased processesuch as pulp and paper (P&P), sygardbeer are the processeghere

the main medium for three different transport phenomena (mass, heat, and momentum) is water.
For example, ina Kraft P&P mill, water is used to dilute the puylgarry the solid pulp
(momentum transfer)and to wash and lean the pulp (mass transfer). It is also utilized to
produce the steam and this steam is employed to retain and attain the temperature of the pulp
(heat transfer). So the energy and water systems in such processes are strongly interrelated and

interact wih each other.

2.2 Kraft Pulp and Paper Mill

There are two major types of P&P rsilmechanicabndchemical. The Kraft process is a form
of chemical pulping and the most dominant P&P process in Cataaalso a very good

representative example tife water-based process.
A simple schematic of the Kraft process is showRig. 2-1.

Chemical
preparatjon

Chemicals

Woo Digesti Washin Bleachi Pulp/Paggrpulp
chips Machin Pape

White lijguor Black liquor
[Recausti}iz[in@vaporaﬂion
Smelt Recove Steam
boiler to process
Water

Fig. 2-1€ Simplified diagram of the Kraft process



The Kraft process consists of twajar parts: pulp/paper line and recovery loop. The pulp/paper
line comprises digesting, washing, bleaching and chemical preparationthenplilp/paper
machine.The recovery loop consists of evaporatitre recovery boiler, andhe recausticizing
departmat.

Wood is the raw material ofa P&P mill and composed of 4@7% cellulose, 285%
hemicelluloses, and 181% of lignin. Theyield of pulp production over original woad usually
between 4&0% (Smook, 2002)

2.2.1 Digesting

The dgesting department is composedtbfee major equipments that utilize water and steam
the chip bin steaming vesseind digeste(Fig. 2-2). At the chip bintheinjection of water and
steam is carried out to partially remove air frdme chips(Smook, 202) and soften the wood.
Steam is injected ahe steaming vessel to preheat the chips and remove the air arnd non
condensable gas€Smook, 2002) The digester is the core tifie Kraft process andould be
either batch or continuoug mixture of NaOH and N& (white liquor) witha concentration of
100-110 g/L from recausticizingis added tothe wood chips which are cooked to separate
individual fibers from lignin and form the brown pulllateosEspejel, 2009)The required heat

for cooking is supplied by direct steam injectiandbr heaters athe batch digester and using

theupper and lower heateof thecontinuous digester.

Wood MP steam
Chips
— .
UppgMP ste
Hot wate| . . heatper
MP si Chip Rhin ‘ l
sfean . -
l D|ge\‘[er‘ ; Lowgr
heat¢
MP stean Steam Ing \4
v<|esse Cooking liquor

WhitePUIp to washing

liquor department

Fig. 2-2 - Simple schematic of continuous digesting
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2.2.2 Washing

The produced brown pulp is directed towatke washing sectiorfFig. 2-3) where aseries of
countercurrent washers are employed to separate the fibers from the black liquor (BL). BL is a
mixture of used chemicals e digester and most dhe lignin andhemicellulosesKnots are

very thick, uncooked chips that exist in the pulp frdhe digester. They are separated from the
pulp in the deknotter beforéhe washers. Oversizeparticles are also removed the separator

and screener before further washargl sendinghe pulp to bleachingSmook, 2002)

Water Water

¥ v

Pulp from digeispidinhotte Washerrs® Screen¢r? Washengs—>

! ! !

RejectsWeak Blagkor Rejects
to Evaporation

Pulp To Blec

Fig. 2-3 - Simple schematic dhewashing department

2.2.3 Bleaching and Chemical Preparation

The objectives of bleaching are to remove lignin and brighten the filsr®ok, 20Q).
Typically, the bleaching department in Canadian Kraft mills consists of five stages: DO, Eop, D1,
E2, and D2(Turner et al., 2001)The chemicalssuch as Cl@and BHSO, are added astages

DO, D1, and D2 while astageEop, Q, H,O,, and NaOH are added. Only NaOH is use as
bleaching agent instageE2. Each stage is composed of one bleaching reactor andaster

(Fig. 2-4). Thesteam is employed to attaacertain temperature for the bleaching reactors. Some
of the needed chemicals (@&l and CIQ) for bleaching are provided by chemigakparation

(Fig. 2-4). The generatedffluents at this department are acidic effluent from the filtrate tank of

theDO washer and alkaline effluent from the filtrate tank of B@sher.

Clplg-BQ V\iaters,.[ean@z, %,NaoH V\iaterSFeag‘nlpl&-SQ V\iaterStea
Pulp fron
washing] DO reacto] DO was+'é-r Eopeactpr] Eowash¢| D1 reacftol Diwashg
Acidic effluent Alkaline effluent
NaOH Water gtea!Q 5@ Water
| | | | P ulo
H pulp/paper
E2 reacft Evashgr™> D2 reacftol Dwashgr> pachine

Fig. 2-4 - Simple schematic dhebleaching department
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2.2.4 Pulp/Paper Machine

The bleached pulp is sent to the pulp/paper machine department to finally produce dried
pulp/paper. At this departmegnpulps undergo cleaning and screening to remove oversized
particles Fig. 2-5). The huge quantity of filtrate that leaves tpelp/jpaper machine contaires

small amount of fiber and is called white water. The white water is typicadlycled tothe

paper machine, and bleaching stages.

LP steam LP steam

| |
v A2

Bleaclkedptulp ] .
from bleachil Cleanefs® Screen¢r3| Maching™ Dryer —> Dried
l 7 | Pulp/Paj

Rejects Rejects

Fig. 2-5 - Simple schematic dhe pulp/paper machine
2.2.5 Recovery loop

At the recovery loop Fig. 2-6), the low concatration black liquor, weak black liquor, is
concentrated in mukgffect evaporators. The concentrated black liquor is burndteirecovery
boiler to produce steam and melted chemicals called smké.last step of the recovery loop is
the conversiorof smelt into white liquor in recausticizingVhite liquor is regenerated by seda
lime reactions as followgateosEspejel, 2009)

Causticizing CaO + HO daCa(OH) + NaoaCO; daCaCQ + 2NaOH

Lime burning: CaC@+ heatdaCaO + CQ

Steam Steam
! A
@ n.l 1 1
Weak bld Evaporation " P Recovelry Mt ] . White liq
liguor (8 trains boiler RecausticTziftdpiges
l Ca0 CaGoO
Nomlean steam

Fossil fued® Lime Kiln

Fig. 2-6 - Simple schematic dherecovery loop
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2.3 Current Status of Rlp &Paper

The forest products industry, in particufaulp and paper (P&P), is one of the major contributors
to Canadian industry and provides 360 000 direct jobs. Forest products account for 3% of
Canada€s gross domestic prodGetnadian P&P productiomasdeclined during past decade as
shown inFig. 2-7. This industryis alsocharacterized aslarge energy consumer and ranked as
the fourth biggest energy user among different indusii@sen et al., 2012; Persson and
Berntsson, 2009)An old Kraft mill utilizes an average of 2%J of steam per air dried ton
(GJ/Adt) produced pulp/peer (Browne, 1999) while the average and modern Canadian mills
consume21.7 and 12.1 ®Adt of steam(CIPEC, 2008) Water is also widely used in P&P as a
utility, such as steanandmass transfer agerguch as washing, pulp dilution, steam prctéan,
cleaning, pump cooling, et@ryant et al., 1996)For example, an average mill designed in the
1960s and 1980s consumes 78 and 44ofrwater per Adt (MAdt) of produced pulp/paper
(Chandra, 1997)

18.0 -
Million
Metric 140 -
Tonnes
12.0 -
10.0 -
8.0 -
8.0 -
%
4.0 - i
——Chamical Weoed Pulp —-Mechanical Wood Pulp
= NOWapHANT == Printing+Writing Paper
2.0 - == Wrapg+Packg Paper+Board ~o-Hougshold-+Sanltary Paper
Seml-Chemlcal Woed Pulp Paper+Peperboard NES
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Source: FAO Forestry Statistics

Fig. 2-7 - Canadia P&P productior{Bogdanski, 2011)
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The utilized thermal energy is stedf@hen et al., 2012; Persson and Berntsson, 2009ptal,
energy accounts for up to 30% of total manufacturingsaoispulp/paper in Canad@iateos

Espejel et al., 2010d)t is mainly supplied by burning the black liquorthe recovery boiler or

bark atthe power boler. However, more than 40% of this steam is generated in fossil fuel power
boilers (CIPEC, 2008; MatecEkspejel et al., 2010dWith volatile fossil fuel pricg the final

cost of pulp/paper is rising. In addition, fossil fuel consumption causes higleiGiSsioninto

the atmosphere and stricgnvironmental regulations forcmills to reduce thie levels of
emission.These are the main incentives to conduct an energy conservation program in a P&P

mill.
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3 CHAPTER 3: LITERATURE REVIEW

On the basis of the general objectivef thisthess, the literature review is dividedtm 10
sections simulation, benchmarkinginternal heat recovery, water reutilizatioequipment
performance analysis, energy upgrading, energy conversion, trigenesgilong steam tdhe
local district, and comhiing different process integration techniqué&ée literature isthen
synthesized and thepecific objectivesre presented. The overall methodology to achikese
objectives is shownThe case studies which are three Canadian Kraft mills are introdnckd

characterized.

3.1 Simulation

The first step of any retrofit analysis for energy and water savings is to corsstinatilation
thataccuratelyrepresents the existing configuration of the pro¢eksteosEspejel et al., 2010c;
Paris, 200Q)A methodology fothedevelopment othe Kraft mill simulationhasbeen presented
by Mateos et al(2010c; 2011d) The information to build the process simulatibas been
obtainedfrom mill personnel, PIDs, DCS, process data, and previous stddiesobjective of
the simulationis to provide data for energy and water studies and to evaluate thes@dopo

changes and the implementation of biorefining technologies.

3.2 Benchmarking

A prerequisite step to determine the potential for energy and water savings is benchmarking
(MateosEspejel et al., 2011d)A benchmarking study is a comparison of a mill with its
competitors, or with a model mill with new technology. The results of thidystonstitute a

driving force for further attempts toward water and energy savings, environmental impact
reduction by decreasing effluent production and greenhouse gas emissions, and finally operating
cost reductioffCIPEC, 2008; Francis et al., 2008)ateos et al(2011b)established a systematic
approach to perform benchmarking. They defined new key performance indicators based on
exergy analysis to show the areas of inefficiencldgey also used Water and Thermal Pinch
Analysis to target saving.hey appliedhe methodon an operating Kraft mill and found that the
steam and water consumption of the nslbeyond average Canadian mills.the preliminary

results, they also showed that the pressure release valve (PRV) should be replaced by
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cogeneration and the ThermaldaWater Pinch Analyses should be performed to improve the
process efficiencyThere is also an energy benchmarking study that has been done by the Pulp
and Paper Research Institute of Canada (Paprican or FPInnovations). They showed the energy
usage for edt department, best practices of energy consumption for each department, and the
main causes of energy waste. Their survey is recommended as a good source for Canadian P&P
mills to adopt the best practic@SIPEC, 2008)

3.3 Internal Heat Recovery

International Energy Agency in 1995 defined Process Integration (Pl) asSylséematic and
general methods for designingtégrated production systems, ranging from individual processes

to total sites, with a special emphasis on the efficient use of energy and reducing environmental
effects (Dimian, 2003) There is a broad range of Pl techniques available to engineers to
enhance the energy efficiency of a process. In the following sections, the principles of Pinch
Analysis as the main tool for heat recovery and heat exchanger designptaimesk The
applications of Pinch Analysis in P&P are presented to reveal the main challenges of applying
this tool. The main challenges regarding the retrofit heat exchanger (HEX) network design using
Pinch Analysis for a watdrased process are then chésed. Finally, the potentials for

improvements are synthesized.

3.3.1 Pinch Analysis

The Pinch Analysis that was developedUoynhoff et al.at the beginning of the 80€s is the most
common PI technique for analyzing the thermal performance of pro¢essasoff et al., 1994)

The basis of Pinch Analysis displays in a temperature vs. enthalpy diaf@hpossible heat
transfers within the procesBi¢. 3-1) and is known asomposite curves. It consists of hot and

cold composite curves. The hot composite curve represents all available heat in the process from
hot streams that need to be cooled. The cold composite curve shows all the process heat demands
of cold streams thateed to be heated. These curves define the minimum heating requirement
(MHR), minimum cooling requirement (MCR), maximum internal heat recovery, and the Pinch
point. The closest approach between two curves occurs at the Pinch point and is called the
minimum allowable approach temperature (y|). This value is the minimum acceptable
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temperature deference between the input and output of hot and cold streams in(ldeftpX
2007; Kumana, 2002)

MHR

I
I
(0]
o
c
=

/
-~ .

Maximum Internal Heat
Recovery

H
Fig. 3-1 € Pinch Curves

In order to achieve the targets, such as minimum heating requirement (MHR) and minimum
cooling requirement (MCR)Hg. 3-1), the heat exchanger network (HEN) design matisfy
three conditions:

o Don£t use hot utilities below the pinch temperature.

o Don€£t use cold utilities above the pinch temperature.

o Doné£t transfer heat from hot streams above the pinch to cold streams below the pinch
(Kemp, 207; Kumana, 2002)

Grand composite curve (GCC) is another way to illustrate the Pinch Analysis and represent the
net heat flows in the process. The main function of the GCC is to identify the availability of the
heat contained in hot effluents, to chodke level of utility for the processig. 3-2), and
consequently the opportunities for cogenerafBrown et al., 2005; Dhole and Linnhoff, 1993;
Maréchal and KalitventZg 1996, 1997, 1998a, b; Pésirevasseur et al., 2008)
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Fig. 3-2 - Grand composite curve (GCC) and utility targeting

3.3.2 Application of Pinch Analysis in P&P

Pinch Analysis has been employed to resolve spgmibblemsof P&P, such as improvement in

the efficiency of effluent treatment by reducing effluent temperaf{itesl and Boisvert, 1998)

or the installation of new equipmefierglin and Bentsson, 1998; Rouzinou et al., 2008he

heat exchanger network design has also been performed for an operating Kraft {atzess
2008; Mateosspejel, 2009; MateeSspejel et al., 2010dmechanical mill(lsaksson et al.,
2012)and for a model mil[Axelsson et al., 2006 According to theAmerican Proces€010)

by applying Pinch Analysis in a chemical pulp, chemical pulp with integrated paper/paperboard,

and combined chemical and mechanical pulp, energy savingslaf%an be achieve.

In P&P, there are seral energy consumer areas that have received particular attention for heat
integration (like evaporation, cooking, drying, steam generation, water production, etc). In the
case of evaporation and cooking, most of the studies focused on employing theargosite

curve (GCC) for better heat integration and reduction of steam consumption in this area
(Axelsson et al., 2008; Higa et al., 2009; Pdravasseur et al., 2008; Pharande et al., 2011;
Xiao and Smith, 200). Algehed(2002) and Bagtsson(2004) also presented the concept of

excess heat to be utilized in the evaporation system.

Dryers are one of the major energy users in the P&P process. Improvement in drying heat

integration has mainly been carried out by mearis Pinch Analysis (Kemp, 2005)
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thermodynamic modellinSivill and Ahtila, 2009; Sivillet al., 2005; S6derman and Pettersson,
2003) and a mathematical approa@ettersson and Séderma&®07) Kemp (2005) suggested

that the Pinch Analysis can be performed to recover the heat of dryer exhaust air. Haueve
constrained by thermodynamic and economic factors. Apart from steam leakage and heat loss at
the dryer, almost all of the latent heat of steam is transferred to exhaust air. According to Sivill &
Ahtila (2009) all the literature assumed constant heat capacities for the exhaust air of the dryer
while it is not applicable to exhaust air under condensing conditions. The specifiloheattes

and heat transfer coefficients of this stream are strongly nonl{Redtersson and Sdaean,

2007) Soderman & Pettersso(2003) studied these effects by means of thermodynamic
modelling. They used temperaturgervals to define both the heat transfer flows and the heat
transfer coefficients. Heat recovery from the exhaust air of the dryer has a significant impact on
the whole economy of pulp and papermaking and has been investigated by several researchers
andthe industry(Afshar et al., 2012; Kong et al., 2011; Metso, 2011; Pettersson and S6derman,
2007; Sivill and Ahtila, 2009; Sivill et al., 2005; S6éderman and Pettersson,. Z08t8rsson &
Soderman (2007) also performed another study combining evolutionary and-linear
programming for heat recovery within this areaeTipical humidity of exhaust air is between
100-200 gHO/kg of dry air at temperatures of-80°C (Pettersson and Séderman, 2007; Sivill

et al., 2005; S6derman and Pettersson, 2083)ortion of its heat conterf60-60%) is mainly

used to heat up water to-80°C, white water to 5% and hood supply air to 58°C (Metso,

2011; Sivill and Ahtila, 2009; Sivill et al., 2005)

The steam plant is another important area fat letegration. Stack gas of the recovery boiler
and hog fuel power boiler contains water vapor, carbon dioxide, carbon monoxide, sulfur n
oxide, and chlorine. The main constraint for heat recovery of stack gas is the formation of
sulfuric acid resultingrbm the condensation of $Orhis acid causes rapid corrosion inside heat
exchangers (HEX) and should be avoided. The other option is to install very expensive HEXs,
which is definitely uneconomical. This stack gas involves a vast quantity of energy (20% f
energy) at high quality (1880C°C) and is typically used to pieeat the air inlet to boilers. It is
recommended that the outlet temperature of stack gas from the HEX (if directed to HEX) should
be at least 2T above the SHdew point to avoid sulfic acid formation. Based on this, the

temperature dew point was reported betweenl@7C for different stack gases, so the
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temperature outlet of the stack gas from HEX can be betweet2i®C (Mostajeran Goortani
et al., 2011) Zhelev & Semkoy2004)studied different design contact economizers for the heat

recovery of stack gas.

Several researchers also used GCC to anahgetoduction and utilization of steam and the
actual requirements of the process in order to increase the power generation capacity using
turbines at the steam pla@rown et al., 2005; Périhevasseur et al., 2008)

3.3.3 Retrofit HEX network design and challenges

Pinch Analysis is typically employed for thetrofit HEX network design. Nevertheless, it does

not completely consider the interrelation between energy and water inhasta processes.
Moreover, there are several constraints within such a system that create difficulty to enhance
energy (steam) sangs. These constraints are divided ik categories: physical and process.
Physical constraints encompass the distance between the streams, material, and type of existing
heat exchangers, auxiliary equipment, space requirements, maintenance cosiulanyl f
(Carlsson et al., 1993Nordman & Berntssor{2009a) proposed a method to evaluate the
opportunity fa heat integration for the retrofit design considering physical constraints and called
it Advanced Composite Curves. It is a method based on Pinch Analysis. They defined four
different curves above the pinch point and four below it. These curves ainptocgily identify

options for retrofit HEN with respect to technical factors. This method evaluates the placement
of heaters and coolers in the existing HEX network. They found that if the existing heaters and
coolers are positioned closer to the pinchnpothere is higher potential for cesffective

retrofit. This method has been applied to identify the heat integration opportunities for the
retrofit design in P&RNordman and Berntsson, 2009b; Ruohonen and &4H010; Ruohonen

et al., 2010)

There are also process constraints, such as <hard‘ and ssoft' constraints, on temperature levels.
In the hard temperature constraints, for instance temperature of reactor or temperature discharge
of corrosive fluids (astack gas of recovery boiler), the temperature can only change in a narrow
range of variability. On the other hand, in the case of soft temperature constraints, for instance
temperature of neoorrosive fluids (such as stack gas of the natural gas powkar)bdhe

temperature can be relaxed easily in a wide raf@€TC, 2003) Thus, identification and
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analysis of these constraints are an essential task before conducting any edtoofitahre heat

exchanger network (HEN) design so as to design a near optimal HEN.

Pinch Analysis provides the targeting information, such as MHR and MCR, however it requires
significant effort for data extraction, analysis of the data, and construbgngpmposite curves.

In addition, this targeting (MHR) for watéased processes is not always realistic and is often
far from what can be achieved in practice. For example, Mateos (@0all.c)estimated 29%

steam saving using Pinch curves for a Kraft mill, but a final steam saving of only 13% was
achieved, which is less than half bktinitial estimation. This is mainly due to the physical and
process constraints and also the fact that all of the pinch rules for the retrofit HEN design cannot
be respected. In the other words, the Pinch rules cannot tackle all specific charactérisécs
waterbased process to design the HEN. Ruohonene €R@09) presented a technique to
determine targting of energy saving and called it the heat load model for P&P (HLMPP), which
requires less data input. In pinch analysis, the temperatures of start and target and the heat load
of all streams are required whereas HLMPP requires much less data, litailthproduction

rate and dry content of the finished product. In this method, a comparison between energy
targeting of HLMPP and current utility consumptions suggests the potential for heat exchanger
network improvement. Nevertheless, this method mamlggplicable for mechanical pulping
(Isaksson et al., 2012; Jonsson et al., 2010; Ruohonen et al., 2808)escu et a(2012)also
presented a method as dtemnative to Composite Curves of Thermal Pinch Analysis and called

it mapping thermal energy integration for retrofit assessment. Since the retrofit HEN design
requires lots of time and effort, targeting and identifying the scope of energy saving are

extremely important.

In nonwater based processes, such as a refinery, water is used in the HEN to cool down the
streams, and then is directed to the cooling tower to reject the heat and be reused. In this sense,
the cooling requirement is meaningful. In aast, in watetbased processes, water is employed

in the HEN to cool down the streams and then, in almost all cases, this water is utilized as warm
or hot water in the process. Thus, it could be said that in such processes there is not an actual

cooling reguirement. The MCR from Pinch curves is not useful for these processes.
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Energy is transferred to the process directly (steam injection points) and indirectly (heat
exchangers). An important aspect of interaction of water and energy inheaat processds

heat exchanging via a nasothermal mixing (NIM) point and direct heat trans{&fateos
Espejel, 2009) For example, the total steam ijea in the Kraft process accounts for
approximately 30% of steam consumptigfeshtkar et al., 20135avulescu and AlvArgaez
(2008) havestudied the noisothermal mixing (NIM) points of the Kraft mill. They found that
the contribution of NIM elimination can be up to 5% of the total energy improvenidatsos

et al.(2010d)eliminated the major NIM at a Kraft mill and saved Btown et al (2005)also
proposed sme NIM elimination projects to improve the use of utilities in order to generate more
electricity in combined heat and power (CHP). Generally, NEMften assumed as inevitable
steam consumption and not considered in energy anéBeisilescu and AlvArgaez, 2008)In
addition, fnch Analysis often overlooked the evaluation and targeting of steam saving at NIM

points. Therefore, it cannot give good solutions to cedhe steam as such points.

3.3.4 Synthesisof Internal Heat Recovery

The main potential for improvement of the retrofit XiEhetwork design in the watebbased

process can be synthesized as follows:

o It is important to preliminarily assess the existing HEN dral ghysical constraints-n
depth to improve heat recovery via a new network design.

o Hard and soft constraints regarding the temperature sensitive units should be analyzed so
as to determine the potential for steam saving and design a near optimal HEN.

0 A targeting is required ahead of redesigning the existing HEN to provide a realistic
estimation of the final benefit. This should be possible with the least number of data and
effort.

o The NIM that has already been evaluated individually should be includedyistematic
HEN design.

o Pinch rules for the retrofit HEN design are not sufficient to achieve the identified target
due to physical and process constraints. New rules and guidelines are required for this
reason.

0 A systematic approach and algorithm is alsguired to perform the retrofit HEN design.
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3.4 Water Reutilization

Water is one of the main resources fdifferent chemical industriesand the cost of
environmental regulations is an incentive for a water conservation program so as to reduce the
wastewateto the environmenKim and Smith, 2004)In addition, in a typical process, energy

is necessary for water heating, cooling, and pumping and, hence, the larger the amaiet of w
consumption and effluent production, the larger the energy requirdieateosEspejel et al.,
2011b) Therefore, the reduction of energy consumption is another motivation to decrease the

water consumption and, consequently, the effluent production.

In waterbased processesvater is utilized for different purposes, such as reaction medium,
solvent in extaction processes, washing agent, etc. These processes entail a significant amount
of water and energy. The utilized thermal energy is steam and most of the heat of steam is
transferred to water during utilization in the process, for instance, steanwimjecthe pulp line

to attain and retain the temperature of the pulp in the Kraft mill. This steam by itself is also
generated from the water. So the energy and water systems in such processes are strongly

interrelated and interact with each other.

Figure 3-3 illustrates the concept of the watesised process. The heat load of steam injection to

the process line can be shifted to water by raising the temperature of water. Besides, reducing the
total water consumption leads to a reduction in effluent ptalu Effluents carry a high
amount of energy and a reduction in their quantity will also decrease the total energy waste. This
results in a reduction of steam injection in the process. With the rising cost of fossil fuel and
energy in general, water aedergy conservation should be performed simultaneously to ensure

sustainability and lower production costs.
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Fig. 3-3 € Simple schematic of the watbased process and the interaction

between water and steaR: power boiler)

There are several ways to minimize water consumption: water demand reduction through process
changes by analyzing the performance of equipment and/or the depafiashtkar et al.,
2012)or considering water reuse between operations if filtrate (with/without dilution with fresh
water or other filtrate streams) from an operation can be accepted for use in another operation
(Bryant et al, 1996)

The techniques for water reuse between operations, which have been developed in the past
decades, can be classified into three different categories: only water conservation techniques,
energy optimization of water network, and combining thegnand water optimizations. There

are two different approaches for each category. mathematical and conceptual. The conceptual
approaches have been widely applied by industries due to visualization of the procedure.
However, the mathematical approachesehalso been examined between researchers. In the
next sections, the different categories and approaches of water conservation have been

summarized.

3.4.1 Water Analysis

Several mathematical optimization algorithms have been developed to minimize only water
conuumption and effluent production. Bagajewi§€2000) reviewed the principle of these
algorithms for continuous processes, such as refineries and pulp and Kape&sSmith (2004)

also developed a mixed integer nonlinear programming (MINLP) algorithm for the batch
processes where time also plays an important role. Neverthelessartherdot of difficulties to

formulate the mathematical modeling and sometimes due to nonlinearity it does not guarantee
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optimality. In addition, it does not provide enough insights on how the water reuse network is
constructedDhole,1998; Wan Alwi and Manan, 2008)

There are broad spectrums of conceptual techniques. To develop the mass transfer equations, an
analogy between mass and heat phenomena has been car(i@dadigi et al., 2003)Similar to

Pinch Analysis, EHalwagi and Manousiouthakid989) developed the Pinch diagram, which
consists of rich and poor streams so as to determine the minimum quantities of mass separating
agents. EHalwagi (1997) and ElHalwagi & Spriggs(1998) also presented the principles of

mass integration and s exchange where the driving force and quantity exchanged are
differences in concentration (vs. temperature in Thermal Pinch) and mass (vs. enthalpy in
Thermal Pinch), respectively. They established the concept of mass exchangers as equipment
with directcontact massransfer to selectively remove certain components (pollutants) from a
rich phase using a lean phase. The lean phases typically consist of solvents, adsorbents, ion
exchange resins or stripping agents, etc. There are different types of maasgexs including

absorption, adsorption, ion exchange, leaching, stripping, and extréekiblalwagi, 1997)

There are three dominating graphical techniques that are known as Water Pinch and can be
distinguished from the literature. Wang & Sm{il994)developed the limiting composite curves

(Fig. 3-4) for the overall plant. These curves have been analogously constructed with Thermal
Pinch Curves and represent contaminant concentration versus contaminant mass load for all
sinks. The fresh water line is drawn against the limiting ctoveet the targeting for minimum

fresh water and demand for process. Dhd898) pointed out the main drawbacks of this
technique, which makes it impractical in many situations. Thaxix represents mass
contaminant; however, it does not give any direct information about water flowrate. Likewise,
the curves do not offer guitiees regarding mixing and reuse of water. Cleaning and separating
operations, such as washing, extraction, etc., can be analyzed by limiting composite curves while
several operations, such as reactors, boilers, etc., cannot be modeled by means bhitpgtec

In addition, if there is any gain or loss of water in the process, it cannot be degElébade,

2002) Dhole et al(1998; 1996 created another technique to assist the development of a system
closure. In this technique, all of the water sinks (demands) and sources (supplies) are represented
in a graphical or tabular form, in terms of contaminant concentration versus flowrate of the water

sinks and sourceg¢Fig. 3-5). There is a possibility to directly identify the potential for
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reutilization and/or rgeneration. The water pinch locates the point where two curves touch. It is
used to identify and target fresh water consumption and effluent production. Nevertheless, it can
be altered by mixing source streams or diluting the source streams with freshTatefore,

the targeting values are also changing during these mixing procedures and, hence, are not
reliable. This technique can be easily applied to wadsed processes, such as the Kraft pulping
process where the main streams content of the dgsioedict are enriched by reducing the level

of contamination through a succession of operations, such as dilution, displacement or thickening
(Shafiei et al., 2003EIl-Halwagi et al(2003)presented another graphical technigue to minimize

the use of fresh resources and determine an accurate target for fresh water consumption and
effluent production. The graph is valized as a load of contaminant in a mass unit versus the
flowrate for all sinks and sources of the overall proc&sg. 3-6). Similar to Thermal Pinch
Analysis, they established some rules: fresh water is englaythe sinks below the pinch point

and unused sources are discharged above the pinch point.

Limiting compos
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Fig. 3-4 € Limiting composite curves (concentration vs. contaminant mass load of sinks) of
Wang & Smith (1994)
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There are several other graphical or tabular techniques, which have been developed based on
these three farementioned techniques. Sorin & Beddf®99) presented a twstep tabular
technique and called it the Evolutionary Table. They identified the Global Pinch Point so as to
design multiple water reuse networks for the same targets. This technique has difficulties
identifying water reuse projects when the process has more than one global pinch point, as
indicated by(Hallale, 2002 and (El-Halwagi et al., 2003)Hallale (2002) developed another

graphical technique with a similar representation to thgDbble, 1998) however, the yaxis
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displayed purity of water rather than contaminant concentration. He constructed a water surplus
diagram by analogy with the Grand Composite Curve of Thermal Pinch Analysis. Nevertheless,
it requires substantial computation to develop the graphs. Manan20@4)developed another
technique based on tlielallale, 2002§s technique and called it water cascade analysis (WCA).
Wan Alwi & Manan (2008) presented the network allocation diagram (NAD), which was a

generic approach based on the technique -tidtlvagi et al(2003)

3.4.2 Water and energy analysis

Several studies have been dedicated to develop the-eradegy oriented techniques so as to
combine water and energy optimization. Tditierent approaches can be distinguished from the
literature: those that just focused on the development of an efficient water production network
and its HEX network and those that comprised both water network closure aspects and the water

production netwrk with its HEX network.

3.4.2.1 Heat integration of water production network

The first type of study is associated with energy integration within the water networks and
addresses the ways for the production of hot and warm water process requirements. Sdvulescu e
al. (2002) proposed a technique based on the thermodynamic approach and Pinch Analysis to
design the water network. They introduced the concept of direcgatidieat recovery to design

the heat exchanger network and fsothermal mixing. They developed sowdEmand energy
composite curves by analogy to t{ighole, 1998)technique for water reutilization networks.
These curves represented temperature (vs. contaminant concentration in Dhole€s technique)
versus flowrate for all clean watsources and demandsidg. 3-7). These curves were used as a

tool for stream mixing. Savulescu et §005a)also presented a technique to decrease the
number of heat exchangers for water production based on the stream mixing. Nordman &
Berntsson(2006) studied the hot and warm water tanks of the Kraft process. They added the
warm/hot water tank curve to hot and cold Pinch composite curves so as to maximize excess heat

for the process.
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Fig. 3-7 - Direct/indirect heat recovery to design the heat exchanger network and non
isothermal mixing of Savulescu et £002)
In addition to these conceatl techniques for heat integration within the water production
network, some mathematical approaches have also been developed. For example, Bogata] &
Bagajewicz(2008) published a mixed integer ndimear programming (MINLP) procedure to

design the water network based on direct and indirect heat exchanging.

3.4.2.2 Simultaneous reduction of water and energy

The second type of study aims simultaneously reduce water and energy consumptions.
Savulescu et al(2005b) developed a twalimensional grid digram to reduce the water
consumption and the total number of heat exchangers usingsotbiermal mixing. This
diagram comprises the axis for the temperature, concentration, and flowrate of water. The
approach to generate the direct and indirect heat eegder water production was similar to

one that was presented lj8avulescu et al., 2005a) Leewongtantwit & Kim(2009) have
conducted a similar study and presented the Water Energy Balance Diagram. The objective of
their work as well as the approach was quite similar to thé@afulescu et al., 2005Feng et

al. (2008) presented the effects of nesothermal mixing on the energy performance of water
allocation networks. Their study involved utility consumption, total heat exchange load, and the
number of heat exchange matches.
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Manan et al.(2009) presented a sequential techniqgue to minimize water and energy by
combining nunerical and graphical approaches. First of all, the water cascade analysis (WCA) of
(Manan et al.,, 2004; Wan Alwi and Manan, 20@8)d Water Pinch in cumulative mass
contaminant versus the flowrate of all sinks and sourcéEldflalwagi et al., 2003have been
employed to determine the water reutitisa opportunities. Then similar to the sowdeEmand
energy composite curves (@avulescu et al., 2002hey developed a diagram and called it the
*heat suplus diagram‘. They constructed it for both above and below the pinch concentration
point of the Water Pinch diagram. This diagram is a representation of temperature versus
flowrate of all sinks and sources in the process and is used to extract straaior dae heat

exchanger design of the water network by means of Thermal Pinch Analysis.

Wan Alwi et al.(2011)presented a graphical approa€lig( 3-8) called superimposed mass and
energy curves (SMEC). It includes a combination of the cumulative mass load contaminant
versus the cumulative flowmatof (El-Halwagi et al., 2003and temperature versus flowrate of
(Savulescu et al., 2002nd(Manan et al., 2009pr all the sinks and sources of the process. The
pinch point has been identified by means of cumulative mass load versus flowrate curves. In
addition, these curves were employed to determinevétier reutilization opportunities. Similar

to the study ofManan et al., 2009}he temperature versus flowrate curves are mainly used to
extract stream data for the heat exchanger design of the water network using Thermal Pinch
Analysis. Cortes et al(2011) presented another sequential technique; water reutilization
potentials were identified and then temperature versus enthalpy curves for all sinks and sources

were developed so as to determine the heat recovery potential for a sugar mill.
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Similar conceptual techniques also have been developed by coupling the three different Water
Pinch analyse¢Dhole, 1998; EHalwagi et al., 2003; Wang and Smith, 199fhermal Pinch
Analysis (Linnhoff et al., 1994)and other heuristic approaches and applied specifically in P&P
processes. Savulescu et @005c) used the Pinch Analyses to decrease water and energy
consumption of a Kraft P&P mill with a payback period of less than one year. Wisglg et
(2005) studied a P&P mill to reduce the hot water consumption and, consequently, diminish
steam consumption for hot water pratan. As a result, the excess heat availability increased

and was used for the evaporation system.

Mateos et al(2010a, b)have performed an interaction study between the water and energy
system of a P&P mill. They applied the Water and Thermal Pinch Analyses in sequence and
showed that the implemetion of water reutilization projects had some synergistic effects on
total energy and steam consumption. In addition, it could change the Thermal Pinch Composite
Curves and reduce the minimum heating requirement (MHR); however the maximum cooling

requirenent (MCR)increased.

Alva-Argaez et al(2007)developed a technique, which is called combined energy and water
optimization (CEWO), to identify water and energy efficiency improgats based on the fresh
water reduction path with the highest energy savings response. CEWO evaluates first the energy

based water and energy targets of the base case and identified ineffiql@haesrgaez et al.,
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2008) Secondly, this technique employs the contaminant concentration versus flowrate of
(Dhole, 1998)to identify areas of opportunity for improving the water efficiency through
reuse/recycléAlva-Argaez and Savulescu, 2008)ot and warm water tanks have been analyzed

to reduce the saved water from the paths with the highest steam s@Mvey#\rgaez et al.,
2007)

Some studies have also been carried out using mathematical optimization to minimize the water
and energy consumption. Bagajewicz et @002) developed a twstep model: a linear
programming (LP) model was first solved to synthesize the water closure and then a mixed
integer linear programming (MILP) model was established for the construction ofta hea
exchanger network as well as stream mixing. Leewongtanawit and(2008) presented an
optimization algorithm considering multiontaminants based on the technique proposed by
(Savulescu et al.,, 2005a,.blpong et al.(2008) also developed multontaminant wasir-
allocation and a heat exchange network using mixed integelineam programming (MINLP)

to minimize the total annual cost. Feng et (@009) investigated a sequential mathematical
modeling to synthesize water allocation and heat exchanger networks. BoiX2€1al) also

solved an MILP model consisting of two steps to reduce the number afanterctions, water
consumption and heat exchangers. Chew e(28l13) presented an MINLP model to reduce
water consumption at brownstock washing of a P&P mill. The energy implication of this
reduction has also been assessed.

3.4.3 Water and energy in nontisothermal mixing points

As mentioned earlier, several studies have investigated the effect asatbermal mixing

(NIM) points (MateosEspejel, 2009; MateeSspejel et al., 2011c; Savulescu and ANgaez,

2008) Generally, these NIM points occur in process line that contains significant amount of
water and/or in wateproduction network. The negative effects of these direct steam injections
can be eliminated or reduced to save steam. Therefore, they should be included in water and

energy analysis technique.
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3.4.4 Water and energy in condensate recovery

Steam and condensatee good examples of the direct link between water and energy systems.
Mateos et al(2010d, 2011chave conducted a study about condensate recovery in a Kraft mill.
They found that the reutilization of the condensate could save up to 32 % of the current water
consumption aa steam plant and less than 1% of energy consumption. Sometimes, there is not
enough attention given to the condensate return. Thus, there is a need for good management of
the condensate return; the more condensate that returns to the boiler, the tags watkr is

required(Savulescu and Kim, 2008)

3.4.5 Synthesis of water and energy analyses

Similar to energy, th cost of fresh water resources, the quality and availability of it should be
considered in the total site analysis for ensuring sustainability aneeffestive operation
(Savulescu and Kim, 2008Besides, the existing configuration and utility infrastructure as
existing constraints have to be taken into account at the preliminary level to ensure thagrall desi
changes have positive contributions to the process savings and a reasonabdéf tnatle
investment costs. However, these parameters, to identify the water closure measures, have not
been considered in most of the studies. Many studies tried to rédueaergy without showing

the existing configuration for the hot and warm production network. Neglecting the existing
infrastructures may lead to a different hot and warm water production network than the current
one and impose unnecessary costs forhibet exchanger network. Ideally, the hot and warm
water should be produced at an even higher temperature than they are under the current
conditions. This can be done with the existing water network and its heat exchanger network by
only adjusting the flonate to and temperature for the heat exchangers and water tanks after a
reduction of the water requirement. In addition, to design the water network, all the waste
streams, including the stack gas of boilers, etc., should be considered to produce thee hot an

warm water, and not only the liquid effluents.

Many authors considered the cleanest to cleanest approach for filtrate reutilization and also
restricted the water reutilization at above or below the Water Pinch {Eiktalwagi et al.,
2003; Wan Alwi et al., 2011; Wan Alwi and Manan, 2008he cleanest filtrate may exist at the

beginning of the process and it cannot be reutilized at the next stage of the process. For example,
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in the process with several washedte filtrate from washer #1 might be cleaner than washer #3

in terms of contaminant concentration but due to respecting countercurrent flow it cannot be used
in washer #2. Besides, in a real process the acceptable contaminant concentration along the
process may change, thus the water pinch point should not be a barrier for filtrate reutilization

and countercurrent flow should be respected.

Most of these studies did not provide systematic guidelines for water mixing. The guidelines for
each process shloube specific to that process, for example, the ones that can be applicable for
P&P might not be applicable for the food industry due to the sensitive product of the latter. On
the contrary, the targeting aspect received a lot of attention from manyctesséEl-Halwagi

et al., 2003; Hallale, 2002Although having a good estimation bef doing the whole analysis
could give some insight, it is not, however, as important as a systematic and practical guideline

for water reutilization and mixing.

Most waterbased processes entail water not only in quantity and purity but also by temgerat
(Cortés et al., 2011; Feng et al., 2Q0B) terms of the temperature of the water supply for
different demands, the acceptable tempeeaof water and filtrate should be analyzed carefully
and not just considering the fixatipply temperatures as a limitation for filtrate reutilization and

hot or warm water usage. However, the main objective to incorporate the temperature curves in
wata analysis(Manan et al., 2009; Wan Alwi et al., 201as to supply water and filtrate at a
fixed temperature. Therefore, this resulted in purchasing other heat exchangerseatimg the

filtrate before reutilization, both of wtih are not efficient.

In most of these studies for reducing the water consumption in the process, the global process
energy implications of water closure have not been analykleed.implementation of water

saving measures may have serious effects erthrmal balance of the process. For example,

the steam consumption may be reduced, the cooling demand may be increased, and the effluent
temperature may risMateosEspejel, 2009; MateeBspejel et al., 2010a, .bThe default of

these approaches is that they do not consider water as a heat source, and this important element

of the thermal problem is often ignored.
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Many studies are also complex, time consuming, and involve unnecessary computations, such as
following different paths to reduce the water production in CE/M@a-Argaez and Savulescu,

2009) applying Water and Thermal Pinch Analyses in sequence that require constructing the
Thermal Pinch Curves tee (MateosEspejel et al., 2010a, b; MateBspejel et al., 2011cpr
constructing water purity versus flowrate and a water surplus dia@tatiale, 2002) Most of

the techniques applied to generic camvulescu et al., 2005B) and, in fact, they are suited

for small problems. However, the existing configuration, constraints for reutilization of filtrates
and other constraints regarding the operating conditions as well as the existing water production
network have not been wsidered. Mostly, the water network has been synthesized without

considering the interactions with the rest of the process.

The quality of data used is one of the major challenges for water analysis. The acceptable
temperature and contaminant concentragi should be accomplished by a systematic approach.
Each set of data should consider the characteristics of each type of process, for instance, the
acceptable contaminant concentration for the sinks of one Kraft mill cannot be used for another
mill becaug each mill has its own features. In this sense, systematic guidelines for extracting

the data for water analysis of a wabarsed process should be developed.

3.4.6 Water reutilization in Pulp & Paper

Generally, closing the water system in a P&P mill hasrsgéwa&vantages, such as reducing the
total fresh water and steam consumption, discharging less wastewater to the environment,

lowering the total amount of chemical consumption, and less fiber losses.

3.4.6.1 Application ofwaterenergy oriented process integratiomKraft P&P

The process areas with the greatest potential for fresh water reduction in a Kraft mill have been
identified in the bleach plant and the pulp/paper machiBegant et al., 1996)Several water
reutilization opportunities for P&P presses and in particular in the Kraft process have been
presented in the Simons Ltd monogrgphuirner et al.,, 2001)Nonclean condensate from the
surface condenser of the evaporation system could be replaced by all or part of the clean water
that is utilized at the brown stock washingtgyn. Another option for water reduction in washing

systems was to use the countercurrent flow to exploit the filtrate effectively, reduce clean water
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consumption, and increase the quantity of black liquor towards the recovery(Gbitav et al.,
2013; Turner et al., 2001)

Ideally, at the bleaching section, there should not be any water usage except for the last stage
washer nor any overflow from the filtrate tank except at the first and second stages (acidic and
alkaline effluent). Since most steam injection in the pulp is carried out in bleaching, the
reduction in water consumption leads also to a reduction in steam consumption. Thus, this is the
main motivation to reduce water consumption at the bleachingpse&imons Ltd monograph
proposed three major water recycling approaches at the bleaching section, direct countercurrent,
jump-stage countercurrent, and sgldw jump-stage countercurrent. In direct countercurrent
water was used in the final washer aiftlate from each stage was recycled to the preceding one
(D2 filtrate toE2 washe). In Jumpstage countercurrent, the filtrate of each stage was recycled
except the preceding stage, which was skipped (jumped) (D2 filtrate t@aBiie). Split-flow
jump-stage countercurrent was the combination between these two previous approaches (D2
filtrate to E2 and Dlvasher}¥ (Turner et al., 2001)Shukla et al(2012)also proposed a similar
approach to sphflow jump-stage countercurrent. They used water cascade analysis to reduce
water consumption and improve water efficiency at theadhing section. They analyzed
different parameters and found that adsorbable organic halides (AOX) are the critical limiting
constraint for the reutilization of filtrates at bleaching sequences. However, water saving could
be achieved by theeutilization of filtrate of each stage in the preceding stage or even in the
stage before the preceding qi$hukla et al., 2012)It is important to stress that sometimes this
strategy for water reutilizatiorequires neutralizing or using an antichlor, such as 8ore the
reutilization of bleaching firate. Other common water conservation projects in this department
were the use of filtrate at wire cleaning and pump standpipe dilution, and the reuse of machine
white water. In addition, the use of DO filtrate on the-lpleach washer has been receivingre

attention recentlyMateosEspejel et al., 2010b; Turner et al.02Q

Several opportunities for water reduction at the pulp/paper machine have been identified by
effective reutilization of white water. Another way to reduce water at this section was to reutilize
the vacuum seal water. The opportunities for water remucit the recovery loop can be
summarized as the reuse of rdaan condensate from evaporation, the reuse of alkaline liquor,

and vacuum pump seal watévlateosEspejel et al., 2010b; Mate&spejel et al.,, 2011a,;
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MateosEspejel et al., 2011c; Turner et al., 2Q0Ip reuse the nealean condensate of the
evaporation section, the odour problem should be taken into consideration as well. There is also
potential to recycle vacuum seal water to the vacuum pumps Ibéan proven by Houle at al.

that 64% of seal water can be recycled if the temperature does not ext@dWatkosEspejel

et al., 2010h)

The process integration techniques, which have been discuspeglious sectionshave ben

widely applied in the pulp and paper process to improve the water efficiency of both specific
departments of the mill, such as the deinking pldufos and Retsina, 200nd paper
machine(Jacob et al., 2002; Tripathi, 199&s well as the overall proce@ds-Halwagi et al.,

2003; Jacob et al2002; Mateofkspejel et al., 2010b; Mate@&spejel et al., 2011a; Mateos
Espejel et al., 2010d, 2011c)Mateos et al(2010a, b) applied sequentially the Water and
Thermal Pinch Analyses and saved 34% and 8.5% (14 MW) of water and steam, respectively.
The changes in the water netk also altered the thermal composite curves and reduced the
minimum heating requirement (MHR); however, they increased the minimum cooling
requirement (MCR). EHalwagi et al(2003)have applied water pinch (cumulative mass load of
contaminant versus cumulative flowrate) for a P&P mill and regardless of the constraints on a
real process lumped all of the sinks into four sinks with four levels of contaminant

concentrations.

3.5 Equipment Performance Analysis

The process integration techniques are commonly appiliadhe assumption that all equipment

and departments are workingfficiently, but this is not always the cas&herefore, the
benchmarking of existing equipment and departments can aid in identifying inefficiencies. The
benchmarking is a comparison with other similar equipment or processes so as to determine
inefficiencies from the stand point of water and energy consumflawmarri and Bédard, 2008)

For a reduction of water and energy requirements, the possibilities can be evaluated by means of
improving housekeeping, modifying operating conditions or improving process controls, or
through replacement of cemapieces of equipment by more efficient units. The number of
potential projects will be very broad for evaluatidfavarri and Bédard, 2008; Paris, 2000he

energy savings that can be accomplished by these appsoace in the range 0f1%% from
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opportunities identified using more conventional methods/projects, such as good housekeeping
(steam traps and leaks, boiler and furnace tuning, cleaning of fouled heat exchangers, etc.),
monitoring and targeting (M&T), &hprocess modifications. This number may vary due to
dependency on the attention that has been given to energy at the facility before these methods are
applied, and depending on other factors, such as the complexity of the process, and the fouling
potentid of the materials being handld€ETC, 2003) Similar to energy, water consumption

and effluent production also should be considered in total site anéBgisilescu and Kim,

2008) The payback period for different projects varies from as little as a few days, for some
good housekeeping@ects, to several years for some equipment replacement proyestarri

and Bédard, 2008)rhereforethe performance of individual equipment and departrsbotld

be included as a part of each energy efficiency enhancement and water management program.

Mateos et al(2007) conducted a study on evaporators using the dual representation method to
identify thermodynamic and technological problems. They found that steasuroption at
evaporation could be decreased by a reduction of heat loss. They also studied individually the
cogeneration of a pulp and paper mill to identify its inefficie(ldyateos-Espejel et al., 2009)

They found that the biomass boiler of the mill had low efficiency (43%) that was far below the
typical Canadian average of 65%. They proposed to replace the biomass boiler with a new one
(MateosEspejel et al., 2011cAla-Kaila and Poukka (2003) investigated the possibilities of
fractional filtrate configurations for the bleaching section. They proposed that the fractional
filtrate configurations could potentially increase washing efficiency or rigycling of
chemicals. Bryntesson et §002)explored the washing conditions in a chemical pulp mill and
analyzed the effect of a Compact Press washer on manufacturing costs, quality of product, and
environmental impact. They found that the Compact Press washer compared to other types of
washers has a higher displacement ratio, washing consistency, and less space for installation.
Castro and Doyl€2004) developed a dynamic model to be used as a diagnostic source of the
Kraft pulp mill control system. Janssq®009) investigated the performance of the control
system of the digester. Bhutani et @012) investigated the potential @nergy saving at the
pulp/paper machine. They proposed some measures for this reason: optimizing set points of the
control system of steam dryers, a reduction in process variations. They found -0 16f

steam consumption at the dryer of the paperham&ccan be saved by these measures. Afshar et
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al. (2012)also proposed further water removal prior to drying by analyzing the effects of vacuum
in the forming sections of paper machine. They found that 20% of steam can be saved by
reducing 5% of moisturi the sheet to dryer and also 1.34% of dryer steam consumption can be
diminished by eliminating over drying of the sheet. In the case of the steam plant, it has been
suggested to flash the boiler blowdown water in a flash tank to recover its clean &surpre

(LP) steam, and then this LP steam could be used in deaerators ocupnakader heaters
(NCDENR, 2004)

3.6 Energy Upgrading

Energy saving can be obtained by internal heat recovery. However, there are larges aiount
low quality heat available in process. This heat typically cannot be recovered by means of HEX
networks.The PItools to recover this heateheat pumpsTheyare installed to upgrade the low
potential heat at low temperature to high potential heat at high tempe(Baldatiari et al.,
2010a, b; Costa et al., 2009; Costa et al., 2004gre are two types of heat pusnwapor
recompression andbsorption Fig. 3-9). The vapor recompression heat pump (VRHP) consists
of a closed loop with a carrying fluid (refrigerant). This fluid recovers the low potential heat
(QE) from an evaporat (E) and transfers it to a condenser (Caguantity of QC. The heat
pump driving force is the compressahich is a pressure raising device (PRD) and is driven by
an electrical motor or turbinéBakhtiari et &, 2010a, b; Costa et al., 2009; Costa et al., 2004)
On the other hand, absorption heat pumps (AHP) are emerging as a potential alternative to this
mechanical deviceThe AHPs can upgrade low potential heat (QE) ftbmevaporator (E) by
employing theeffect of pressure Kig. 3-10) on an absorptiordesorption cycle to reach the
temperature lift from the heat source to the heat @alkhtiari et al., 2010a; Costa et &Q09;
Costa et al., 2004)n contrastto VRHP, they are thermally driven by heat (QGjHegenerator

(G) and can be operated with low electricity consumpiblateosEspejel, 2009) A two-
component solution is circulated in this schetoetransfer the heatin the low temperature
processessuch aghe Kraft process, the common solutions a©OH.iBr or H,O/NHs. The heat
(QA+QC) thatis releaed tothe condenser (C) and absorber (A) and used in heat sin&¢she
same pressure amemperatue (Fig. 3-10) (Bakhtiari et al., 2010a, b; Costa et al., 2009; Costa e
al., 2004) In addition, a combination of streams can be considered as the heat st or
sourcegBakhtiari et al., 2010Db)
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Fig. 3-9 - (a) vapor recompression heat pump (VRHP); (b) absorption heat pump (Beitiari et al., 2010a)

Fig. 3-10 - AHP representations in H20eLiBr phase diag(@akhtiari et al., 2010a)

Bakhtiari et al.(2010a, b)presented a new methodology ttve process integration of AHPSs.

They showed thaeven for a fullyoptimizedenergy and water mill, there is still a potential for
further utility savings. Several researchers showed how the composite curve diagrams can be
used to position AHPs in the process as illustratdgig. 3-11 (Bakhtiari et al., 2010a, b; Dhole

and Linnhoff, 1993; Maréchal and Kalitventzeff, 1997; Marinova et al., 200 low
temperature heat source to be upgraded must be below the pinch pbilg the high
temperature heat source and the heat sink must be abBe&litiari et al.(2010a)and Costa et

al. (2009; 2004)studied the potential of heat upgrading using AHPaiKraft mill. They
proposed to assess the potentialtferinstallation of AHP after deveping the heat exchanger
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network, because the heat pumps are typically more expensive than (BEksiari et al.,
2010b)

Fig. 3-11 - Appropriate positioning of an AHBakhtiari et al., 2010a)
3.7 Energy Conversion

Energy conversion ithe transformationof one type of energy into another of better quality or

that ismore usefu(MateosEspejel, 2009)One form of this transformation ke conversion of

steam into electricity by means of cogeneration so as to generate extra revenue. Cogeneration is a
combination of hat and power (CHPJMostajeran Goortani et al., 201(ulp & paperis
considered the largest industrial cogeneration capacity in Canada, however, there is still potential
for more power generation if the total steam consumption dees¢CIPEC, 2008; Matees

Espejel et al.2010d)

There are two types of steam turlgrntbat have been used for cogeneratiback pressure
turbine and condensing turbine. The back pressure turbine is used to deprebsuhizgh
pressure (HP) steam of the boiler and produce medium pressé®eaiM low pressure (LP)
steam forthe process and generate electricity. In the condensing turbine, steam is exhausted
undervacuum conditions to only generate electriqiijan et al., 2006; Moran and Shapiro,
2006) Steam isalsopartially condensed in the turbine and the remaisiiegmis condensed in
thecondense(Han et al., 2006)
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The back pressure turbine is installed when a boilerymesanorethan1.36 t/h of steam and the
difference betweethe pressure othe boiler steam outlet antthe distribution network is more
than 690 kP§US.DOE, 2012)

There are several studies that havenbdedicated tdhe proper installation of cogeneration.
Sarimveis et al(2003) developed a mixed integer linear programming (MILP) algorithm to
minimize the cst of cogeneration in P&P mill8hattacharyya & Hier(2005) assessed the
economic feasibility of cogeneration P&P mills and considexd the case ofelling electricity

to the grid.Marshman et al(2010) presented an optimization algorithm for this reason in P&P
mills and consideredelling power and various scenarios for purchasing the fuel for the boilers.
CakembergiMas et al.(2010) also proposed an MILP optimization model to quantify the
economic benefit of cogeneration & Kraft mill. The results showed that cogeneration
including a single bek-pressure turbinehas the shortest payback period (PBP) whereas the
installation of two turbines can result in more power generation, higher profig lander FBP.
Mostajeran Goortani et al. (2010) evaluated the technical feasibility of @geration
implementation ina Kraft mill. They found thesamePBP as Cakembergilas et al.(2010)
between 0.8.9 years. Tahouni etl. (2012) considered the possibility of a gas turbine and a
back pressure turbine to generate power and analyzed this CHP configusatigAspen Plus

software.

3.8 Trigeneration

Trigeneration is a combinatiasf cogeneration aha heat pumgFig. 3-12). The heat pump can
be either VRHP or AHP. In trigemation with AHP, the driving force of AHP is MP steam from
a MP back pressure turbirélernandezSantoyo and Sanch&ifuentes, 2003; Marinova et al.,
2007) This coupling has several advantagasch aseingenvironmentdy friendly because of
high stem saving by AHP and lower electricity consumption compghte VRHP, generating
more electricity using turbine, and supplying enough steam for the prfdessiova et al.,
2007;Meunier, 2002) Cortes & Riverg2010)performedan exergoeconomic study to optimize
this configuration and lower the operating soMarinova et al(2007)presented guidelines for
the implementation of a trigeneration unit &Kraft mill. They reported that trigeneration can

reduce the net heat demand of fitecess and supply electricity to the grid. Nevertheldgs, t
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investment required for this combination is high and should be examined carefully to decide

whether it is profitable or not.

Fig. 3-12 - Schemat ofthesteam turbine and AHPtrigeneration uni{Marinova et al., 2007)

3.9 Selling Steam tdhe LocalDistrict

There are several optiof@ usingthe excess stegrauch as electricity generation using turbines
and/orselling steam tthe localdistrict. Jonsson et a(2008)conducted a study ahe subjectof
selling steam tohe localdistrict from a Kraft mill. They showed thahis optionhighly depends
ontheprice of energy in thenarket andhetotal heat load. For example, if the total heat load to
a district is small, this scenario is always beneficial while if it is medium or large, the market
price of energy will indicate the optimal sale of heat. In addition, they showeththatenario

is always advantageous in g@mission reduction. Axelsson & Berntsg@®05)also evaluated
this potential and showed that selling the surplus hettetdocaldistrict is promisingrom an
economy point of lew, even with low energy pricesapil et al.(2012)also describ@ the most
important parameters for successlacal district heating from wasted ener@y a process.
Marinova et al(2008)conducted a feasibility study in district heating in a small town adjacent
to a Kraft pulp mill in Canada. They showed thessbility of this option even for the harshest
weather period othe year. Economic analysis also showed that district hedingalf of the

town can be economically attractive.



43

3.10Combination of Different Process Integration Techniques

Mateos et al(2010d, 2011cylevelopeda system interaction analyg(Big. 3-13) that consists of

six major stepsinternal heat recovery, water reutilization, elimination of-smthermal mixing
(NIM), condensate recovery, energy upgrading by heatpmugn and energy conversion by
turbine. They used different process integration tosigh as Thermal Pinch Analysis for
internal het recovery and energy upgrading and Water Pinch Analysis for water reutilization.
Thermal Pinch analysis has been perfainafter applying each step to evaluate the effect on
Pinch Curves and redesign the HEX network. This method requires plenty of effort to develop
the HEX network; however, many steps can be easily combined. Mateos(20dlc) also
presentedthe Unified methodology to propose guidelinésr implemening the identified
projects for a Caadian Kraft mill considering their technical and economic constraints.

Fig. 3-13 - System interaction analygisateosEspejel et al., 2010d)

3.11 Synthesis of the literature

The main incentives for energy and water savings edeation in manufacturing cosend
negative environmental impact&creasing power generation capg and creating extra

revenuefor the process. The main potential for improvement can be summarized as follows:

Providing a means to characterize and benchmark existing pessesas to determine

the areaof water and steam inefficieies



44

Providing a systematic technique to simultaneously analyze the water production and
utilization, filtrate reutilization, and related steam networks so as to reduce steam and
water consumption. It should also consider the constraintthefiystemand non
isothermalmixing inefficiency. The technique should provide a practical approach and
rules for filtrate reutilization.

Providing a systematic technique to diagnose the ineffi@emathin existing equipment

and departmenbf theprocess.

Providing a systematitechnique to redesign the existing HEX network (HEN) of a
waterbased process considering the constraietgsting HEN, and norAsothermal
mixing (NIM). This technique should provide practical ways to straightforwardly design
HEN.

Providing a methodologyo combine different Pl techniques so as to achieve the
maximum possible steam and water savibgggestreduction of effluent production and

CO, emissiors, andhighestnet profit withthe shortest payback period.

3.12 Specific Objectives

Based on theynthess of literature the specific objectives of this thesis #re following

To develop a benchmarking technique to idenpifgliminary potential water and steam
savingsand applythetechniqueon Kraft mills.

To develop a technique to simultaneously analywater and steam networks so as to
reduce steam and water consumptionrégesigimg the existing water production and
utilization and alsdiltrate reutilization networks and appilyetechnique on Kraft mills.

To develop a technique to analyze and dasg the existing equipment and departments
to enhance tir energy and water efficienand applythetechnique on Kraft mills.

To develop a technique to redestbe existing HEX retwork of a watebased process to
significantly improve the heat recovesystemand applythetechnique on Kraft mills.

To develop a methodology to combine different process integration techniques to
maximize the steam and water savings and also to propose a strategy for implementing
the identified projectand applythe methalology on Kraft mills.
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3.130verall Methodology Approach

The methodology consists ofivé steps Fig. 3-14). Utility system, characterization,
benchmarking and diagnosigre in chapter 4 of the thesis. Thermal energy darwater

managementand ecovery are included in chapters5-7. Chapter 8 presentsthe overall

' Data suppoN
(Simulatio

Utility system
characterizatio
benchmarking &
diagnosi

methodology

Thermal energy &
management & ree

Energy upgrading &
conversion

Implementation strate gy
posihenchmarking

Fig. 3-14 € Overall methodology

In theinner ring,the process simulation of three Canadian Kraft snilas beedeveloped irthe
CADSIM Plus platform These simulationgocus onsteam and water consumption and are used

to extract data for analyses aamidoincorporate the proposed modifications.

The second ring is associateth the characterization ohasting processsfrom the standpoint
of water and steam consumptions. The case studies are benchmarked against reference data and

also compared with each other.

The third ring is the core dahe methodology where the steam and water saving projects are

identified usingPl techniques that are developed and presented in chapiers
The fourth ring evaluates the possibility for heat pumpingaacmheneration system.

The outer ringprioritizes the identified projects tiiet