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RESUME 

L'industrie des pates et papiers (P&P) est depuis le debut du 20e siecle l'un des 

piliers de la societe canadienne. Etant donne la conjoncture hautement competitive a 

laquelle elle est confrontee, il est de plus en plus difficile, sur la seule base de 

l'amelioration des technologies manufacturieres, d'assurer son leadership tant sur les 

marches regionaux que globaux. Cette industrie mature doit done, afin de preserver sa 

valeur, developper ses competences a gerer la complexity des operations et des 

processus d'affaires a l'echelle de l'entreprise. La gestion de la chaine logistique 

(SCM), qui offre un potentiel d'amelioration significatif en P&P, est considered par 

plusieurs dirigeants comme une des solutions les plus prometteuses pour la survie de 

l'industrie. 

Toutefois, comparee aux industries discretes, elle a ete plutot tardive a 

reconnaitre et a adopter la SCM et done, peu de lignes directrices sont disponibles afin 

de l'aider dans l'application efficace des concepts relies. Pour de telles industries de 

commodite, l'integration des perspectives de l'usine et de Pentreprise est primordiale a 

la gestion efficace de la SC. Dans ce contexte, l'industrie des P&P beneficierait 

grandement du developpement d'outils qui lui permettrait de mieux representer les 

procedes dans les problemes de planification de la SC. Ce faisant, elle pourrait profiter 

de l'application d'une approche non conventionnelle de gestion de la SC axee sur les 

marges qui offre, specialement dans des environnements d'affaires competitifs, un 

potentiel d'amelioration de la rentabilite des operations de la SC. Compte tenu de la 

convergence des systemes d'information d'usine et d'entreprise et de la vaste quantite 

de donnees disponibles, les opportunites suivantes ont ete identifiees : 1) utiliser les 

donnees de procedes des PIMS1 afin de mieux caracteriser les conditions d'operation, 2) 

integrer les donnees de procede et de couts afin de relier les perspectives de production 

Systeme dc gestion de rinformation de procede. 
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et d'affaires a l'usine et 3) incorporer ces informations pertinentes, refletant le cycle 

manufacturier, dans les problemes de planification de la SC afin de soutenir la prise de 

decisions a haut niveau. 

L'objectif principal de ce projet etait de demontrer les benefices, pour une 

industrie de commodite telle que les P&P, d'une approche axee sur les marges qui 

incorpore la capacite de production dans les problemes de planification de la SC. Plus 

particulierement, l'etude visait a montrer la valeur d'incorporer la connaissance du 

precede pour la prise de decisions d'affaires 1) en utilisant une approche 

multidisciplinaire de modelisation des couts refletant l'impact des conditions 

d'operation, 2) en appliquant des outils avances d'aide a la decision pour la gestion du 

flux de fibre dans la SC en P&P et enfin, 3) en incorporant la flexibilite des operations 

a l'usine comme « outil » pour la gestion de la SC. Pour ce, il est faut souligner que le 

projet de recherche a ete effectue a partir d'une etude de cas definie en etroite 

collaboration avec un partenaire industriel. Celle-ci consiste aux cycles 

d'approvisionnement en fibre, de production et de distribution/demande d'une usine 

existante de pate commerciale a haut rendement. 

Afin de relever le defi que represente l'integration du cycle manufacrurier au 

sein de la SC en P&P, un cadre de planification a ete propose dans ces travaux. Celui-

ci, qui expose les exigences d'une approche ascendante de gestion de la SC, comporte 

trois phases importantes. 

Premierement, une approche de planification hierarchique « en ligne», qui 

s'adapte aux processus reels de prise de decisions en tenant compte des niveaux 

decisionnels et de la nature de ces processus, a ete developpee. Au niveau superieur, 

un modele de planification agregee de la capacite aide a determiner une strategic 

annuelle equilibree de gestion de 1'approvisionnement en fibre en fonction des 

previsions de l'offre de fibres et de la demande de pate. Au niveau inferieur, un modele 

de planification des campagnes de production et d'ordonnancement des commandes 
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aide a determiner, a plus court terme, le plan detaille d'approvisionnement, la sequence 

optimale des campagnes de production et la selection des commandes qui 

maximiseront la rentabilite des operations de la SC. Les resultats obtenus montrent que 

les heuristiques de gestion typiquement appliquees ne sont valables que pour des 

environnements d'affaires specifiques et que, dans ce contexte, des approches 

alternatives, basees sur l'utilisation d'outils d'aide a la decision, doivent etre 

considerees. 

Deuxiemement, une methode a ete proposee pour structurer et analyser les 

donnees cles de procede et developper un modele de couts ascendant fournissant des 

informations plus transparentes pour 1'evaluation des inducteurs de couts. Un cadre de 

modelisation axe sur les operations, qui met 1'emphase sur 1'analyse des liens entre 

l'utilisation des ressources, les activites dans le procede et les objets de couts (inspiree 

du ABC), ameliore la tracabilite des couts directs des operations manufacturieres en 

P&P. Les resultats obtenus montrent que, compare aux methodes traditionnelles 

devaluation des couts, l'approche proposee permet de mieux caracteriser la structure 

des couts manufacturiers de l'usine, en fonction des diverses conditions qui influencent 

l'utilisation des ressources dans le procede. 

Troisiemement, le potentiel d'amelioration de la rentabilite d'une approche de 

gestion de la SC axee sur les marges a ete demontre. Pour ce, deux strategies 

potentielles de gestion, elaborees en collaboration avec le partenaire industriel, ont ete 

considerees : la premiere vise a exploiter la flexibilite de la capacite de production afin 

de mieux aligner la production et la demande de pate et la seconde, a exploiter la 

flexibilite des operations (en fonction des ratios d'alimentation en copeaux) afin de 

soutenir des strategies d'approvisionnement en fibre plus efficaces. Compte tenu de 

l'importance des compromis entre les perspectives de production et de la SC, cette 

approche axee sur les marges a ete abordee en combinant les techniques de 

modelisation des couts et de planification de la SC presentees plus tot. Les resultats 

obtenus montrent que, contrairement aux pratiques de gestion «centrees sur la 
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production » et basees sur les recettes, l'utilisation pour la prise de decisions d'affaires 

d'information plus precise sur la production facilite l'application de strategies plus 

rentables visant a mieux exploiter la capacite des procedes dans le contexte de la SC. 

A la lumiere des travaux de recherche effectues, trois contributions principales 

ont ete identifiees : 

1. Un cadre de planification de la SC qui assure, grace a une approche analytique 

exploitant les donnees des PIMS dans un contexte d'affaires, la representation 

adequate du cycle manufacturier au sein de la SC et permet a l'industrie des P&P 

de beneficier d'une approche de gestion de la SC axee sur les marges ; 

2. Un outil d'aide a la decision pour la planification tactique et operationnelle en P&P, 

aidant les decideurs a mieux evaluer les compromis et a gerer les complexites liees 

a la coordination efficace du flux de fibres dans la SC selon l'environnement 

d'affaires ; 

3. Une approche de modelisation des couts axee sur les operations qui, en mettant 

l'emphase sur la perspective procede comme source de generation des couts dans 

les environnements continus de production, ameliore la caracterisation des couts 

directs en fonction des conditions d'operation dans les usines de P&P. 

Finalement, il est important de souligner que les benefices de 1'approche 

proposee ont ete demontres pour le cas d'un systeme industriel relativement simple. Or, 

pour des cas plus complexes, on peut s'attendre a ce que les opportunites 

d'amelioration de la rentabilite soient encore plus significatives. Enfrn, bien qu'elle 

reconnaisse la SCM comme une avenue importante a exploiter, l'industrie papetiere se 

doit d'etre plus agressive vis-a-vis le developpement de ses competences a gerer la 

complexite de la SC. Outre Famelioration de la rentabilite des operations, 

F implantation d'une capacite unique de SCM, intimement liee aux aspects 

organisationnels et strategiques de Fentreprise, peut creer un avantage concurrentiel 

important et difficilement imitable. 
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ABSTRACT 

The pulp and paper (P&P) industry has been one of the pillars of Canadian 

society since the beginning of the 20th century. Given the highly competitive business 

environment, it is increasingly challenging for this industry to compete based solely on 

the improvement of manufacturing technologies, in both regional and global markets. 

In order to preserve its value, this mature industry sector must develop its capability to 

manage the complexity of operations and business processes across the enterprise. 

Supply chain management (SCM), which offers a significant potential for improvement 

for the P&P industry, is considered by many executives as one of the most promising 

solutions for the survival of the industry. 

Compared to discrete manufacturing, P&P companies have been rather late to 

recognize and adopt SCM and hence, few guidelines are available to assist them in the 

effective implementation of these concepts. For such a commodity-based industry, the 

integration of the mill and enterprise perspectives is critical to ensure the effective 

management of the SC. In this context, the P&P industry would greatly benefit from 

the development of tools that would improve the representation of its production 

processes in SC planning problems. By doing so, it could benefit from the application 

of a non-conventional margin-centric SCM approach that offers, especially in 

competitive business environments, a significant potential for improving the 

profitability of the SC operations. Given the convergence of information systems at the 

mill and enterprise levels, as well as the vast amount of data available, the following 

opportunities have been identified: 1) use lower-level process data, from the PIMS2 at 

the mill, to better characterize the operating conditions, 2) integrate process and cost 

data in order to link the production and business perspectives at the mill and 3) 

Process information management system. 
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incorporate this relevant information, reflecting the manufacturing cycle, in SC 

planning problems to support higher-level decision making. 

The main objective of this project was to demonstrate the benefits, for a 

commodity-product industry such as P&P, of a margin-centric approach that 

incorporates production capability in SC planning problems. More specifically, this 

study aimed to show the value of incorporating process knowledge for SC decision 

making by 1) using a multidisciplinary cost modeling approach reflecting the impact on 

cost of the process conditions at the mill, 2) applying advanced decision support tools 

to better manage the fibre SC in P&P and finally, 3) incorporating the manufacturing 

flexibility at the mill as a "tool" for managing the SC. To this end, the research project 

was carried out using a case study defined in close collaboration with an industrial 

partner. The case study consists of the fibre procurement, production and 

distribution/demand cycles of an existing high-yield market pulp mill. 

To address the challenge of integrating the manufacturing cycle within the SC 

in P&P, a planning framework was proposed in this work. This framework outlines the 

requirements of a bottom-up SCM approach in three significant phases. 

First, a multi-scale on-line planning approach, which fits the actual decision

making processes by taking into account their dynamic nature and the decision levels, 

was developed. At the higher level, an aggregate capacity planning model helps to find, 

given the available forecasts, the optimal balance between fibre supply and demand 

throughout the year. At the lower level, a campaign planning and order scheduling 

model helps to maximize short-term profitability given the SC capability and supply 

and demand orders. The results obtained show that the common heuristics typically 

used are only valid for specific business environments and that, in this context, 

alternative approaches based on the use of decision-support tools should be considered. 

Second, a method has been proposed to structure and analyze key process and 

cost data and to develop a bottom-up cost model providing more transparent 
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information for the evaluation of cost drivers. An operations-driven cost model, which 

emphasizes the analysis of the links between resources, process activities and cost 

objects (ABC-like), improves the traceability of the direct manufacturing costs in P&P. 

The results obtained show that, compared to traditional cost accounting methods used 

at the mill, the proposed approach allows for better characterization of the cost 

structure of the mill, based on various process conditions that affect the use of 

resources. 

Thirdly, the potential benefits of a margin-centric approach have been 

demonstrated. For this, two management strategies, elaborated in collaboration with the 

industrial partner, were considered: the first consists of varying the production capacity 

at the mill in order to reach a more profitable alignment between production and 

demand, and the second consists of exploiting the manufacturing flexibility at the mill 

(based on chips input ratios) in order to support more effective fibre supply 

procurement. Given the importance of the trade-offs between the mill and the SC 

performances, these margin-centric approaches have been addressed by combining the 

cost modeling and SC planning techniques discussed earlier. The results obtained show 

that, contrary to production-centric and recipe-based management practices, a better 

representation of the mill's operations at the SC level facilitates the implementation of 

more profitable strategies that better exploit the process capability in the context of the 

SC. 

Based on the research work carried out, three main contributions have been 

identified: 

1. A SC planning framework that ensures, through an analytical approach to 

exploiting the lower-level process data in a business context, the adequate 

representation of the manufacturing cycle within the SC and allows the P&P 

industry to benefit from a margin-centric SCM approach; 
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2. A SC decision support tool for the tactical and operational planning in P&P, 

helping decision makers to better evaluate the trade-offs and manage the 

complexity related to the effective coordination of the fibre SC, according to the 

business environment; 

3. An operations-driven cost modeling approach that, given its emphasis on the 

process perspective as a source of costs in continuous manufacturing environments, 

improves the characterization of direct costs as a function of the operating 

conditions in P&P mills. 

Finally, it is important to highlight that the benefits of the proposed approach 

were demonstrated for the case of a relatively simple industrial system (i.e. single 

factory, simple manufacturing process, a small number of grades, etc.). For more 

complex situations (e.g. several grades, several factories, specialty products), we can 

expect that the opportunities for improving the SC profitability will be even more 

significant. Finally, although it recognizes that SCM as an important avenue to exploit, 

the P&P industry must be more aggressive towards the development of its ability to 

manage the SC complexity. In addition to improving its overall profitability, the 

implementation of a unique SCM capability, closely linked to the organizational and 

strategic aspects of the company, can create a significant competitive advantage which 

is difficult to replicate. 
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CH APITRE 1: INTRODUCTION 

« Engineering is not merely knowing and being knowledgeable, like a walking 

encyclopedia; engineering is not merely analysis; engineering is not merely the 

possession of the capacity to get elegant solutions to non-existent engineering 

problems; engineering is practicing the art of the organized forcing of technological 

change... Engineers operate at the interface between science and society... » 

Dean Gordon S. Brown, Professeur de Genie Electrique - MIT (1907-1996) 

1.1 Contexte 

Au Canada, la foret s'etend sur pres de la moitie territoire et constitue une 

veritable richesse naturelle presque entierement de propriete publique et done, 

reglementee par les gouvernements. L'industrie forestiere est depuis le debut du 20e 

siecle l'un des piliers de la societe canadienne. En fait, selon le Gouvernement du 

Canada [1] et 1'Association des Produits Forestiers du Canada [2], cette industrie 

fournit a elle seule approximativement 900 000 emplois directs et indirects soit 

quelques 5.3% du total canadien. Elle soutient les economies locales de quelques 300 

communautes ou, dans de nombreux cas, elle est la seule grande industrie presente. Elle 

participe aussi a 2.9% du produit interieur brut et genere, avec pres de 31.9 milliards de 

dollars, la plus grande contribution a la balance commerciale nette du Canada. En plus, 

avec 16% des echanges internationaux totaux, le Canada est le premier exportateur de 

produits forestiers au monde. En terme de foresterie durable, cette industrie a su aussi 

demontrer son leadership mondial; 40% des forets certifiees dans le monde sont 

canadiennes et ce, bien que le couvert forestier canadien ne represente que 10% du total 

des forets de la planete. Etant donne les enjeux importants lies a 1'exploitation de cette 

ressource naturelle, tant des points de vue economique que social et environnemental, 

la performance de ce secteur industriel est un enjeu important pour le Canada. 
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En ce debut de 21e siecle, l'industrie canadienne des pates et papiers (P&P) traverse 

une periode qui, etant donnee la conjoncture de plusieurs facteurs defavorables, est 

considered par plusieurs comment etant la « tempete parfaite ». Ces facteurs consistent 

notamment en l'affaiblissement de la demande nord-americaine des produits P&P, les 

difficultes d'approvisionnement en fibre de bois bon marche (surtout dans l'Est 

Canadien), 1'augmentation des couts energetiques, le recul relatif de la performance des 

operations manufacturieres sur une base mondiale, la surcapacite recurrente et le 

manque de discipline en terme de gestion de l'offre de produits sur le marche, le conflit 

canado-americain sur le bois d'oeuvre, l'appreciation de la devise canadienne par 

rapport au dollar americain et enfin, la mauvaise perception de l'industrie par les 

marches boursiers [3-6]. Puisque basee principalement sur la vente de produits de 

commodite dans un marche mature, l'industrie des P&P n'est pas en mesure de refiler, 

a tout le moins, une partie de cette augmentation des couts a ses clients et ultimement, 

aux consommateurs. En fait, les prix des produits P&P sont largement determines par 

les couts marginaux des producteurs ce qui, considerant le contexte global, cree un 

environnement propice aux producteurs a bas couts pour s'attaquer aux marches nord-

americains [7] . 

Afin d'ameliorer leur performance economique, les compagnies papetieres ont 

investi de nombreux efforts dans la restructuration et ce, tant au niveau des operations 

que pour les investissements et les aspects financiers. II est neanmoins extremement 

difficile pour celles-ci de fournir un rendement minimum sur les investissements 

pouvant assurer leur survie. Dans un tel environnement d'affaires, d'importants defis 

devront etre releves afin d'assurer le retour vers une meilleure sante financiere. Puisque 

peu de fonds sont typiquement disponibles pour des projets d'investissements, 

l'industrie met l'emphase sur l'analyse systematique de ses activites (procedes 

manufacturiers et processus) avec pour objectif d'agir sur les sources de revenus et de 

couts. Aux usines, cela implique revaluation et la comparaison des performances 
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(« benchmarking »), 1'amelioration de l'efficacite des operations, la restructuration des 

processus d'affaires et l'adoption d'une structure de couts leur permettant non 

seulement de rester rentable mais surtout, d'attirer les investissements a long terme 

necessaires a leur survie et competitivite future. 

Etant donne 1'importance grandissante de la competitivite des couts tout au long 

de la chaine logistique (SC), les hauts dirigeants en P&P reconnaissent d'emblee la 

gestion de la SC (SCM) comme etant l'une des principals priorites a aborder [8]. Vu la 

complexity du systeme a considerer, qui incorpore 1'ensemble des unites d'affaires et 

des flux (information, matiere et argent) necessaires afin de se procurer les matieres 

premieres, de produire la pate et le papier et de livrer les produits finaux aux clients, la 

gestion de la SC ne peut clairement pas etre livree au hasard. L'application des 

concepts de SCM, visant la creation de valeur par la conception, la coordination et la 

gestion des unites d'affaires et des flux, permet de reduire de facon significative les 

couts et les inventaires et de saisir le potentiel des synergies liees a 1'integration et a la 

gestion intra- et inter-compagnies. Etant donne la maturite de l'industrie des P&P, ces 

approches offrent un reel potentiel d'amelioration et constituent une des solutions les 

plus prometteuses afin de preserver la competitivite tant sur les marches local que 

global. 

1.2 Problematique 

Afin deTealiser ce potentiel de gestion de la chaine logistique, l'industrie des 

P&P doit se questionner sur la pertinence de son approche de gestion basee 

essentiellement sur 1'utilisation maximale de la capacite des usines et aussi, ameliorer 

la coordination de ses unites d'affaires, typiquement gerees en « silo », le long de la 

SC. L'integration de l'information et l'utilisation d'outils d'aide a la decision, a 

differents niveaux decisionnels, permettrait d'ameliorer la rentabilite globale de la SC 

grace a une meilleure gestion des compromis complexes tels que l'efficacite du cycle 
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manufacturier versus Fefficacite d'approvisionnement et la demande profitable. Qui 

plus est, puisqu'elle est difficile a repliquer, l'elaboration d'une strategie unique de 

gestion de la SC, impliquant le developpement de competences et d'outils avances, 

constirue une source importante d'avantage competitif. 

Ayant ete majoritairement developpes dans le contexte des industries discretes, 

1'implantation de ces outils de gestion comporte, dans l'industrie des precedes, de 

nombreux defis. C'est le cas de Findustrie des P&P qui, etant donne les particularites 

de ses operations manufacturieres, a re9u peu d'indications pouvant 1'aider dans 

l'application des concepts de SCM. Etant donne le role cle joue par le cycle 

manufacturier dans la SC des industries de precedes continus, l'elaboration 

d'approches SCM doit etre appuyee par la connaissance des enjeux lies aux precedes 

de production. Pour ce, la recherche en ingenierie des systemes de precedes (PSE) et en 

integration des precedes (IP) vise a, entre autres, a aider l'industrie des precedes a 

mieux aborder la planification des operations manufacturieres dans le contexte de la 

SC. 

Pour les grandes industries de precedes axees sur les marges, Fintegration 

efficace des precedes d'operations et des processus d'affaires est primordiale afin de 

pleinement realiser 1'optimisation de la SC. En P&P, les technologies de Finformation 

(IT) ont rendu disponible une vaste quantite de donnees, aux usines et au corporatif, a 

partir desquelles il est possible d'extraire des informations caracterisant a la fois ces 

precedes manufacturiers et ces processus d'affaires. Toutefois, les donnees de 

precedes ne sont pas bien exploiters pour la prise de decisions reliee a la SC; les 

decisions d'affaires a haut niveau ne sont basees que sur des informations agregees de 

production. Compte tenu de la convergence des systemes d'information d'usine et 
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d'entreprise, il y a une opportunity 1) d'utiliser les donnees de precedes des PIMS3 afin 

de mieux caracteriser les conditions d'operation, 2) d'integrer les donnees de procede et 

de couts afin de relier les perspectives de production et d'affaires a l'usine et, 3) 

d'incorporer ces informations pertinentes, refletant le cycle manufacturier, dans les 

problemes de planification de la SC afin de soutenir la prise de decisions a haut niveau. 

Contrairement aux pratiques de gestion axees sur l'utilisation de la capacite de 

production, ces approches permettraient de mieux exploiter les compromis entre les 

cycles de la SC ce qui, dans la situation actuelle, est un aspect critique afin d'assurer la 

rentabilite des operations. 

1.3 Court sommaire des objectifs 

L'objectif principal de ce projet est de demontrer les benefices, pour une 

industrie de commodate telle que les P&P, d'une approche axee sur les marges qui 

incorpore la capacite de production dans les problemes de planification de la SC. Plus 

particulierement, l'etude montre la valeur d'incorporer la connaissance du procede pour 

la prise de decisions d'affaires 1) en utilisant une approche multidisciplinaire de 

modelisation des couts visant a mieux refleter l'impact des conditions d'operation, 2) 

en appliquant des outils avances d'aide a la decision pour la gestion du flux de fibre 

dans la SC en P&P et enfin, 3) en incorporant la flexibilite des operations a l'usine 

comme « outil » pour la gestion de la SC. 

Le projet de recherche decrit dans cette these a ete effectue a partir d'une etude 

de cas definie en etroite collaboration avec un partenaire industriel. Celle-ci consiste 

aux cycles d'approvisionnement en fibre, de production et de distribution/demande 

d'une usine existante de pate commerciale a haut rendement. Les objectifs specifiques 

Systcme de gestion de l'information de procede 
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etablis avec les gestionnaires principaux de l'usine et de la SC consistaient a analyser et 

comprendre la structure des couts de l'usine et a fournir la visibilite requise pour la 

gestion optimale de la fibre, le long de la chaine logistique. 

1.4 Programme de recherche de la Chaire en Genie de Conception 

Environnementale 

Ce projet a ete realise dans le cadre du programme en integration des procedes 

pour l'industrie papetiere de la Chaire CRSNG en genie de conception 

environnementale de l'Ecole Polytechnique de Montreal. Au cours de son premier 

mandat, qui a debute en 2000, la Chaire visait a acquerir une solide competence dans 

les principes fondamentaux d'un large eventail de technologies d'integration des 

procedes critiques pour la competitivite a long terme de l'industrie des P&P. Plusieurs 

domaines de recherche ont ete abordes par le groupe dont la dynamique des procedes, 

le traitement de 1'information, l'energie et 1'environnement et la modelisation 

d'entreprise. La presente these appartient essentiellement au dernier de ces volets dont 

l'objectif principal consistait a developper des techniques de prise de decisions basees 

sur la connaissance des procedes manufacturiers, pour la resolution de problematiques 

particulieres a l'industrie des P&P (et ce, tant dans le contexte de gestion des 

operations que pour la conception des procedes). 

1.5 Collaborations 

Un des defis de la recherche en conception, et done de ce projet, consiste en la 

necessite d'adopter une approche multidisciplinaire et a l'integration de plusieurs outils 

aim de repondre a une problematique industrielle specifique. Consequemment, il est 

necessaire de souligner les collaborations qui ont permis de mener a bien ce projet de 

recherche. Chacun des collaborateurs introduits ci-dessous a ete co-auteur d'un ou de 

plusieurs des articles relies a cette these. 
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Tout d'abord, Faeces au contexte P&P (contacts, usine, donnees, etc.) ainsi que 

la realisation de l'etude de cas ont ete possible grace au support de la compagnie 

Tembec Inc. Plus particulierement, les aspects strategiques ainsi que la problematique 

reelle, qui ont fortement inspires ce projet de recherche, ont ete etablis avec l'appui de 

Jason Linkewich, VP Strategic d'approvisionnent de la fibre. II est aussi important de 

mentionner la participation de Steve Raymond en tant qu'expert lie au procede 

manufacturier de l'usine etudiee. Enfin, tout au long du projet, plusieurs intervenants 

ont ete consultes afin d'assurer la pertinence pratique de l'approche elaboree, du point 

de vue P&P. Parmi ceux-ci, il est necessaire de souligner la participation de Kevin 

Riemer qui a non seulement contribue en tant qu'expert en P&P mais aussi, dans 

plusieurs autres volets de l'etude. 

Au niveau des technologies, l'approche de modelisation des couts a ete 

developpee avec le soutien de 3C Software Inc. et, plus specifiquement, grace a la 

participation de Paul Naliwajka, expert en implantation de systemes de gestion des 

couts. Aussi, la collaboration effectuee avec Sebastien Lafourcade, de Pepite Inc., a 

permis d'obtenir le support necessaire a l'application des techniques de fouille de 

donnees et aussi, de beneficier de conseils pour 1'analyse des donnees de procedes dans 

les usines papetieres. 

De facon generate, le developpement de l'approche ascendante de modelisation 

pour le support a la prise de decisions a ete fait en etroite collaboration avec Matty 

Janssen (Doctorat, Ecole Polytechnique de Montreal, 2007). Tandis que les travaux de 

la presente these mettent l'emphase sur les operations et leur gestion, le projet de 

recherche de Matty portait d'avantage sur la conception des procedes. Entre autres, il a 

demontre le potentiel d'application de l'approche sophistiquee de modelisation des 

couts pour l'analyse de la rentabilite de grands projets d'investissements, en retro-

installation, dans les usines papetieres [9]. 
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Enfm, tous les travaux presentes dans cette these ont ete executes sous la 

supervision du Professeur Paul Stuart, a l'Ecole Polytechnique de Montreal. De plus, 

les articles IV, V, VI, qui portent sur le developpement du modele de planification de la 

SC, resultent d'une collaboration avec le « Centre for Process Systems Engineering » a 

Imperial College London, sous la co-supervision des Professeurs Stratos Pistikopoulos 

and Nilay Shah. 

1.6 Plan general de la these 

La suite de cette these contient cinq chapitres qui sont structures de la facon 

suivante. Tout d'abord, une revue des concepts et des travaux de recherche pertinents 

dans le cadre de cette recherche est exposee au Chapitre 2. Ensuite, le Chapitre 3 decrit 

les objectifs principaux et les diverses etapes du projet et aussi, fournit plus de details 

quant a l'etude de cas considered. Le Chapitre 4 presente une synthese des travaux 

effectues et des principaux resultats correspondants aux articles fournis en annexe de 

cette these. Les implications et limitations de l'approche globale elaboree sont 

discutees au Chapitre 5. Enfin, le Chapitre 6 souligne les conclusions importantes et 

contributions principales et, suggere quelques recommandations pour la poursuite de 

travaux futurs. 
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CHAPITRE 2: REVUE DE LITTERATURE 

« Nous sommes comme des nainsjuches sur des epaules de giants, de telle sorte que 

nous puissions voir plus de choses et deplus eloignees que n 'en voyaient ces derniers. 

Et cela, non point parce que notre vue serait puissante ou notre taille avantageuse, 

mais parce que nous sommes portes et exhausses par la haute stature des giants. » 

Bernard de Chartres, Philosophe (XIIC siecle) 

Ce chapitre fournit une revue des travaux pertinents et des perspectives cles mis 

de l'avant par divers auteurs et a partir desquels diverses opportunites de recherche ont 

ete identifiees. La Figure 2.1 presente les differents sujets de recherche abordes dans 

chaque section et indique les principaux liens entre celle-ci. 

C CONCEPTS DE GESTION DE LA CHAJNE LOGISTIQUE 

Importance du cycle 
manufacturier 

Representation des 
precedes basee sur les 

donnees 

APPLICATION DE LA GESTION 
DE LA CHAINE LOGISTIQUE EN P&P 

c INTEGRATION DES PROCEDES DANS LES PROBLEMES 

Section 2.3 DE GESTION DE LA CHAINE LOGISTIQUE 

c Section 2.4 

PROBLEMES DE PURIFICATION 

ET D'ORDONNANCEMENT 

ROLE 
L^ Section 2.5 

L^ Section 2.6 

MODELISATION DES COUTS DANS LES 
ENVIRONNEMENTS CONTINUS DE PRODUCTION 

DES TECHNOLOGIES DE L INFORMATION 

Potentiel de gestion de la 
complexity en P&P 

Integration des niveaux de 
I'usine et de I'entreprise 

Integration des perspectives 
de production et d'affaires a 
I'usine 

Figure 2.1 : Plan de la revue de litterature 
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2.1 Concepts de gestion de la chaine logistique 

2.1.1 Definition de la chaine logistique 

Etant donne l'interet relativement recent vis-a-vis les concepts de chaine 

logistique, aucune definition precise ne semble faire consensus jusqu'a present. 

Neanmoins, plusieurs auteurs, academiciens et praticiens, ont propose leur definition de 

la chaine logistique [10-16]. A titre d'exemple, le Dictionnaire APICS [17] decrit la 

chaine logistique comme : 

« un reseau global, des matieres premieres jusqu'au client ultime, constitue de 

flux structures d 'information, de distribution physique et d'argent et utilise 

pour la livraison d'unproduit ou service)/. 

Dans tous les cas, il faut souligner certains elements cles inclus dans ces definitions : 

• L'integration des activites et unites d'affaires, des flux d'information, d'argent et de 

matieres; 

• La complexity du reseau; 

• La perspective cycle de vie; 

• La livraison d'un bien ou service a un client ultime. 

Traduction libre. 
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La definition de la Chaine Logistique (SO adoptee dans le cadre de cette these est: 

Un systeme constitue de diverses activites et unites d'affaires, connectees en 

reseau par des flux de matieres, d'energie. d'information et d'argent. et 

permettant rapprovisionnement en matieres premieres, la production et la 

livraison d'un bien aux clients. 

La Figure 2.2 montre une representation conceptuelle d'une SC incorporant les 

cycles d'approvisionnement, de production, de distribution et de demande, ainsi que les 

flux essentiels au bon fonctionnement de celle-ci. L'envergure des chaines logistiques 

considerees varie considerablement selon les etudes [13, 18]. Aussi, on distingue 

typiquement deux grandes perspectives : 1) une approche centralisee sur l'entreprise 

(intra-compagnie) et 2) une approche considerant la chaine logistique etendue (inter-

compagnies) [18, 19]. Dans tous les cas, la SC comprend, a son plus haut niveau 

d'abstraction, deux processus holistiques principaux: la planification de la production 

et le controle des inventaires et, la distribution et les processus logistiques [20, 21]. 

Bien que ces deux dimensions doivent etre integrees efficacement afin d'atteindre les 

objectifs de performance globaux, les travaux presentes dans cette these mettent 

essentiellement l'emphase sur la premiere dimension. Comme nous le verrons pour 

Pindustrie des procedes, etant donne le role critique du cycle manufacturier (production 

a grande echelle, larges capitaux investis), les enjeux specifiques lies a la planification 

de la production et des inventaires constituent des defis importants pour la gestion de la 

SC. 
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Figure 2.2 : La chaine logistique 

2.1.2 Definition de la gestion de la chaine logistique 

Bien qu'il soit possible de retracer les fondements de la gestion de la chaine 

logistique dans les annees 60, le terme lui-meme fut introduit pour la premiere fois par 

des consultants dans les annees 80 [13, 18, 22]. Ce n'est qu'un peu plus tard, dans les 

annees 90, que la gestion de la chaine logistique a veritablement suscite Pinteret des 

chercheurs et gestionnaires d'entreprises et ce, du principalement a 1'augmentation de 

la competition regionale et internationale, a la diminution du nombre de compagnies 

integrees verticalement5 et a la conscientisation au fait que 1'optimisation locale des 

activites se fait le plus souvent au detriment de la performance globale de la SC [23]. 

Depuis, on a pu observer un veritable essor du developpement de ces concepts et de 

Le terme «integration verticale » rcfcre ici au fait que plusieurs unites d'affaires de la SC sont sous le controle d'une meme 
compagnie. 
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l'application reussie de ceux-ci par des compagnies telles que Wal-Mart, Procter & 

Gamble, Caterpillar, IBM, Dow Chemical et Hewlett-Packard [10, 23-25]. 

La definition de la Gestion de la Chaine Logistique (SCM) adoptee dans le 

cadre de cette these resume les aspects cles soulignes par divers auteurs [10, 11, 13, 18, 

26]: 

La conception, coordination et gestion integree des flux et des unites d'affaires 

de la chaine logistique afin de satisfaire la clientele visee. maximiser la 

rentabilite et creerun avantage competitif durable. 

Essentiellement, elle consiste en une approche holistique visant un objectif 

commun et ou la SC, constitute de sous-systemes integres, est considered comme une 

entite a part entiere possedant ses concepts specifiques de gestion [13, 27]. Le succes 

d'une SC est done mesure non pas sur la base du succes individuel des partenaires mais 

plutot de facon globale [12, 20]. Comparee a une approche plus traditionnelle de 

gestion, la gestion de la chaine logistique met l'emphase sur des elements tels que le 

partage d'information entre les unites d'affaires dans la SC, la reactivite des operations, 

la planification et la coordinations des operations a l'echelle de la SC, la minimisation 

du cout global des operations et le partage des risques et benefices [28]. 

Du point de vue de 1'implantation des concepts de SCM, il est essentiel de 

faire la distinction entre la gestion physique et technique et la gestion des relations et 

des comportements [22, 29]. Bien que la gestion physique et technique inclus les 

elements les plus tangibles (e.g. les methodes de planification, les flux et operations, la 

structure organisationnelle, etc.), le succes de l'application des concepts de SCM est 

fortement influence par des aspects humains tels que la resistance aux changements et 

les relations et comportements des individus. Etant donne la nature dynamique et 

fragile de ces relations, il peut etre tres difficile de developper et de maintenir les liens 
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entre les partenaires de la chaine logistique [14]. Toute initiative de SCM doit done etre 

fondee sur la comprehension de ces aspects et de leur interdependance [22]. Ceci etant 

mentionne, les travaux de cette these visent a 1'amelioration de la gestion physique et 

technique et, par consequent, les aspects relies a la gestion des relations et 

comportement, bien qu'importants, ne seront pas discutes davantage. 

2.1.3 Cadre decisionnel de la chaine logistique 

Etant donne la complexity des SC, leur gestion integree peut etre une source 

importante d'avantages concurrentiels qui ne peut pas etre facilement repliques [14]. 

Afin de developper cette habilete (i.e. gerer la complexite), chacun des elements du 

cadre decisionnel presente a la Figure 2.3 [12] doit etre systematiquement aborde. 

La combinaison adequate de la structure de la SC et des inducteurs cles, soit 

Finformation, le transport, les inventaires et les installations, permet de creer une 

capacite unique de gestion. Celle-ci determine un equilibre entre les performances 

d'efficacite (i.e. couts) et de reactivite (i.e. service aux clients)6. Aussi, il est done 

primordial d'assurer la consistance entre la strategie de SCM adoptee et la strategic 

concurrentielle ciblee [30]. Cet alignement strategique assure que Fensemble des 

efforts deployes tout au long de la chaine soient orientes vers un meme objectif et 

repondent aux besoins de la clientele visee [12, 23]. 

Par exemplc, beaucoup de compagnies papctieres nord-americaines visent a rcduire leur base de couts afin d'assurcr leur 
competitivite sur une base globale. Consequemment, elles cherchent a optimiser leur SC afin d'en ameliorcr I'cfficacite globale et 
cela implique, par excmple, d'identifier quel grade est le plus rentable etant donne diverses conditions specifiques tel que les couts 
de la fibre de bois, de production, de transport et les prix de ventc pour differents clients. Le secteur de l'cmballage est un bon 
exemple d'entreprises qui sont plus preoccupecs par la reactivite de la SC. Dans ce cas, la strategie de SC met davantage l'accent 
sur le service a la clientele et done, en general, des services sur mesure sont offcrts afin d'offrir une valeur supcrieure pour les 
clients ou meme, l'utilisateur final. 
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Figure 2.3 : Cadre decisionnel de la chaine logistique 

Dans la presente etude, trois elements du cadre decisionnel sont 

particulierement abordes : le developpement de methodes et d'outils analytiques 

permettant une meilleure utilisation des donnees d'usine («information»), la 

representation du cycle manufacturier au sein des problemes de gestion de la SC 

(« facility ») et la maximisation de la rentabilite des operations de la SC en P&P 

(« effectiveness))). 

2.1.4 Niveaux decisionnels 

Dependamment de l'horizon de temps considere et de l'importance des 

decisions a prendre, on differencie trois niveaux decisionnels : les niveaux strategique, 

tactique et operationnel [10, 12, 16]. Comme on peut le voir au Tableau 2.1, les 

decisions strategiques fixent des contraintes pour les decisions tactiques qui, a leur tour, 

definissent des contraintes a considerer au niveau operationnel. Chacun de ces niveaux 

decisionnels a un impact significatif sur la rentabilite globale et le succes de la SC. 
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Tableau 2.1 : Niveaux decisionnels considered par la gestion de la chaine logistique 

(adapte de Stadtler & Kilger [10] et Chopra & Meindl [12]) 

Niveau 
Decisionnol 

Strategique 

Tactique 

Operationnel 

Horizon dc 
Temps 

Long terme 

(-plusieurs 
annees) 

Moyen 
terme 

(~6 a 24 
mois) 

Court terme 

(-jours, 
semaines) 

Description 

- Conception de la structure de la chaine logistique 

- Previsions requises a long-terme 

- Exemples: localisation et capacite des usines, choix d'un 
progiciel de gestion integre (ERP)7, etc. 

- Structure fixee (au niveau strategique) de la SC et 
consideree comme une contrainte 

- Previsions requises a moyen terme 

- Definition des politiques d'operation qui gouverneront les 
decisions a court terme et qui tiennent compte de la 
flexibilite inherente de la SC 

- Exemples: les politiques reliees aux inventaires, allocation 
de la demande aux differentes usines, etc. 

- Previsions precises possedant le plus haut niveau de details 

- Activites specifiques et instructions detaillees pour 
1'execution et le controle des operations 

- Exploitation de la reduction de 1'incertitude et optimisation 
des performances en tenant compte des contraintes liees 
aux politiques d'operation et a la structure de la SC 

- Exemples: allocation de commandes specifiques a la 
production, generation des listes de livraison, etc. 

La Figure 2.4 montre, pour les trois niveaux decisionnels mentionnes, certains 

processus de gestion typiques pour chacun des cycles de la SC. Au niveau strategique, 

les processus de planification dans la SC sont intimement relies puisque, pour prendre 

des decisions, telles que l'introduction d'un nouveau produit, il faut aussi considerer les 

Les ERP permcttent 1'automatisation des processus administratifs («back office ») et couvrent gencralemcnt les aspects 
transactionnels de l'entreprise. 
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aspects lies a la capacite de production, la distribution et le transport vers les marches et 

les besoins en matieres premieres. Aux niveaux tactique et operationnel, les processus 

de planification tendent a etre plus modulaires. Aussi, de facon generate, plus l'horizon 

de temps est court, plus le niveau de details considere est grand. Enfin, il est important 

d'assurer le partage de 1'information tout au long de la SC ainsi qu'entre les niveaux 

decisionnels. 
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Figure 2.4 : Niveaux decisionnels et processus de gestion de la chaine logistique 

(adaptee de Stadtler et Kilger [10]) 

2.2 Application des concepts de SCM en P&P 

2.2.1 Contexte 

Etant donne la conjoncture de plusieurs facteurs defavorables, mentionnes au 

Chapitre 1, l'industrie des P&P fait presentement face a des defis importants et eprouve 

de serieuses difficultes a fournir des retours satisfaisants sur les investissements [5]. 
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Historiquement, afm d'ameliorer ses performances economiques, cette industrie a 

dirige ses efforts a 1'amelioration incrementielle des technologies manufacturieres et 

des precedes de fabrication du papier [31]. Toutefois, vu la croissance rapide de 

Findustrie des P&P dans les pays producteurs emergents (en Asie et en Amerique du 

Sud.) et la construction de nouvelles usines hautement performantes dans ces pays, le 

leadership des infrastructures canadiennes, en terme technologique et de capacite de 

production, n'est plus assure [3, 32-34]8. La base des couts de production de Findustrie 

nord-americaine etant relativement grande comparee a la competition mondiale, il est 

necessaire de considerer de nouvelles approches de gestion des affaires [6, 34]. 

L'application des concepts de SCM offre une des solutions les plus prometteuses pour 

la survie de Findustrie [3, 35]. 

Compare a d'autres secteurs industriels, ce n'est que depuis recemment que les 

compagnies papetieres investissent des efforts significatifs afin d'ameliorer la gestion 

de la SC [36]. On retrouve desormais de plus en plus d'articles destines a Findustrie 

papetieres qui temoignent de Finteret grandissant de cette industrie face a 

Fimplantation de ces concepts. Bien que certain auteurs discutent des avantages 

strategiques de la SCM [31, 37-39] ou encore de Fimportance de F integration et des 

partenariats strategiques [40], la plupart des discussions presentees [36, 39, 41-50] 

concernent Fimplantation de progiciel de gestion integre (ERP) a la fine pointe de la 

technologic Ces systemes, qui facilitent la gestion de Finformation le long de la SC et 

augmentent la visibility des processus d'affaires au niveau de Fentreprise, font 

maintenant partie prenante des processus d'affaires de nombreuses compagnies 

papetieres. Bien qu'ils soient largement repandus, ces systemes ne constituent 

Ceci est d'autant pire que l'industrie Canadienne sous-investit dans ses usines depuis plusieurs annees [32] J. Kenny, "How 
wide is the technology gap?," Solution!, vol. 85, 2005.. 
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cependant pas la « gestion de la chaine logistique » et ce serait une grave erreur de les 

considerer comme tel (chapitre 3 dans [11]). 

2.2.2 Chaine logistique de l'industrie des P&P 

Les chaines logistiques en P&P sont complexes et variees et leur structure est 

fonction des differents choix lies, notamment, aux segments de marche vises, aux 

opportunites d'approvisionnement, aux strategies d'integration avec les fournisseurs et 

les clients et a la structure meme des organisations. Toutefois, tel qu'illustre a la Figure 

2.5, la chaine logistique en P&P incorpore six grandes etapes soit l'approvisionnement 

en fibre, la preparation des fibres, le procede de mise en pate, le procede de fabrication 

du papier, la finition et la distribution des produits aux clients. L'industrie etant de plus 

en plus « orientee client» (e.g. [41, 51, 52]), la SC est davantage sollicitee et ce, tant 

pour les systemes logistiques (e.g. delais de livraison) que pour la production (e.g. 

flexibility, qualite) [53]. 
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Figure 2.5 : Representation generale de la chaine logistique de l'industrie des P&P 

(adaptee de Kissani et Martel |54]) 



20 

2.2.3 Defis d'implantation des concepts de SCM en P&P 

Plusieurs auteurs ont discute des defis d'implantation de la SCM dans 

l'industrie des P&P qui, comparee aux industries discretes, a ete tardive reconnaitre et a 

adopter ces concepts [31, 55, 56]. Selon Lail [50, 57], deux raisons principales 

justifient cette situation. La premiere est que l'industrie papetiere a fait face 

tardivement aux grands changements de son environnement d'affaires tels que la 

competition globale, la consolidation, les exces de capacite et la faiblesse des prix. La 

seconde raison, la plus importante dans le contexte de cette these, consiste au fait que 

1'industrie des P&P comporte d'importantes differences, comparee aux autres secteurs 

manufacturiers plus traditionnels, qui n'ont pas ete systematiquement prises en compte 

lors de l'application des concepts de SCM [57, 58]. Quelques-unes des particularites 

importantes de l'industrie papetiere, qui sont evidemment majoritairement reliees aux 

precedes de production, sont presentees dans le Tableau 2.2. De plus, deux aspects 

principaux meritent une attention particuliere et sont presentes dans les sections qui 

suivent. 
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Tableau 2.2 : Particularites et differences importantes de la SC en P&P 

Aspect 

Procedes 
manufacturiers 
divergents 
[59, 60] 

Standardisation 
des produits 
[40, 57, 60, 61] 

Modele 
manufacturier 
[57, 61] 

Utilisation des 
produits [57] 

Planification de 
la production 
[42, 57, 59] 

Description 
- Les procedes manufacturiers divergents sont caracterises par un flux 

de matieres premieres achemine a un precede commun, des procedes 
intensifs en capitaux investis, un flux de sous-produits principal divise 
en une variete de produits finis differents et des activites intensives de 
coordination post-production. 

- Les produits ne sont generalement que marginalement differents en ce 
qui a trait aux matieres premieres utilisees et ils peuvent etre 
individuellement caracterises, selon la demande d'un client, lors de 
l'emballage et du traitement post-production. 

- La source de diversite et de complexity, reliee aux produits, est 
beaucoup plus en aval dans la SC des industries divergentes. 

- Bien que les produits P&P soient des commodites, on retrouve 
souvent un haut degre de differentiation des produits: composition en 
matieres premieres, blancheur, epaisseur du papier, couleur, traitement 
de surface, emballage, etc. 

- Cette diversification des produits augmente la complexity de la chaine 
logistique. 

- 11 est commun d'utiliser simultanement plusieurs modes d'operations 
a une meme usine : « production sur commande » a la base, 
« production pour les inventaires » pour certains clients speciaux, 
« assemblage sur commande » pour les produits necessitant des 
activites de conversion supplementaires. 

- Evidemment, cette fa9on de faire complique la planification de la 
chaine logistique : un seul modele manufacturier est typiquement 
selectionne dans les autres secteurs industriels. 

- Les produits P&P sont utilises de facon tres variee par les clients. 
Cette variete d'utilisation des produits augmente la differentiation et 
rend la gestion de la qualite beaucoup plus difficile. 

- Le taux de production etant principalement determine par la capacite 
de production d'un equipement majeur (e.g. la machine a papier), 
celui-ci est au centre des activites d'ordonnancement. On considere 
typiquement que la flexibilite de la capacite de production disponible 
est limitee (i.e. peu d'opportunites d'ajuster la capacite au niveau 
desire). 

- Plusieurs commandes sont simultanement produites sur le meme 
equipement et la production est generalement organisee en blocs de 
temps machine regroupant des commandes ayant les memes 
caracteristiques (i.e. le meme grade). 

- La finition est ordonnancee en fonction du taux de production de pate 
ou papier et des inventaires de produits intermediaires disponibles. 
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Tableau 2.2 : Particularites et differences importantes de la SC en P&P (suite) 

Aspect 

Gestion de la 
qualite 
[57] 

Gestion des 
inventaires 
[57] 

Integration des 
unites d'affaires 
[31,57] 

Description 

- La gestion de la qualite est relative et basee sur des parametres de 
qualite et leur deviation. 

- Les attributs des produits et les tolerances specifiques aux clients 
doivent etre pris en compte lors de 1'allocation des produits aux 
commandes. 

- La gestion des inventaires de produits intermediaires est generalement 
plus simple pour les P&P, comparees aux industries d'assemblage de 
produits, car, le procede etant continu, le nombre de matieres 
premieres et de produits intermediaires est limite. 

- Les caracteristiques de chaque produit (e.g. rouleau, ballots ou palette) 
doivent etre suivies puisqu'il est necessaire de pouvoir savoir a quel 
client chacune des unites en inventaires, possedant des attributs de 
qualites specifiques, peuvent etre associees. 

- La planification des cycles de la SC n'etant generalement pas (ou peu) 
integree, les gestionnaires ont une visibilite limitee a l'echelle de la 
SC. Ces « silos » organisationnels constituent un des obstacles 
majeurs a la prise de decisions et a l'application des concepts de SCM 
en P&P. 

2.2.3.1 Environnement de production continu 

Les operations manufacturieres principales en P&P sont caracterisees par des 

equipements operes en continu et generalement a capacite maximale afin de realiser un 

retour sur les investissements. Des changements intermittents des conditions 

d'operation permettent de produire differentes classes de produits (changements 

couteux et necessitant beaucoup de temps). Contrairement a la production discrete 

pour laquelle un certain nombre d'items distincts sont produits a partir de machines 

individuelles, l'ajout de valeur l'industrie de precedes se fait par melange, separation, 

formation ou reaction chimique [62]. Dans le cas des usines de P&P integrees, on 

retrouve generalement, en plus de la production continue, des activites de production 

discrete qui se deroulent a la suite d'un procede de desassemblage (ballots, feuilles, 

rouleaux) [50]. Ces environnements de production hybrides, necessitant la planification 
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integree d'activites et de pratiques de nature differente, sont beaucoup plus difficiles a 

gerer dans le contexte de la SC [63]. 

2.2.3.2 Gestion axee sur I 'utilisation de la capacite de production 

Compte tenu de l'intensite en capitaux de l'industrie, la prise de decisions au 

niveau de la SC est typiquement guidee par l'utilisation des equipements a l'usine. L'un 

des principaux objectifs est done de maximiser la production afin de repartir les couts 

fixes sur un plus grand nombre de tonnes [31, 57, 59]. Une telle perspective, basee sur 

une comprehension erronee de la dynamique des couts a l'echelle de la SC, peut 

serieusement affecter la rentabilite d'une organisation [64, 65]. Lail [57] fourait une 

revue des implications de cette philosophic de gestion pour les differents cycles de la 

SC en P&P. 

Cycle d'approvisionnement 

Puisque l'utilisation de la capacite est primordiale, 1'approvisionnement en fibre 

et la gestion des matieres premieres sont souvent considerees comme etant 

d'importance secondaire. Souvent, 1'appro visionnement est gere de sorte a ce que les 

equipements principaux ne soient jamais arretes pour cause d'un manque de matieres 

premieres et ce, meme si des changements de derniere heure sont effectues a la 

planification de la production. 

Cycle manufacturier 

La gestion des operations a pour objectif la maximisation du taux de rendement 

global (OEE). Les differentes fonctions a l'usine (e.g. la planification de la production, 

les services d'entretien, les services d'utilite, etc.) visent avant tout a soutenir l'objectif 

de production maximale. Le tonnage total est signale chaque jour comme le principal 

indicateur de performance. 
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Cycle de demande 

L'objectif principal vise consiste a fournir suffisamment de demande a l'usine 

afin d'utiliser au maximum la capacite de production disponible. Dans certains cas, 

surtout lorsque le marche n'est pas favorable, des commandes peuvent etre acceptee et 

ce, meme si les marges ne sont pas rentables. 

2.2.4 Revue des travaux de recherche sur 1'optimisation de la SC en P&P 

Compte tenu des particularites des precedes manufacturiers en P&P et du a 

l'interet relativement recent porte par les entreprises P&P pour la SCM, le nombre de 

references disponibles sur l'application des concepts d'optimisation de la SC est assez 

limite. Carlsson et al. [66] en fournissent une revue exhaustive. 

De plus, les travaux dans le domaine [67-82] peuvent etre classifies a partir 

d'une « carte » des problemes de SC, adaptee de Shah [19] (voir Figure 2.6) Cette 

representation inclut deux dimensions principales : les niveaux decisionnels et les 

cycles de la chaine logistique. 

Tout d'abord, plusieurs travaux (e.g. [67, 73]) temoignent de la pertinence et du 

potentiel de l'application de techniques sophistiquees permettant une meilleure 

integration entre les cycles de la SC en P&P et ce, tant pour des problemes strategiques 

que tactiques et operationnels. De plus, le developpement de modeles pour la logistique 

et la planification des activites forestieres (e.g. [69], [76] and [70]) refletent 

l'importance des defis presents et futurs lies a 1'approvisionnement en fibre (surtout en 

ce qui a trait au cout et a la disponibilite de celle-ci). Plusieurs articles (e.g. [72], [83] et 

[71]) portent aussi sur la production et la distribution du papier. Dans ces cas, l'accent 

est mis surtout sur la planification de la partie discrete de la SC (i.e. la finition, 

conversion et distribution) et les auteurs proposent divers outils pour mieux gerer la 

complexity de ces precedes divergents. 
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Plus specifiquement, trois elements ne sont pas ou peu abordes dans les 

problemes de planification de la SC qui ont ete revus : 

1) La problematique importante, telle que soulevee par Lail [57], liee a la particularite 

des precedes de production en P&P et a leur prise en compte dans les problemes de 

SC; 

2) Tel que reconnue par Carlsson et al. [53], la planification de la SC en industrie se 

fait a plusieurs niveaux decisionnels et couvrent differents horizons de temps. 

Toutefois, les approches presentees ne considerent pas l'integration des niveaux 

decisionnels dans les problemes de planification de la SC; 
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3) Peu d'indications sont fournies en ce qui a trait a la structure organisationnelle et a 

la nature des processus decisionnels lors du developpement des outils d'aide a la 

decision. 

Enfin, il faut noter qu'une seule publication porte sur la planification de la SC 

dans le contexte des usines de pate commerciale. Celle-ci, particulierement pertinente 

dans le contexte de cette these, est presentee plus en details a l'Annexe I. 

2.3 Integration des procedes dans les problemes de SCM 

2.3.1 La SCM dans le contexte particulier de l'industrie des procedes 

En general, il est difficile pour l'industrie des procedes de beneficier des plus 

recentes evolutions des systemes d'information (IT) et des pratiques SCM qui sont, le 

plus souvent, elaborees dans le contexte des industries discretes et, par consequent, pas 

(ou peu) adaptees aux besoins des procedes manufacturiers en continu [84]. En fait, 

l'industrie des procedes, bien qu'elle soit plus automatisee au niveau du controle des 

operations, est en retard par rapport a l'industrie discrete en ce qui a trait au 

developpement d'outils globaux de gestion manufacturiere [62]. Puisque chaque type 

d'industrie possede une chaine logistique particuliere, il est essentiel d'en comprendre 

les caracteristiques et besoins specifiques afm de pleinement beneficier du 

developpements et de l'application des pratiques de SCM [21]. 

Quelques auteurs [84-87] ont fourni une revue des principales differences entre 

les environnements de production discret et continu et des defis lies a l'implantation de 

systemes et concepts sophistiques de gestion initialement developpes dans le contexte 

de la production discrete. Un des aspects essentiels a considerer consiste a la 

representation de la complexite et des incertitudes associees aux conditions 

d'operations, d'une importance particuliere dans les industries des procedes telles que 
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les P&P [88]. Compare au cas de la production discrete, la representation de ces 

conditions d'operation rend beaucoup plus difficile l'integration du cycle manufacturier 

au sein des problemes de SCM. Bien qu'a ce niveau decisionnel l'objectif n'est pas de 

faire le controle des precedes, il est primordial que ces aspects soient pris en compte et 

correctement representes. Ceci rend l'integration entre les niveaux de l'usine et de la 

SC plus difficile a etablir [88]. 

2.3.2 SCM : une approche basee sur l'ingenierie des systemes de procedes 

De facon generate, on peut classer l'industrie des procedes en deux grandes 

categories. La premiere est constituee de compagnies devant preserver leur valeur (e.g. 

les grandes industries de commodite telles que les papetieres et les petrolieres) et la 

seconde, de compagnies ayant des opportunites de croissance et de developpement de 

la valeur (e.g. les biotechnologies et les produits pharmaceutiques). Selon Grossmann 

[89], les compagnies du secteur de l'industrie des procedes devant « preserver leur 

valeur» doivent faire l'optimisation de l'entreprise et de la SC afin de rester 

competitives et economiquement viables (notamment par la reduction des couts 

globaux et des inventaires). 

Pour repondre a ces besoins, la communaute scientifique en ingenierie des 

systemes de procedes (PSE) a, depuis quelques annees deja, etendu son champ d'etude 

vers les niveaux superieurs et inferieurs de la « chaine d'approvisionnement des 

chimiques » (voir Figure 2.7). Traditionnellement portee sur la conception, le controle 

et les operations des procedes chimiques [90], la recherche en PSE evolue maintenant 

vers l'application et le developpement d'outils PSE au niveau moleculaire, pour 

l'innovation, la decouverte et le design de nouveaux produits, et au niveau de 

l'entreprise, pour l'optimisation et la coordination des procedes manufacturiers au sein 

de la SC [89]. Bien que communement definit comme etant l'application d'approches 

holistiques et integrees pour l'analyse des systemes en matiere de conception de 
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precedes industriels nouveaux ou en retro-installation [91, 92], le domaine de 

l'integration des precedes (PI), tel que pratique par exemple dans la Chaire en 

integration des procedes pour VIndustrie papetieres, est aussi concerne par 

l'amelioration des processus de prise de decisions et la planification integree de la 

production et distribution des produits a l'echelle de l'entreprise. 
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Figure 2.7 : Expansion du champ d'application du PSE le long de la « chaine 
d'approvisionnement des chimiques » 

(adaptee de Grossmann [89] et Marquardt, Wedel & Bayer [93]) 

Pour les grandes industries de commodites telles que les P&P, la prise de 

decisions au niveau de la SC est souvent decouplee des activites au niveau de l'usine. 

Afin de traiter pleinement 1'optimisation et la gestion des entreprises et de leur SC, les 

perspectives de l'usine et de la SC doivent etre mieux integrees [87, 89]. La Figure 2.8, 

qui incorpore les niveaux de controle de Seborg, Edgar et Mellichamp [94] et les 

niveaux decisionnels de Chopra et Meindl [12], illustre bien 1'aspect hierarchique dans 

1'industrie des procedes. Dans ce contexte, il est important de pourvoir assurer un flux 
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bidirectionnel de communication fournissant la visibility requise en ce qui a trait aux 

objectifs et decisions etablis par les niveaux superieurs et aussi, aux contraintes et 

performances des niveaux inferieurs [87]. L'elaboration de methodes et de modeles 

pour la prise de decisions a haut niveau doit etre basee sur une approche ascendante 

permettant de bien identifier, comprendre et considerer les contraintes et la 

performance du precede [95, 96]. En fait, pour souligner l'importance de cet aspect 

dans l'industrie des precedes, Grossmann [97] a introduit le concept d'optimisation de 

l'entreprise («Enterprise-Wide Optimization» (EWO)) qui met specifiquement 

1'accent sur la planification, l'ordonnancement et le controle du cycle manufacturier au 

sein de la SC. Bien qu'il y ait un chevauchement avec le concept SCM tel que definit 

normalement, les approches d'optimisation developpees dans la communaute PSE 

mettent l'emphase sur les operations manufacture eres i.e. sur l'integration des 

connaissances en genie chimique afin de mieux representer les precedes au sein de la 

SC [97]. 
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Figure 2.8 : Niveaux de controle et de gestion de la SC 

(adaptee de Seborg, Edgar & Mellichamp[94] et de Chopra & Meindl [12]) 
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2.3.3 Problemes de SCM dans l'industrie des procedes 

L'interet de l'industrie des procedes pour la gestion holistique des entreprises a 

stimule les chercheurs qui ont applique les concepts d'optimisation de la SC pour 

divers secteurs de l'industrie tel que le raffinage (e.g. [98]), la petrochimie (e.g. [25, 99, 

100]) et le pharmaceutique (e.g. [101]). Les travaux de recherche, etant de plus en plus 

inspires et testes pour des contextes industriels veritables, ont demontre que les 

problemes industriels peuvent etre abordes et resolus par les approches et outils d'EWO 

developpes en PSE [97, 102]. Shah [19] classe les problemes de SC en trois categories 

principales: 1) la conception des SC, 2) la simulation des SC et l'analyse des politiques 

de gestion et 3) la planification des SC. 

2.3.3.1 Problemes de conception des SC 

Ce type de problemes est essentiellement au centre d'activites strategiques 

ayant pour objectif principal la creation de valeur pour les actionnaires de l'entreprise 

[19, 27]. Les modeles developpes considerent des decisions importantes, telles que 

l'ouverture ou la fermeture d'installations ou la modification des infrastructures 

existantes, et permettent l'analyse des compromis strategiques entre, par exemple, les 

structures regionales des couts de production, les couts de transport, les taux de change, 

la complexity des reseaux, etc. Puisque ces problemes ont ete largement abordes a la 

fois par les communautes en recherche operationnelle (OR) et en PSE, plusieurs 

exemples d'application sont disponibles dans la litterature (e.g. [103-105]). Toutefois, 

tel que specifie par Shah [19], certains aspects particulierement critiques pour 

l'industrie des procedes doivent etre abordes dont, notamment, la description adequate 

des procedes et le lien entre la conception des procedes et les operations de la SC. 
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2.3.3.2 Problemes de simulation des SC et d'analyse des politiques de gestion 

A l'aide de modeles de simulation, il est possible de faire 1'analyse du 

comportement dynamique d'une SC donnee soumise a divers scenarios operationnels 

[19, 27]. La simulation des performances de la SC est fort utile car elle permet, non 

seulement d'analyser l'impact des incertitudes tout au long de la SC, mais aussi 

d'evaluer le potentiel de differentes politiques de gestion de la SC et ce, avant leur 

implantation [20]. Des exemples d'application de l'approche de simulation multi-agent, 

particulierement adaptee pour la simulation des SC [19], sont disponibles dans [106, 

107]. Dans le contexte de l'industrie des precedes, la representation simplified des 

precedes de production et leur integration a la modelisation des processus d'affaires 

constituent encore une fois des defis importants a relever. 

2.3.3.3 Problemes de planification des SC 

La planification et l'ordonnancement (P&S) sont des activites importantes pour 

la gestion de l'entreprise a court et moyen termes. Tandis que les deux types precedents 

de problemes sont lies a des activites « hors ligne » (e.g. concevoir la SC, etablir les 

politiques de gestion), la P&S, qui considere une configuration fixe de la SC, vise a 

optimiser l'utilisation des ressources disponibles et a maximiser la performance, pour 

un environnement d'affaires donne [19, 108]. Compte tenu de la predominance du 

cycle manufacturier dans l'industrie des precedes, la P&S aux niveaux de l'entreprise 

et de l'usine sont intimement liees [109]. Puisque par definition ces processus 

decisionnels doivent tenir compte a la fois des perspectives de production et d'affaires, 

les cadres de P&S peuvent jouer un role cle dans integration de l'usine au sein de la 

SC [87, 110]. Enfin, puisque le probleme de SC aborde dans cette these fait partie de 

cette categorie, une revue plus detaillee des problemes de P&S est fournie a la section 

suivante. 
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2.4 Planification et ordonnancement de la SC 

2.4.1 Definitions 

Puisque la planification et 1'ordonnancement se chevauchent souvent, il n'est pas 

toujours aise de faire une distinction claire entre ces activites dans les organisations. 

Neanmoins, ces processus de prise de decisions peuvent etre definis comme suit. 

• Au niveau de l'entreprise, la planification [88, 108, 109, 111] a pour objectif la 

coordination des activites tout au long de la SC (cycles d'approvisionnement, de 

production et de demande) et la determination de cibles de performance 

operationnelle. Elle considere generalement des donnees agregees (e.g. previsions 

de la demande par famille de produits) et un horizon de temps variant de quelques 

mois a une annee. 

• Au niveau de l'usine, Vordonnancement [16, 21, 88, 108] est concerne 

principalement par la synchronisation et la determination de l'intensite des activites 

de production et ce, afin de rencontrer les objectifs fixes de performance. Dans ce 

cas, on considere typiquement un horizon de temps reduit (i.e. de quelques jours a 

2-3 mois) et une formulation plus detaillee incluant, par exemple, une discretisation 

temporelle plus fine, des donnees de demande mieux definies et une representation 

plus exacte des precedes manufacturiers et de leurs couts. 

Plusieurs revues [16, 19, 21, 85, 108, 109, 112] ont fait etat des methodes et elements 

cles a considerer pour les problemes de P&S dans le contexte de l'industrie des 

precedes. Neanmoins, il existe encore des defis lies a 1'elaboration de methodes 

pratiques pour le developpement et l'implantation de ces modeles de sorte a ce que la 

portee, la complexity et la precision de ceux-ci soient pertinents compte tenu des 

objectifs de prise de decisions [113]. 
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2.4.2 Programmation mathematique 

Les techniques de programmation mathematique sont le plus souvent utilisees 

pour la resolution des problemes de P&S ou pour le developpement d'outils d'aide a la 

decision [21, 109, 111]. En fait, la disponibilite de langages de programmation, 

d'algorithmes d'optimisation et d'interfaces graphiques a la fine pointe a democratise 

l'utilisation de ces techniques qui permettent 1'organisation efficace de l'information 

(i.e. parametres, variables et contraintes) utilisee pour representer mathematiquement 

les problemes de SC [108, 113]. Typiquement formules par programmation en nombres 

entiers lineaire et non-lineaire (i.e. MILP9, MINLP), les modeles permettent 

d'optimiser une ou plusieurs mesures de performance de la SC en tenant compte des 

variables decisionnelles et des contraintes physiques et operationnelles du systeme 

[20]. Puisque des problemes semblables peuvent etre modelises differemment, 

plusieurs efforts de recherches ont porte sur 1'uniformisation des approches pour la 

modelisation des problemes de P&S [108] (e.g. « State Task Network (STN) » [114] et 

« Resource Task Network (RTN)» [115]). Enfin, le Tableau 2.3 [16, 109, 111-113, 

116] resume les principaux avantages et inconvenients de la programmation 

mathematique. 

Ces modeles, qui consistent en une generalisation des modeles de programmation lineaire, contiennent des variables enticres et 
continues qui permettent plus de flcxibilitc pour la resolution de probleme dc P&S. 
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Tableau 2.3 : Avantages et inconvenients de la programmation mathematique 

Avantages 

- Approche holistique et systematique 
permettant 1'analyse des compromis et 
des interactions entre les variables 
decisionnelles. 

- La modelisation et la resolution 
peuvent se faire efficacement a l'aide 
de logiciel commerciaux 
d'optimisation (e.g. GAMS [117]). 

- Une solution optimale (ou a tout le 
moins des bornes sur cette solution 
optimale) peut etre calculee pour des 
modeles mathematiques convexes 
(e.g. MILP). 

Inconvenients 

- Modelisation non-intuitive; le 
probleme doit etre represents en terme 
abstrait. 

- Du aux decisions discretes, les 
problemes de P&S sont combinatoires 
de nature (surtout pour 
l'ordonnancement). Pour des 
problemes de tres grande echelle, il 
peut etre difficile de trouver une 
solution faisable dans un lapse de 
temps raisonnable. 

2.4.3 Representation du temps 

Les formulations de P&S peuvent etre classifies selon leur representation du 

temps i.e. discrete ou continue. La representation discrete (Figure 2.9, A) fait reference 

a des modeles ou l'horizon de temps est uniformement divise en intervalles d'egale 

duree et ou les evenements ne peuvent arrives qu'aux frontieres de ceux-ci [112]. Cette 

approche permet une flexibilite suffisante pour la modelisation de divers aspects des 

problemes de P&S. Cependant, lorsque l'horizon de temps ou la portee du probleme 

considered augmentent, elle introduit un grand nombre de contraintes et de variables 

binaires et resulte en de larges problemes combinatoires difficiles aresoudre [111]. 

Dans le cas de la representation continue (Figure 2.9, B), les evenements 

modelises peuvent arrives a n'importe quel point du domaine temporel continu. Bien 

que la structure de ces modeles soit generalement plus complexe, ces formulations 

resultent en des problemes plus petits et requierent done moins d'effort computationnel 

[112]. 
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Tel que souligne par divers auteurs [101, 111], il n'est pas trivial de determiner 

a priori quelle approche est susceptible de mieux performer dans un contexte donne. 

Aussi, il ne semble pas y avoir de consensus general a savoir laquelle de ces deux 

approches est la plus appropriee pour la P&S dans l'industrie des procedes. 

A) DISCRETE-TIME REPRESENTATION 
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B) CONTINUOUS-TIME REPRESENTATION 

ime ) Time 

i i i i \ y rn i r 
1 2 3 — - N-1 N 

Figure 2.9 : Representation discrete et continue du temps 

(tiree de Floudas [112]) 

2.4.4 Integration de la planiflcation et de l'ordonnancement 

Dans le contexte de 1'optimisation de la SC, l'integration de la planiflcation et 

de l'ordonnancement et la coordination entre ces niveaux decisionnels constituent un 

des principaux defis lies au developpement d'outils analytiques d'aide a la decision 

[16, 97]. Bien que plusieurs publications portent sur la planiflcation ou 

l'ordonnancement (tel que discute par les revues de Shah [19], Floudas [112] et 

Kallrath [109]), l'integration de differents problemes de P&S ou l'integration de divers 

niveaux decisionnels d'un meme probleme sont moins souvent abordes dans la 

litterature [116]. Les sous-sections suivantes presentent deux approches possibles pour 

traiter ces types de problemes. 
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2.4.4.1 Approche « pleine grandeur » 

Puisque que les decisions a chaque niveau sont interreliees, les aspects 

d'ordonnancement devrait idealement etre pris en compte de fa9on integrate dans le 

probleme de planification [111]. Toutefois, dans la plupart des cas, il est difficile de 

resoudre les problemes «pleine grandeur» ou un seul modele detaille couvre 

1'ensemble des niveaux decisionnels [16]. Pour surmonter cette complexity trois 

strategies sont typiquement utilisees afm de considerer l'integration des problemes de 

P&S et d'assurer la resolution de ceux-ci dans des delais pratiques (i.e. efforts 

computationnels raisonnables) [97]. 

• La premiere consiste a l'application d'algorithmes de decomposition representant le 

probleme original par un probleme maitre et un sous-probleme et ou, iterativement, 

la solution du probleme maitre est amelioree grace a 1'evaluation du sous-probleme 

(et de coupes entieres) [16, 108, 118, 119]. Tel que demontre par Papageorgiou et 

Pantelides [118], cette technique peut etre appliquee pour des problemes de P&S 

d'envergure. 

• La seconde strategie consiste quant a elle a l'agregation des periodes de temps 

ulterieures. Dans ce cas, l'horizon de temps considere est divise en deux portions : 

une premiere periode pour laquelle l'ordonnancement detaille est determine et, une 

seconde periode visant la planification agregee. Puisqu'a la fin de la premiere 

periode l'etat du modele d'ordonnancement doit etre egal a l'etat donne par le 

modele de planification, la continuite du probleme general de P&S peut etre assuree 

[67, 120]. 

• Enfm, la troisieme approche est basee sur un horizon de temps roulant qui est divise 

en une portion detaillee et agregee. Dans ce cas, la procedure consiste en une 

sequence d'iterations ou, a chaque fois que les problemes d'ordonnancement et de 

planification sont resolus, les variables associees a la portion detailles de l'horizon 



37 

sont fixees a leur valeur optimale, pour les iterations subsequentes (Figure 2.10). La 

portion agregee de l'horizon diminue au fur est a mesure que les periodes detaillees 

sont fixees. Les iterations sont done repetees jusqu'a ce qu'une cedule detaillee soit 

obtenue pour tout l'horizon de temps [121]. 

Detailed 

| i i i i i i T i i i i i i i i | 

PROBLEM 3 

Fixed Fixed Detailed Aggregated 

PROBLEM 4 

Fixed Fixed Fixed Detailed 

r T T i | i i i i i i i i i i i in 

Figure 2.10 : Illustration de la technique basee sur un horizon de temps roulant 

(tiree de Dimitriadis et al. [121]) 

2.4.4.2 Approches hierarchiques integrees 

La planification et l'ordonnancement se font generalement en deux phases 

sequentielles ou, a chaque niveaux, divers aspects doivent etre pris en compte (e.g. 

objectif specifique, portee du probleme, frequence des decisions, donnees considerees, 

type de gestion, etc.) [21]. Les approches hierarchiques tiennent compte de cette 

structure particuliere et partitionnent le probleme global de planification en plusieurs 

niveaux (ou modules) [122]. De plus, de part la communication de reformation et 

1'integration de la prise de decisions, ils assurent la consistance entre les niveaux 
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decisionnels [123]. Tel que note par Hax et Meal [124], les systemes hierarchiques sont 

mieux adaptes que les approches integrees pleine grandeur (monolithiques) car, en plus 

de fournir un support a la prise de decisions, ils impliquent les gestionnaires 

responsables a chacun des niveaux decisionnels. En fait, ils soulignent d'emblee leur 

preference pour ce type d'approche et ce, meme si la puissance des ordinateurs a cette 

epoques (annees 70) aurait ete suffisante pour resoudre des problemes de grande 

envergure. Encore de nos jours, etant donne leur consistance avec la nature 

hierarchique des processus decisionnels, les avantages des approches hierarchiques 

integrees pour la P&S de la SC sont largement reconnus [102]. 

2.4.5 Approches de P&S « hors ligne » et« en ligne » 

2.4.5.1 Approche « hors ligne » 

Selon Stefansson & al. [101], la plupart des approches de P&S dans la 

litterature peuvent etre classifies comme etant «hors-ligne» c'est-a-dire qu'elles 

considerent que toutes les donnees du probleme peuvent etre specifiers et done, que le 

decideur a une connaissance absolue du futur. Ce type de probleme, faisant 

l'hypothese que les conditions sont predictibles et stables, est generalement aborde a 

l'aide de formulations deterministiques [111]. Toutefois, en pratique, les gestionnaires 

doivent souvent reagir a des situations inattendues, telles que des bris d'equipement, 

des nouvelles commandes, des variations de disponibilite des matieres premieres, et 

prendre les decisions necessaires afin de modifier ou d'ameliorer le plan ou la cedule 

au fur et a mesure que de nouvelles informations sont disponibles. Afin de mitiger les 

impacts de ces incertitudes, la gestion des operations se fait souvent de facon 

conservatrice. Enfin, les formulations stochastiques (voir par exemple [99, 125]), bien 

qu'encore en developpement, peuvent etre utilisees afin de traiter systematiquement ces 

incertitudes dans les problemes de P&S [111]. 
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2.4.5.2 Approche « en ligne » 

Tel que mentionne par Stobbe et al. [ I l l ] , les decideurs, qui doivent compenser 

le manque d'information par leurs connaissances et experiences, devraient etre 

supportes et non remplaces par des outils appropries de P&S. L'utilisation d'une 

approche « en ligne » constitue une alternative interessante et particulierement adaptee 

aux processus decisionnels dynamiques et continus [101]. Plutot que de definir et 

d'inclure explicitement les incertitudes pour un ensemble de donnees definit sur tout 

l'horizon de temps, cette approche vise a ameliorer de la qualite du plan ou de la cedule 

au fil du temps [116]. En fait, la procedure resout periodiquement les modeles (a une 

frequence consistante avec les processus decisionnels) et ce, base sur la connaissance 

des donnees historiques et courantes et sans savoir toutes les informations concernant le 

futur [109]. Enfin, peu d'indications sont disponibles sur ce sujet dans la litterature. 

Ceci est d'autant plus vrai concernant le developpement et Papplication des ces 

concepts dans le contexte de problemes reels. 

2.4.6 Representation des procedes de production dans les problemes de P&S 

Selon Shah [102], la representation trop simplified des procedes de production 

consiste en une faiblesse typique des approches de P&S. En fait, il note que le type de 

representation du procede, i.e. le niveau de details necessaire, est fortement lie au type 

d'entreprise et aux marges de profits qu'elles realisent. On retrouve done, de facon 

generate, deux approches pour la representation des procedes manufacturiers dans les 

problemes de P&S [19]. 

Approche basee sur les recettes 

Lorsque les marges de profits sont grandes (e.g. produits de specialites), les 

benefices potentiels d'une representation plus sophistiquee des procedes sont moins 

attrayants et, par consequent, une approche de planification basee sur les recettes 
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(«recipe-based») est typiquement utilisee. Ces recettes definissent les conditions 

d'operation (fixes) qui sont considerees dans les problemes de SC. Cette approche de 

planification se retrouve aussi communement dans deux autres cas soit pour les 

entreprises devant, par reglementation, fixer leurs conditions d'operation (e.g. 

l'industrie pharmaceutique) ou encore, pour les entreprises ayant une connaissance plus 

limitee de leur procede d'operation. L'industrie des P&P fait partie de cette derniere 

categoric Bien qu'elles n'offrent pas de grandes marges de profits, les approches de 

gestion basees sur les recettes sont tres presentes dans cette industrie qui ne possede 

qu'une connaissance tres empirique de ses precedes de production. Enfin, des exemples 

d'application de l'approche basee sur les recettes sont fournis dans [67, 115, 125]. 

Approche basee sur les proprietes 

Pour les producteurs a faibles marges de profits, la planification efficace de la 

SC necessite une representation plus adequate des operations manufacturieres [100]. II 

est done necessaire de caracteriser les precedes vises ainsi que les flux de matieres et 

ce, a une resolution compatible avec les exigences de chaque niveaux decisionnels de la 

SC [113]. Jusqu'a present, la representation plus sophistiquee de la production dans les 

problemes de SC a ete abordee par une approche de planification dite « basee sur les 

proprietes » (« property-based ») [19, 100]. Elle utilise des modeles de precedes (et 

simulations) bases sur des bilans massiques et energetiques, afin de mieux caracteriser 

la complexity de l'usine [97] et d'evaluer les flux, conditions d'operation et autres 

variables tel que la qualite [84]. Bien que les operations soient mieux integrees au 

niveau de la SC, l'utilisation de modeles sophistiques, contenant un niveau eleve de 

details, implique souvent des relations non-lineaires et resulte en des problemes de SC 

complexes et beaucoup plus difficiles a resoudre [84, 97, 100]. Puisque cette approche 

est relativement nouvelle, seulement quelques exemples sont disponibles dans la 

litterature (industrie petrochimique et raffineries) [98, 100, 126]. Toutefois, vu la 

convergence des outils et modeles de procede et de SC, on devrait observer une 
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augmentation du nombre de ces applications [19]. Enfin, l'industrie des P&P 

beneficierait grandement de l'application d'une approche similaire qui lui permettrait, 

contrairement a l'utilisation des recettes, d'ameliorer la representation des usines dans 

les problemes de SC et done, de mieux considerer les enjeux lies l'efficacite du cycle 

manufacturier et de la SC. 

2.5 Role des technologies de Pinformation 

2.5.1 Systemes transactionnels et analytiques 

Au cours des dernieres annees, la partage de l'information dans la SC a ete 

considerablement ameliore par Pimplantation de technologies de l'information (IT) dite 

transactionnelles10 [97]. Initialement, raccomplissement de tels projets IT a ete motive 

par le desir de fournir aux gestionnaires une visibilite accrue des activite de l'entreprise 

[110]. Dans ce contexte, l'integration des progiciels de gestion integree (ERP) et des 

systemes d'information a l'usine constitue une etape essentielle pour l'industrie des 

precedes [37, 127]. Le seul fait de fournir aux decideurs a travers la SC et les niveaux 

decisionnels l'opportunite d'acceder rapidement a des informations consistantes sur la 

production en usine a necessairement mene a une amelioration de la prise de decisions 

au sein des entreprises [110, 128]. Toutefois, les informations sur la production 

disponibles dans les ERP sont generalement a un niveau d'agregation qui permet pas, 

dans les industries des precedes, de supporter efficacement la prise de decisions liee a 

la SC [110]. Bien que ces systemes incorporent generalement des informations telles 

que les recettes de production, ils ne considerent pas les informations les plus utiles a la 

comprehension des precedes manufacturiers de l'usine i.e. les conditions d'operation 

De facon generate, on peut classcr les technologies de l'information (IT) en deux categories: 1) les IT transactionnelles qui 
supportcnt les processus de l'entreprise et traitcnt les donnces actuclles et 2) les IT analytiques qui viscnt a analyser les donnces 
disponibles et a utiliser les informations resultantes pour optimiscr la performance des entreprises [63]. 
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[110]. C'est le cas, par exemple en P&P, ou les information de procede ne sont 

integrees que de facon ad hoc pour appuyer les processus decisionnels a plus haut 

niveau [95]. 

Bien qu'une vaste quantite de donnees soit disponible grace aux IT, qui 

soutiennent a la fois les operations de l'usine et les processus d'affaires, les pratiques 

courantes de gestion n'exploitent pas efficacement ces donnees pour la prise de 

decisions [129]. Tel que souligne par Carr [130], plusieurs dirigeants considerent a tort 

que les IT sont a tout coup synonymes de valeur strategique; toutefois, ce qui permet de 

creer un avantage competitif durable n'est pas 1'omnipresence de celles-ci, mais plutot 

la facon dont les informations sont utilisees pour ameliorer la performance de 

1'organisation. Dans ce contexte, plusieurs auteurs [63, 84, 95, 97] reconnaissent le 

potentiel qu'offre le developpement d'approche et 1'implantation de systemes et 

d'outils analytiques. 

2.5.2 Approche ascendante basee sur l'analyse des donnees 

Les modeles « ascendants » base sur l'analyse des donnees fournies par les IT 

peuvent egalement etre utiles pour caracteriser les procedes manufacturiers et supporter 

les activites de controle, d'analyse et de planification de la production [84]. Dans 

l'industrie des P&P, contrairement par exemple a l'industrie petrochimique, le procede 

ne peut typiquement pas etre decrit par des relations ab initio (i.e. basees sur les 

principes fondamentaux) [131]. Dans ce cas, il y a done une grande motivation a 

utiliser les mesures et donnees de procedes disponibles en ligne (e.g. les taux de 

production, Fenergie appliquee, la consistance, etc.) pour caracteriser les operations a 

l'usine [131]. Depuis l'avenement des systemes de gestion de l'information de procede 

(PIMS), a la base des systemes des usines de P&P, nombreux sont ceux qui 

reconnaissent le potentiel d'amelioration de la prise de decisions d'affaires par une 

meilleure utilisation des donnees de procedes disponibles [37, 84, 95, 110, 132-134]. 
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Une approche ascendante pour la representation des procedes de production 

dans les processus decisionnels, basee sur l'integration des donnees de procedes, a ete 

proposee par Janssen et al. [96]. Tel qu'illustre a la Figure 2.11, cette approche 

comprend trois dimensions importantes : 1) le traitement des donnees, 2) l'analyse des 

donnees a l'aide d'outils d'integration des procedes et 3) une analyse plus globale 

incluant la modelisation de la SC. Cette approche multidisciplinaire cherche a mieux 

exploiter les donnees des PIMS et a transformer celles-ci en connaissances utiles pour 

la prise de decisions. 

Finalement, bien que de nombreux efforts ont ete investis, depuis la fin des 

annees 90, afin d'integrer les systemes et les informations entre l'entreprise et les 

usines, tres peu de lignes directrices ou de methodes ont ete degagees de ces 

experiences [110]. Aussi, tel que souligne par Harkins et al. [110], il peut etre difficile 

de relier, aux usines, les perspectives de production et d'affaires compte tenu du fait 

que qu'elles possedent differentes structures de donnees et surtout parce que differents 

concepts et competences sont impliques. 
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Figure 2.11: Concept du modele d'affaires ascendant 

(tiree de Janssen et al. [95]) 

2.6 Moderation des couts des operations manufacturieres 

II est necessaire de faire la distinction entre les approches de comptabilite 

generalement utilisees aux usines et les approches de comptabilite de gestion telle 

qu'abordee dans cette these. Aux usines, les activites de comptabilite financiere 

peuvent etre caracterisees par l'accent mis sur les rapports externes (e.g. pour les 

actionnaires) et sur la representation coherente des couts de fabrication au fil du temps 

[135]. Les activites liees a la comptabilite de gestion vise quant a elles a fournir, par 

1'analyse des donnees historiques de couts, des informations utiles a la prise de 

decisions, la planification, le controle et 1'evaluation de la performance [135]. Dans ce 

contexte, il est generalement reconnu que la connaissance des precedes est un element 

important pour l'analyse approfondie et l'interpretation des donnees de couts. 



45 

2.6.1 Systemes de couts standard 

De concert avec revolution des concepts de gestion scientifique (taylorisme), 

les notions de couts standard ont ete elaborees, au debut du siecle dernier, afin de 

repondre a un besoin pour des informations comptables plus systematiques et fiables 

[136]. Les systemes de controle des couts, bases sur les approches de couts standard et 

d'analyse des ecarts, ont ete les plus largement utilises au 20e siecle [137]. lis 

permettent de surveiller et gerer l'efficacite et la productivite et aussi, de comprendre 

leur impact sur la performance des couts des usines. 

L'une des etapes fondamentales de cette approche, qui consiste a determiner le 

niveau standard d'utilisation des ressources, est accomplie en faisant 1'analyse des 

habitudes historiques de consommation des ressources. En regie generale, le niveau 

standard des couts manufacturiers indirects et des frais generaux est determine par les 

comptables alors que le niveau des ressources consommees directement par le procede 

de production est evalue par des ingenieurs. Chaque mois, les couts standard, i.e. les 

couts qui auraient du etre encourus par l'organisation pour repondre a la demande 

reelle, sont calcules en utilisant les niveaux standards etablis. Ceux-ci sont considered, 

du point de vue de 1'evaluation de la performance, comme des objectifs a atteindre. En 

comparant les couts standard et reels, il est done possible de caracteriser les pertes (ou 

gains) en raison d'evenements exceptionnels et/ou de la variation de l'efficacite et la 

productivite [65]. L'analyse des ecarts constituent l'element cle de cette procedure 

traditionnelle de controle des couts et 1'attention des gestionnaires se porte 

essentiellement sur les exceptions [129] i.e. une enquete est faite seulement pour les 

elements de cout ayant des ecarts importants (au-dela d'un certain seuil e.g. 5% ou 

5000$) 
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2.6.2 Limitations des systernes de couts standard 

Outre sa simplicity, un des principaux avantages des systemes de couts standard 

consiste au fait qu'ils permettent a la direction de se concentrer, en soulignant les ecarts 

defavorables pour chaque periode, sur les elements ou il semble y avoir des 

inefficacites [137, 138]. Tel que mentionne par Kaplan [139], bien qu'ils soient 

appropries pour l'etablissement de rapports financiers, ces approches ne conviennent ni 

pour l'estimation des couts ni pour fournir les informations necessaires a la prise de 

decisions (notamment en ce qui a trait a la performance des precedes). Quelques-unes 

des principales limitations des systemes de couts standard sont presentees ci-apres. 

Distorsion causee par le traitement inapproprie des couts indirects de l'usine [65, 140, 

141] 

Les couts indirects de fabrication et les frais generaux (ingenierie, maintenance, 

R&D, etc.), souvent considered comme etant periodiques ou fixes, sont typiquement 

imputes sur la base du volume de production. Bien entendu, cela ne fournit pas un 

d'apercu utile en termes de comportement des couts. 

Mauvaise representation de la structure des couts manufacturiers de l'usine 

D'une part, il n'est pas rare que des organisations utilisent des standards 

depasses qui, de toute evidence, fournissent une caracterisation inadequate des 

operations pour le calcul des couts manufacturiers [65]. Ces standards peuvent aussi ne 

pas refleter la realite lorsqu'ils sont fondes sur des hypotheses erronees a propos de la 

production en usines [65]. D'autre part, tel que note par Cooper & Kaplan [137], les 

systemes de couts standard refletent une philosophic de type «top-down» ou la 

definition et la performance des operations de l'usine sont determinees, a «haut 

niveau», par les ingenieurs ou gestionnaires. Par exemple, en P&P, les recettes 

standard represented les conditions d'operations ideales qui sont fixees par les 

ingenieurs de precedes et qui doivent etre ciblee les operateurs a l'usine. Vu la 
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complexity des operations et compte tenu du fait que, par le passe, les IT etaient 

beaucoup moins disponibles, l'utilisation de ces recettes standard pour le calcul des 

couts representait un choix logique. Consequemment, les systemes de couts standard 

ont ete largement adoptes dans l'industrie des P&P. Toutefois, puisqu'elle est fondee 

sur une representation simplifiee des procedes de production, cette approche est 

insuffisante pour fournir une comprehension approfondie de la maniere dont les couts 

sont generes a usine. En fait, au lieu d'analyser systematiquement les inducteurs de 

couts (« cost driver ») dans le procede, les informations fournies a haut niveau ne 

peuvent qu'etre desagregees, pour une analyse plus approfondie [86,142]. 

Soutien limite a la gestion des operations 

Compte tenu du cycle comptable mensuel, l'analyse des ecarts, a posteriori, 

n'est pas suffisamment reactive afin de rapidement identifier les problematiques 

importantes et d'appuyer la prise de decisions operationnelle [139]. En plus, puisque 

les informations de couts et de procede sont integrees a un niveau d'agregation trop 

eleve, les capacites d'analyse et de tracabilite des couts tout au long du procede de 

fabrication sont amoindries [142, 143]. 

2.6.3 Comptabilite par activites 

La comptabilite par activites (ABC) est une methode qui a ete elaboree pour 

repondre aux besoins des environnements modernes de fabrication [139, 144]. Les 

concepts d'ABC ont ete developpes specifiquement afin de mieux representer et 

comprendre les ressources consommees par ce qu'on appelle le «hidden factory» 

(ensemble des processus de support aux activites manufacturiere principales) [145], ou 

la plupart des frais indirects sont engages. Autrement dit, la comptabilite par activites 

vise a caracteriser la generation des couts manufacturiers indirects et des frais generaux 

qui sont, tel que mentionne a la section precedente, imputes de facon inappropriee aux 

objets de couts [140]. Cette technique expose systematiquement les relations entre les 
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objets de cout, les activites et la consommation des ressources en utilisant un vaste 

ensemble d'inducteurs de ressources et d'activites qui sont etablis, autant que faire se 

peut, a partir de mesures observables (voir Figure 2.12) [141, 144]. Compare aux 

systemes de couts traditionnels, le concept propose par Kaplan et Cooper [137], qui a 

fortement inspire l'approche de modelisation des couts proposee dans cette these, 

comporte trois ameliorations importantes: 

• II se base sur les activites et processus (procede); 

• II met l'accent sur le cout d'utilisation des ressources ; 

• II vise a exploiter un riche ensemble d'inducteurs de couts afm de mieux prendre en 

compte de la complexity des operations. 

TRADITIONNAL VOLUME-

BASED COSTING 

General 
Ledger 

Volume-based ^^^ 
allocation V / 

(e.g. per hours) 

ACTIVITY-BASED 

COSTING 

The performance of activities 
causes costs 

(Traced by Resource Drivers) 

Cost objects create the need 
for activities to be performed 
(Traced by Resource Drivers) 

COST OBJECTS 

Figure 2.12 : Le principe de la comptabilite par activites 
(adaptee de Bras [141]) 
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2.6.4 Modelisation des couts pour les environnements de production en 

continu 

Puisque le developpement de nouveaux modeles de couts dans les annees 90 a 

mis l'emphase sur les frais generaux et les processus d'affaires, peu d'attention a ete 

accordee aux operations manufacturieres. Ainsi, des approches simplifies sont 

generalement utilisees pour l'analyse des operations et le traitement des couts 

manufacturiers directs dans les environnements complexes de production [146]. De 

plus, tel que confirme par Brierley et al. [147] sur la base d'un sondage, les pratiques 

de modelisation des couts de l'industrie des procedes ne different pas de celles utilisees 

par les industries discretes. Les techniques utilisees ne sont pas adaptees a la nature 

particuliere des operations manufacturieres en continu. En fait, dans l'industrie des 

procedes, les approches de gestion des couts doivent prendre en compte a la fois les 

perspectives « produit » et « procede » [86]. En fait, Reeve [86] souligne l'importance, 

pour l'analyse et l'explication des couts de production, des activites liees aux procedes 

qui, souvent, ne peuvent pas etre facilement relies aux produits. Ceci est une distinction 

essentielle a faire car, dans la plupart des approches de gestion des couts mises au point 

dans le contexte de l'industrie discrete, le produit est considere comme la cause 

principale des activites (et done de la generation des couts a l'usine). Afin de mieux 

comprendre le comportement des couts dans les usines de P&P, il est necessaire de 

prendre en compte les deux aspects ci-dessous. 

2.6.4.1 Perspective « produit» 

Dans l'industrie des procedes, et e'est le cas en P&P, on distingue deux grands 

types d'operation: les operations manufacturieres principales (e.g. les procedes de mise 

en pate et de fabrication du papier) ainsi que la conversion et les operations de finition 

(e.g. la mise en feuilles, l'emballages) [21]. Dans le cas de la production discrete, les 

inducteurs de couts a l'usine peuvent generalement etre bien determines a partir des 
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caracteristiques et de la strategie specifique du produit. En P&P, cette approche est 

surtout utile pour decrire le comportement des couts pour les activites qui sont en aval 

des operations manufacturieres principales (« beyond the factory » selon Cooper & 

Kaplan [144]), la ou une large diversite de produits est creee. En fait, de la finition aux 

clients, la perspective produit est adequate et permet d'evaluer les impacts, sur les 

couts, des specifications du produit (mandrin, emballage, etiquetage, etc.), des canaux 

de distribution (livraison juste-a-temps, l'expedition directe, l'expedition via les centres 

de distribution) et des clients (arrangements contractuels, complexity des commandes, 

etc.). C'est la principale raison pour laquelle Reeve [86] suggere que, dans les industries 

des precedes, l'implantation des concepts d'ABC devrait se faire pour cette portion 

« orientee demande » (i.e. cycles de distribution et du client) de la SC. 

2.6.4.2 Perspective « procede » 

Pour le cas des operation manufacturieres principales, il est souvent plus 

pertinent d'examiner la perspective « procede », i.e. le procede de production et les 

conditions d'operations, afin d'expliquer la generation des couts a l'usine [86]. Bien 

qu'il puisse sembler naturel de considerer ces aspects pour des ingenieurs chimiques, 

ils ne sont generalement pas compris ou reconnus dans la litterature de gestion des 

couts. 

Procede de production 

L'analyse du procede est necessaire afin de mieux comprendre la generation des 

couts pour les operations manufacturieres principales. Elle permet d'obtenir des 

informations telles que la configuration de l'usine, les courants importants, les types de 

procede (melange, chauffage, reaction, etc.) et autres informations qualitatives et 

quantitatives necessaires a la caracterisation des procedes de production. En outre, une 

grande partie des couts manufacturiers indirects sont causees par des activites telles que 

l'entretien, qui sont davantage liees au procede de production lui-meme qu'au produit 
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fabrique. Ces elements de couts etant normalement alloues aux produits, il est difficile 

d'obtenir des informations utiles pour la gestion des operations [86]. 

Conditions d'operation 

Une difference fondamentale entre l'industrie discrete et Pindustrie des 

procedes consiste en la base utilisee pour l'affectation des ressources. Dans le premier 

cas, les activites peuvent etre retracees a partir du produit final en tenant compte du 

cheminement dans l'usine et de la liste du materiel. II est done significativement plus 

facile de calculer les couts manufacturiers directs a partir du niveau de consommation 

des ressources mesure pour chacun des composantes individuelles formant le produit 

final assemble. Dans l'industrie des procedes, ou on retrouve un flux continu de 

matiere, cette base est inexistante. En fait, la consommation des ressources n'est 

souvent pas fonction d'une seule composante, mais plutot de la combinaison des 

composantes qui constituent le flux de matieres (et qui perdent leur identite lors du 

melange). Ce sont les conditions d'operations qui, a chaque etape du procede, sont 

responsables de la consommation des ressources. Bien qu'elles puissent generalement 

etre mesurees avec precision, il n'est souvent pas possible de retracer les ressources 

utilisees dans ces flux de matieres principaux. Ainsi, pour des fins de simplification, on 

considere generalement que le produit (ou flux) est homogene [139] et les couts sont 

calcules a l'aide des recettes standard. Bien que ces recettes specifient l'utilisation des 

matieres premieres (additifs, copeaux, energie, etc.) ainsi que les conditions 

d'operations requises, les informations de couts obtenues sur cette base ne 

correspondent pas a la realite. Compte tenu des variations dans le procede, les 

conditions reelles d'operation, et non les standards, devraient etre utilisees pour 

analyser la generation des couts des operations manufacturieres principales [86] 

Enfin, il faut preciser que les perspectives « produit» et « procede » ne sont pas 

mutuellement exclusives et qu'ils sont parfois toutes deux requises pour expliquer 
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certains elements de couts. Par exemple, bien que le cout des transitions encouru par 

l'usine depende de la sequence des campagnes de production (perspective produit), 

l'explication des couts specifiques generes par une transition necessite un examen 

approfondi des procedes d'operation (perspective procede). 

2.6.5 Applications pertinentes a l'industrie des procedes et des P&P 

Afm de faciliter la prise de decisions en P&P, les strategies de gestion doivent 

etre en mesure de fournir une vision globale integrant les perspectives de production et 

d'affaires [142]. Dans la litterature, peu d'articles portent sur l'application d'approches 

sophistiquees de gestion des couts dans le contexte des environnements de production 

en continu [58, 142, 148]. Fogelholm [58] reconnait que les principes du ABC ne 

peuvent que difficilement etre appliques dans le contexte des P&P. II souligne 

l'importance d'analyser de facon plus approfondie les standards utilises a l'usine. Pour 

ce, il propose un modele pour le developpement et l'entretien des systemes de calcul 

des couts qui met l'emphase sur la precision de ces couts. Toutefois, l'approche 

proposee ne semble pas distinguer entre les perspectives « procede » et « produit». 

Aussi, bien qu'il reconnait qu'une vaste de donnees est disponible aux usines, il n'est 

pas clair comment celles-ci sont structurees et analysees pour la modelisation des couts. 

Quant a eux, Steen & Steenstand [142] ont examines les avantages de l'utilisation d'un 

systeme avance pour le calcul des couts des produits et le support a la prise de 

decisions en temps reel a l'usine. Leur approche, qui repose sur le concept ABC, est 

appliquee dans le contexte des usines de P&P. Malheureusement, aucune information 

explicite n'est fournit concernant la methode utilisee et le developpement du cadre de 

modelisation des couts. lis ont neanmoins identifie des exigences importantes pour la 

reussite des systemes de couts en P&P: la reconciliation de donnees de procede, 

1'integration des donnees de procedes et de couts, l'agregation ascendante des 
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informations (i.e. du bas vers le haut), la capacite de retracer les couts tout au long du 

procede, une structure de donnees commune et une configuration flexible du systeme. 

Dans le cas ou des approches avancees de modelisation des cout ont ete 

developpees (e.g. [148] [142]), l'emphase a surtout ete mise sur la capacite de 

compartimenter les couts de facon plus detaillee. Ces approches permettent, par 

exemple, de calculer les ecarts de couts et d'analyser les elements de couts pour chaque 

heure ou pour les differentes commandes des clients. Cependant, tel que le 

reconnaissent d'emblee Steen et Steenstand [142], ces approches sont liees a la 

perspective produit. Celles-ci ne peuvent done pas fournir le soutien approprie afin de 

mieux comprendre les implications sur les couts des conditions d'operations a l'usine. 

Puisqu'ils sont affectes directement au produit, aucune information utile n'est fournie 

sur la maniere dont les couts sont reellement generes lors des operations de 

transformation. Comme l'a souligne Reeve [86], il existe une relation entre les 

ressources utilisees et les produits mais cela ne suffit pas a expliquer la consommation 

de ressources a l'usine. Pour les environnements de production en continu, les systemes 

de couts doivent integrer des inducteurs lies a la fois aux procedes et aux produits [86]. 

Par consequent, il est indispensable d'incorporer des informations sur le procede de 

production et les conditions d'operations afin d'analyser efficacement les couts 

manufacturiers directs aux usines. 

2.7 Synthese de la revue de litterature 

Etant donne les defis auxquels fait face l'industrie Canadienne des P&P, il est 

de plus en plus difficile, sur la seule base de 1'amelioration des technologies 

manufacturieres, d'assurer sa competitivite tant sur les marches regionaux que globaux. 

Cette industrie mature doit done, afin de preserver sa valeur, developper sa capacite a 

gerer la complexite des operations et des processus d'affaires a l'echelle de l'entreprise. 

La gestion de la SC, qui offre un potentiel d'amelioration significatif en P&P, est 
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considered par plusieurs dirigeants comme une des solutions les plus prometteuses pour 

la survie de l'industrie. Toutefois, comparee aux industries discretes, l'industrie des 

P&P a ete plutot tardive a reconnaitre et a adopter la gestion de la chaine logistique et 

done, peu de lignes directrices sont disponibles afin d'encourager cette industrie dans 

1'application efficace de ces concepts. Nonobstant la complexite des operations en 

P&P, ces principes peuvent etre appliques a condition de developper des approches 

adaptees aux besoins particuliers de l'industrie et de comprendre comment les precedes 

d'operation doivent etre reflechis dans les problemes de SC. 

En P&P, un des aspects critique, afin d'assurer la rentabilite des operations, 

consiste en la gestion et en la coordination du flux de fibre dans les cycles 

d'approvisionnement, de production et de demande de la SC. Dans ce contexte, la 

planification et Fordonnancement sont des activites tres importantes, a court et moyen 

termes, pour les entreprises cherchant a mieux gerer la complexite de leur SC. Dans la 

litterature, on retrouve, pour cette importante classe de problemes de SCM, plusieurs 

indications utiles pour l'application d'approches sophistiquees permettant aux 

entreprises de mieux repondre a leur environnement d'affaires et de maximiser la 

performance de la SC selon les ressources disponibles. Toutefois, l'integration des 

problemes de P&S et la coordination entre les niveaux decisionnels constituent un des 

principaux defis lies au developpement d'outils analytiques d'aide a la decision. 

Contrairement aux approches monolithiques, les approches hierarchiques tiennent 

compte de la nature des processus decisionnels dans les organisations. Du point de vue 

de l'application dans des contextes industriels, les approches hierarchiques comportent 

trois caracteristiques particulierement interessantes : 1) elles assurent la coordination 

entre les niveaux decisionnels, 2) elles fournissent un support a la prise de decisions 

s'alignant aux objectifs et caracteristiques specifiques a chaque niveau et, 3) elles 

necessitent la participation du gestionnaire responsable a chaque niveau. D'un autre 

cote, les approches « en ligne » de planification sont particulierement adaptees a la 



55 

realite des processus decisionnels dynamiques a chaque niveau ou les decideurs doivent 

reagir aux differents imprevus et incertitudes et tenter d'ameliorer le plan au fur et a 

mesure que de nouvelles informations sont disponibles. Enfin, il existe encore des defis 

lies au developpement et a l'application pratique des approches de P&S hierarchiques 

« en ligne » et ce, notamment en ce qui a trait a l'elaboration de modeles pertinents 

compte tenu des objectifs de prise de decisions dans des industries de procedes lourdes 

telles que les P&P. 

Aussi, pour les industries de commodite telles que les P&P, la prise de 

decisions au niveau de la SC est souvent decouplee des activites au niveau de l'usine. 

Tel que note, il est important de pouvoir assurer un flux bidirectionnel d'informations 

en ce qui a trait aux objectifs et decisions etablis par les niveaux superieurs et, aux 

contraintes et performances des niveaux inferieurs. L'integration systematique des 

perspectives de l'usine et de l'entreprise est necessaire afin de pleinement traiter des 

problemes de planification de la SC et d'assurer la consistance entre les processus 

decisionnels a chaque niveau. Neanmoins, tant pour la conception que pour la 

simulation et la planification de la SC, la representation des procedes d'operation dans 

ces problemes se fait souvent de maniere simplifiee. En P&P, etant donne la 

connaissance moins precise (empirique) des procedes de production, l'approche basee 

sur les proprietes n'est pas adaptee pour l'integration du cycle manufacturier au sein 

des problemes de planification de la SC. Toutefois, l'industrie des P&P beneficierait 

grandement du developpement d'outils semblables qui permettraient, plutot que 

d'utiliser les recettes, de mieux representer les procedes et d'adopter une approche de 

gestion axee sur les marges. 

Puisqu'elle integre les perspectives de production et d'affaires, la modelisation 

des couts de production a l'usine peut jouer un role cle pour la representation des 

procedes dans les problemes de SC. Par contre, les methodes de couts standard 
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couramment utilisees par l'industrie des P&P (elles aussi basees sur les recettes) ne sont 

pas adaptees a ces activites de prise de decisions. Compte term des variations dans le 

procede, les conditions reelles d'operation, et non les standards, devraient etre utilisees 

pour caracteriser la generation des couts a l'usine. A l'instar des concepts d'ABC, 

l'integration d'inducteurs, bases sur l'analyse des donnees de procede historiques, 

permettrait de mieux representer et comprendre les ressources consommees par les 

environnements continus de production. Bien qu'il puisse sembler naturel de considerer 

ces aspects pour des ingenieurs chimiques, ils ne sont generalement pas compris ou 

reconnus dans la litterature de gestion des couts et n'ont pas ete appliques dans les 

systemes de couts mis en place dans le secteur des P&P. Jusqu'a present, les defis 

technologiques ainsi que l'absence de lignes directrices et de methodes systematiques 

ont empeche cette Industrie de relever le defi que represente l'implantation de tels 

concepts. 

En P&P, une vaste quantite de donnees est disponible grace aux IT qui 

soutiennent a la fois les operations de l'usine et les processus d'affaires des entreprises. 

Le partage de l'information et la visibilite accrue fournie aux gestionnaires dans la SC 

ont considerablement ameliores la prise de decisions. Toutefois, les pratiques courantes 

de gestion n'exploitent pas efficacement les donnees dans ce contexte. D'une part, les 

donnees de procede a l'usine ne sont que modestement utilisees pour appuyer les 

processus decisionnels a haut niveau. D'autre part, les informations agregees de 

production disponibles dans les ERP ne permettent pas, dans l'industrie des procedes, 

de supporter efficacement la prise de decisions liee a la SC. Compte tenu de la 

convergence des systemes d'information d'usine et d'entreprise, les opportunites 

suivantes ont ete identifiees : 

1) Utiliser les donnees de procede des PIMS afin de mieux caracteriser les conditions 

d'operation; 
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2) Integrer les donnees de procede et de couts afin de relier les perspectives de 

production et d'affaires a l'usine ; 

3) Incorporer ces informations pertinentes, refletant le cycle manufacturier, dans les 

problemes de planification de la SC afin de soutenir la prise de decisions a haut 

niveau. 

Base sur la representation adequate des procedes, les problemes de planification 

de la SC pourraient, contrairement aux pratiques de gestion axees sur l'utilisation de la 

capacite de production, permettre a l'industrie des P&P de mieux exploiter les 

compromis entre l'usine et la SC ce qui, dans la situation actuelle, est un aspect critique 

afin d'assurer la rentabilite des operations. Vu la capacite des outils et systemes 

d'information, le developpement de telles approches analytiques d'aide a la decision, 

modulaires et etroitement integrees, est a la fois pratique et pertinent. Cependant, tres 

peu de methodes sont disponibles afin de fournir des directives utiles notamment en ce 

qui a trait aux informations critiques devant etre incorporees pour la prise de decisions 

ou encore, aux defis d'integration des perspectives de production et d'affaires aux 

usines (pour la representation des procedes). 

A la lumieres des travaux revus, la proposition suivante a ete formulee afin 

d'orienter la recherche [149]. 

Proposition : 

En manifestant adequatcment les procedes au sein des problemes dc planification de 

la SC, l'industrie des P&P pcut profiter de ('application d'une approchc non 

conventionnellc de gestion de la SC axec sur les marges (« margin-based » au lieu dc 

« recipc-bascd ») olTrant. specialcment dans le contexte d'environnements d'affaires 

competitifs, un potentiel d'amelioration de la rentabilite des operations de la SC. 
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En accord avec cette proposition, une telle strategie de gestion de la SC en P&P 

devrait etre supportee par l'elaboration d'une methode analytique combinant des outils 

d'optimisation de la SC et, etant donne les systemes d'information a l'usine, de 

modelisation des couts. Dans ce contexte, le developpement d'un cadre d'aide a la 

decision doit etre pratique et adapte aux processus decisionnels. Aussi, il est essentiel 

que les modeles de couts puissent faire un lien clair entre les conditions d'operations et 

la structure des couts de l'usine. Enfin, ceci mene a trois principales questions de 

recherche. 

Question de recherche I : 

Comment la coordination des cycles d'approvisionnement, de production et dc 

demande (i.e. eviter les « silos » de gestion ») peut-elle etre amelioree par un outil 

d'aide a la planification de la SC qui tient compte de la nature des divers processus 

decisionnels impliques (i.e. guider les decideurs)? 

Question de recherche II : 

Comment les donnces de proeede et dc couts pcu\ cnt-elles etre intcgrees afin de 

reconcilier les perspectives dc production et d'affaires aux usines et d'assurer la 

caracierisation adequate de la structure des couts de production en lbnction des 

conditions d'operations? 

Question dc recherche III : 

Pour une usine papetierc de commoditc. quel est le potentiel d'amelioration de la 

rcntabilite de la SC lie a 1'adoption d'une approche de gestion de la chaine logistiquc 

basec sur la flexibilite de ses operations manufacturieres plutot que de fixer les 

rccettcs de production? 
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CHAPITRE 3: METHODOLOGIE 

« Le savoir, pour moi, est une longue promenade. 

Qu'importe leparcours; I'essentiel est de marcher. » 

Albert Jacquard, Scientifique Geneticien (1925-) 

3.1 Objectifs des travaux 

3.1.1 Objectif principal 

Montrer les benefices, pour une industrie de commodite telle que les P&P, 

d'une approche axee sur les marges qui incorpore la capacite de production dans les 

problemes de planification de la SC. 

3.1.2 Objectifs specifiques 

Objectif specifique #1 : Modelisation des couts 

Montrer que des informations utiles a la prise de decisions d'affaires peuvent 

etre obtenues en caracterisant les couts de production des usines P&P a partir d'une 

approche multidisciplinaire visant a mieux refleter l'impact des conditions 

d'operations. 

• Developper un cadre ascendant de modelisation, integrant les donnees de 

precede et de couts aux usines, pour la caracterisation des couts directs dans 

les environnements de production en continu; 

• Proposer une approche « etape par etape » pour structurer et analyser les 

donnees cles de precede et, pour developper un modele adapte pour 

1'interpretation des couts des regimes d'operation a l'usine; 

• Montrer l'application de ces concepts pour une etude de cas en P&P. 
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Objectif specifique #2 : Planification de la SC 

Montrer la valeur de l'application d'outils avances d'aide a la decision pour la 

gestion du flux de fibre dans la SC en P&P et, dans ce contexte, l'importance d'assurer 

le synchronisme entre les outils developpes et les processus decisionnels de 

l'organisation : 

• Developper un cadre de planification de la SC qui tient compte de 1'integration 

des nivaux decisionnels et de la nature dynamique des processus de prise de 

decisions; 

• Montrer, pour une etude de cas en P&P, l'application du cadre de planification 

de la SC et les benefices potentiels relies a 1'amelioration de la coordination du 

flux de la fibre tout au long de la SC. 

Objectif specifique #3 : Approche ascendante de planification de la SC 

Montrer que la combinaison des approches proposees de modelisation des couts et 

de planification de la SC offre un cadre d'aide a la decision permettant de manifester 

les operations manufacturieres de l'usine au sein de la SC et done, de soutenir des 

strategies de gestion de la SC axees sur les marges : 

• Montrer le potentiel d'amelioration de la rentabilite d'incorporer la flexibilite 

des operations a l'usine comme « outils » pour la gestion de la SC axee sur les 

marges 1) pour une approche de gestion flexible de la capacite de production 

visant un meilleur alignement avec la demande profitable, 2) pour une approche 

exploitant la flexibilite des operations pour aider a 1' approvisionnement efficace 

en fibre de bois. 
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3.2 Methodologie de recherche 

La recherche en conception axee sur l'industrie presente un veritable defi lie a 

la reconciliation, pour un probleme « ouvert», des besoins academiques et industriels. 

Ce type de recherche qui est effectue a partir d'un contexte industriel reel vise le 

developpement de methodes ou d'outils pratiques faisant le pont entre la recherche 

«theorique» de pointe et les applications industrielles de pointe. Le projet de 

recherche decrit dans cette these met done l'emphase sur la comprehension des details 

qui se manifestent dans un contexte reel et sur le developpement d'approches pratiques 

et pertinentes pour l'industrie des P&P. Dans ce contexte, la recherche par etudes de 

cas s'avere un outil privilegie car elle permet au chercheur de retenir les aspects 

essentiels et holistiques caracterisant les phenomenes reels tels les processus 

organisationnels et de gestion. Les resultats et les analyses presentes ont done ete 

realises a partir de modeles et de situations caracterisant l'usine et la SC (pour ce, une 

variete de sources d'information a ete considered telles que des donnees du procede, 

des documents, des entretiens, des presentations, etc.). 

Peu d'indications sont disponibles sur la conception de la recherche par etude 

de cas. Cependant, tel que mentionne par Yin [149], il faut eviter de considerer celle-ci 

comme etant une variante ou un sous element d'autres strategies de recherche telles que 

les experiences. II existe quatre types differents d'etude de cas selon qu'elle soit simple 

ou multiple et holistique ou imbriquee ([149]). La recherche presentee dans cette these 

correspond au type « simple et imbrique ». Compte tenu des ressources disponibles, un 

seul cas a ete inclus dans cette etude; il incorpore toutefois 1'analyse plus extensive et 

en profondeur de trois volets de l'etude de cas globale. 

La methodologie suivie afin d'atteindre les objectifs de la section precedente est 

illustree a la Figure 3.1. Elle comporte trois grandes partie: l'etape de definition 

consistant a selectionner les etudes de cas et a developper une approche preliminaire, 
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l'etape d'analyse consistant a conduire chaque partie de l'etudes de cas globale et a en 

analyser les resultats et, l'etape de conclusion consistant a la synthese de l'approche 

developpee et au transfert technologique. 
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Figure 3.1 : Strategie de recherche adoptee 
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Etape de definition 

Etant donne qu'il n'y a qu'une etude de cas, il est tres important de la 

selectionner avec beaucoup de precautions afin d'atteindre les objectifs etablis en 

l'accomplissant. Le cas etudie n'est pas un echantillon et doit etre selectionne comme 

un chercheur en laboratoire selectionne le sujet d'une nouvelle experience [149]. Aussi, 

afin d'assurer le succes de la collaboration avec le partenaire, il est primordial de 

definir une problematique qui est a la fois strategique, a long terme et « hors-ligne ». 

Enfin, il est essentiel de developper une approche preliminaire. II ne s'agit pas 

d'elaborer de grandes theories formelles mais plutot de developper une vision adequate 

du sujet etudie qui facilitera la phase de cueillette de donnee et la realisation des trois 

unites d'analyse [149]. 

Etape d'analyse 

Un des defis de la recherche en conception, et done de ce projet, consiste en la 

necessite d'adopter une approche multidisciplinaire et a l'integration de plusieurs outils 

afin de repondre a une problematique industrielle specifique. Tel que presente a la 

Figure 3.1,1'etude de cas globale comporte trois volets : 

• Le premier (relie a l'objectif specifique #1) concerne les aspects de gestion des 

couts de production; 

• Le second (relie a l'objectif specifique #2) aborde les aspects lies au developpement 

d'outils d'aide a la decision; 

• Le troisieme, qui batit sur les approches developpees lors des deux volets 

precedents, concerne les aspects lies a l'integration des precedes manufacturiers au 

sein de la SC (relie a l'objectif specifique #3). 

Les interactions principales avec le partenaire industriel se sont faites au niveau 

de l'usine (volet #1), au niveau corporatif (volet #2) et conjointement aux deux niveaux 
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(volet #3). Enfin, le projet a aussi beneficie de la participation de collaborateurs 

technologiques et academiques. 

Etape de conclusion 

Les approches et outils developpes etant avances comparativement aux 

pratiques courantes de l'industrie, les activites reliees au transfert technologique 

servent surtout a appuyer les vision d'avenir du partenaire quant a l'application des 

concepts de SCM et aussi, de facon plus pratique, a expliquer, base sur 1'utilisation de 

modeles et resultats quantifiables, les phenomenes, intuitions et compromis observes 

par les divers acteurs de la SC. Du point de vue de la recherche en conception, ces 

activites sont tres importantes car elles permettent de pleinement comprendre les 

implications pratiques des resultats obtenus. Finalement, la synthese de l'ensemble des 

travaux realises pour 1'etude de cas globale a ete effectuee afin de demontrer les 

contributions thematiques (P&P) et methodologiques (PSE). 

3.3 Definition de Fetude de cas 

3.3.1 Description des operations considerees de la SC 

L'etude de cas considered dans cette these consiste aux cycles 

d'approvisionnement en fibre, de production et de distribution/demande d'une usine 

existante de pate commerciale a haut rendement (voir Figure 3.2). Les objectifs etablis 

avec les gestionnaires principaux de 1'usine et de la SC, etaient de : 

1) Developper un cadre ascendant de modelisation pouvant caracteriser la structure 

des couts a l'usine et fournir aux gestionnaires de la SC une visibilite adequate des 

precedes manufacturiers; 

2) Proposer un outil d'optimisation de la SC pouvant fournir un support a la prise de 

decisions, au niveau tactique et operationnel. 
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Puisque cette etude met 1'accent sur l'alignement entre les opportunites 

d'approvisionnement en fibre, la capacite de production et la demande de pate, 

l'analyse est limitee a la SC de la fibre (i.e. certains aspects de la SC, tels que la 

production et l'achat de produits chimiques, les strategies de gestion energetique, ont 

ete exclus). 

Le cycle d'approvisionnement considere differentes opportunites de fibre, sous 

la forme de copeaux ou de billes de bois. Differentes especes de feuillus sont utilisees, 

dans des proportions variables, pour produire les divers types de pate a l'usine. Compte 

tenu de la situation geographique de l'usine considered, deux principales regions 

d'approvisionnement sont prises en compte. Chaque region comprend plusieurs 

fournisseurs internes et externes ainsi que des opportunites d'echange de fibre. Les 

fournisseurs internes referent aux usines de sciages qui produisent des copeaux de bois 

comme sous-produit de leurs activites normales. Meme si ces scieries font partie de la 

meme compagnie, elles sont operees de facon independante (maximise de la rentabilite 

des produits de bois) et il est difficile d'assurer la coordination de leurs activites avec 

celles de l'usine de pate. Les fournisseurs externes referent, quant a eux, a l'achat sur le 

marche de copeaux et billes de bois a differents fournisseurs tels que les proprietaires 

des terres, les scieries privees, etc. Enfin, l'echange de fibre consiste en des 

dispositions prises avec des concurrents en vue d'echanger des copeaux ou billes de 

bois dans le but principal de reduire les frais de transport. Les couts et capacites 

disponibles, pour chaque source potentielle et type de fibres (i.e. essences, copeaux, 

billes), doivent etre pris en compte lors de la planification de 1'approvisionnement. 

Les billes de bois livrees a l'usine sont entreposees sur le site, et separees selon 

les essences de bois. Puisque l'usine de pate ne peut utiliser que des copeaux, des 

equipements adaptes sont requis pour transformer les billes de bois. Tous les copeaux 

de bois sur le site, qu'ils arrivent directement des fournisseurs ou du procede de mise 
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en copeaux, sont entreposes dans de larges piles exterieures. II peut y avoir une ou 

plusieurs piles de copeaux pour chaque essence de bois. 

L'usine de pate possede deux lignes de production similaires qui produisent de 

la pate a haut rendement a partir de copeaux de bois durs. Plus precisement, les 

operations manufacturieres consistent en un procede de type BCTMP (i.e. pate 

chimico-thermomecanique blanchie) [150, 151] qui comprend quatre grandes etapes de 

production: 

1) Le pretraitement chimique des copeaux ; 

2) Le raffinage pressurise des fibres de bois ; 

3) Le blanchiment de la pate ; 

4) Le sechage et la finition. 

Le produit final est vendu aux clients sous la forme de balles de pate sechee. 

Trois caracteristiques principales definissent les grades de pate produits: le bouffant, la 

blancheur et l'essence de bois. Ces caracteristiques peuvent etre modifiees en variant 

les conditions d'operation, telles que le dosage de produits chimiques et l'energie 

specifique appliquee pour le raffinage des fibres de bois. Ces conditions d'operation 

sont dictees par des recettes, definies pour chaque grade et ligne de production de pate. 

Une transition se produit lorsque la recette est changee sur une ligne de production, afin 

de produire un grade de pate different. Ces transitions qui dependent de la sequence 

(i.e. du grade termine et du nouveau grade) sont un des aspects importants typiquement 

pris en compte lors de la planification de la production. En regie generate, afin de 

minimiser les couts des transitions a l'usine, les operateurs tentent de modifier, dans 

une transition donnee, qu'une seule des trois caracteristiques mentionnees 

prealablement. 
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Enfin, en ce qui conceme le cycle de distribution/demande, il est necessaire de 

faire la distinction entre la pate produite pour le client interne et les clients externes. 

Dans le premier cas, la pate est essentiellement produite par une des deux lignes de 

production et est utilisee par une usine de carton situee sur le site industriel. La pate 

diluee est acheminees directement par pipeline et done, les operations de sechage et 

fmition de sont pas necessaires. Dans le second cas, la pate est produite pour satisfaire 

la demande de clients externes et doit etre sechee et emballee avant d'etre distribute. 

Fibre Procurement Cycle 

Figure 3.2 : Etude de cas : Cycles d'approvisionnement, de production et de 
demande d'une usine de pate commerciale a haut rendement 

3.3.2 Description des processus actuels de planiflcation de la SC 

Pour que la planiflcation soit efficace, il est important d'aborder, d'une maniere 

integree, les trois cycles de la SC de la fibre tel que presente a la Figure 3.2. Puisque les 

processus decisionnels au sein de chaque cycle sont sous la responsabilite de differents 

gestionnaires, la SC est souvent operee en «silos» (i.e. avec peu d'integration entre les 

unites d'affaires). En fait, a 1'exception de reunions mensuelles, chaque unite d'affaires 

a tres peu de visibilite a travers la SC et ce, en matiere d'information, 

d'actions/decisions et d'objectifs. II est done difficile d'evaluer et de quantifier l'impact 

des decisions locales de planiflcation sur les autres unites d'affaires et d'identifier les 

compromis importants et opporrunites globales d'amelioration de la rentabilite. Cette 
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situation, commune pour de nombreuses usines de P&P, affecte la coordination globale 

et mene inevitablement a la sous optimisation de la SC. 

3.3.2.1 Cycles d 'approvisionnement et de production (offre de fibre) 

La planification de 1'approvisionnement en fibre est un processus decisionnel 

dynamique devant etre execute pour differents niveaux de decisions et a differentes 

frequences. 

Au niveau superieur l'objectif consiste generalement a elaborer un plan annuel 

et a le reviser sur une base mensuelle. Cette planification, a plus long terme, est 

particulierement importante car les delais associes a 1'approvisionnement en fibres sont 

significativement plus longs que ceux relies a la demande de pate. Les informations 

considerees par le decideur, generalement mises a jour a tous les mois, incluent entre 

autres : le niveau d'inventaires, la capacite prevue de production, les previsions de 

l'offre en fibre et les previsions de la demande de pate. Le processus de planification 

vise done a identifier la strategie d'approvisionnement la plus avantageuse et a fournir 

des lignes directrices pour la gestion des inventaires de matieres premieres et la 

selection des fournisseurs. Enfin, les plans obtenus sont signales sur une base 

mensuelle aux gestionnaires de l'usine afin de voir a l'alignement entre Foffre et les 

besoins en fibres. 

A un niveau inferieur, la prise de decisions a pour objectif d'obtenir, aux 

meilleurs coiits, des copeaux et billes de bois et d'assurer que ceux-ci soient achemines 

a temps selon le plan de production a l'usine. L'horizon de temps considere varie 

generalement de 2 a 3 mois et les informations a la disposition du decideur sont mises a 

jour sur une base hebdomadaire. Ces dernieres incluent, par exemple, les bons de 

commandes (i.e. les livraisons engagees de copeaux et de billes de bois), la capacite 

prevue des fournisseurs par semaine et par essences de bois, les niveaux d'inventaires, 
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la capacite de production de copeaux sur le site et le calendrier de production de l'usine 

(la consommation en copeaux est calculee a partir des recettes standards). Ce processus 

de planification vise done a minimiser les couts d'approvisionnement en selectionnant, 

selon la situation, les meilleures opportunites de fibre et en evitant, autant que possible, 

d'obtenir des copeaux ou billes de bois des fournisseurs les plus dispendieux. 

Puisqu'elle doit s'adapter a la production de l'usine ainsi qu'aux imprevus lies a 

Fapprovisionnement, la planification est revisee chaque semaine. 

3.3.2.2 Cycles de production et de demande (demande de fibre) 

A l'usine, il existe deux principaux processus decisionnels lies a la planification 

des operations. Le premier, qui consiste a determiner la sequence des campagnes de 

production11 sur chacune des lignes de production de l'usine, se fait sur une base 

hebdomadaire et considere un horizon de temps d'environ 2 ou 3 mois. En plus des 

informations concernant les niveaux d'inventaires et la capacite de production, le 

decideur a acces a deux types differents d'information sur la demande: les commandes 

confirmees qui sont deja engagees pour un client donne (et a une date fixee) et les 

commandes courantes qui peuvent varier en quantite et en temps. Compte tenu des 

incertitudes liees a la demande (en particulier pour les commandes courantes) et a la 

production (e.g. defaillance des equipements, production hors-specifications, etc.), la 

planification des campagnes de production est un processus dynamique exigeant de 

frequents ajustements. En regie generale, un plan de production de 3 mois offre une vue 

relativement precise de ce que sera la production dans les premieres semaines et des 

indications plus generates sur la production pour les periodes de temps subsequentes. 

1' Les campagnes de production regroupent, pour les memes grades de pate, differentes commandes des 
clients. 
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Idealement, c'est ce plan de production qui est utilise comme base de reference par les 

autres unites d'affaires pour leurs propres besoins de la planification. 

Le second processus decisionnel, qui refere a l'ordonnancement des 

commandes, a pour objectif principal de determiner la repartition des commandes 

confirmees et courantes dans chacune des campagnes de production prevues. En plus 

de veiller a ce que les delais promis pour les commandes confirmees soient respectes, il 

fournit egalement une idee preliminaire quant a l'integration des commandes courantes 

au plan de production. Ce processus decisionnel fournit done le plan final de ce qui sera 

produit, et pour quels clients. Bien que les incertitudes soient significativement 

reduites, les opportunites liees a 1'optimisation du profit sont plus limitees car le type 

de decisions effectue ne modifie generalement pas la structure de consommation des 

ressources a l'usine ou a travers la SC. 
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CHAPITRE 4: SYNTHESE 

« The cure for boredom is curiosity. There is no cure for curiosity. » 

Attribute a Dorothy Parker, Ecrivaine Americaine (1893-1967) 

4.1 Liste des articles 

La synthese presentee est basee sur les articles suivants : 

1) "Methodology for using real-time process data for cost modeling and supply 

chain decision-support in the pulp and paper industry" par Martin Laflamme-

Mayer, Jason Linkewich et Paul Stuart. Publie dans Pulp and Paper Canada. 

2) "Development of an operations-driven cost model for continuous processes -

Part I: Framework for design and operations decision making" par Martin 

Laflamme-Mayer, Matty Janssen, Paul Naliwajka et Paul Stuart. Soumis a 

International Journal of Production Economics. 

3) "Development of an operations-driven cost model for continuous processes -

Part III: Application for pulp and paper manufacturing operations" par Martin 

Laflamme-Mayer, Sebastien Lafourcade, Kevin Riemer et Paul Stuart. Soumis a 

International Journal of Production Economics. 

4) "Multi-scale on-line supply chain planning - Part A: Decision processes and 

framework for a high-yield pulp mill " par Martin Laflamme-Mayer, Nilay 

Shah, Stratos Pistikopoulos, Jason Linkewich et Paul Stuart. Soumis a AIChE 

Journal. 

5) "Multi-scale on-line supply chain planning - Part B: Model formulation and test 

case results" par Martin Laflamme-Mayer, Nilay Shah, Stratos Pistikopoulos et 

Paul Stuart. Soumis a AIChE Journal. 
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6) "On the evaluation of minimum inventory levels for aggregate planning" par 

Martin Laflamme-Mayer, Nilay Shah, Stratos Pistikopoulos et Paul Stuart. 

Soumis a Computers and Chemical Engineering. 

7) "Capacity management for market pulp production" par Martin Laflamme-

Mayer, Steve Raymond, Jason Linkewich et Paul Stuart. Soumis a Tappi 

Journal. 

8) "Manufacturing flexibility to support effective fibre supply" par Martin 

Laflamme-Mayer, Steve Raymond, Jason Linkewich et Paul Stuart. Soumis a 

Tappi Journal. 

Les deux articles suivants sont bases sur les memes travaux mais ne sont pas inclus 

dans cette these : 

9) "Development of an operations-driven cost model for continuous processes -

Part II: Retrofit process design application" par Matty Janssen, Paul Naliwajka 

et Paul Stuart. Soumis a International Journal of Production Economics [152]. 

10) "Survey indicates mills' need to exploit IT systems with new business model" 

par Matty Janssen, Martin Laflamme-Mayer, Houssemane Zeinou et Paul 

Stuart. Publie dans Pulp & Paper [95]. 

4.2 Strategic generate de la synthese 

4.2.1 Cadre de gestion de la chaine logistique propose 

De nos jours, etant donne l'ubiquite des technologies de 1'information, les 

precedes et les processus d'affaires generent une vaste quantite de donnees et ce, tant 

pour les cycles d'approvisionnement, de production et de demande. Les systemes 
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d'entreprise, qui integrent certaines de ces donnees12, facilitent le partage de 

1'information, a haut niveau, tout au long de la SC. La visibility accrue dont disposent 

maintenant les decideurs ainsi que les bonnes pratiques (processus decisionnels) qui ont 

decoulees de l'implantation de ces systemes ont eus un impact positif sur la qualite des 

decisions reliees a la gestion de la SC. Toutefois, les benefices observes sont lies en 

grande partie a l'utilisation des systemes eux-memes plutot qu'au developpement de 

competences avancees et durables de gestion de la SC en P&P. En fait, compte-tenu du 

niveau d'agregation de l'information et des outils utilises pour supporter les processus 

actuels de gestion, il est typiquement difficile d'evaluer les compromis entre les cycles 

de la SC. L'utilisation, pour la prise de decisions d'affaires, d'information trop 

simplifiee sur la production est un obstacle a l'application de strategies visant a mieux 

exploiter la capacite des procedes dans le contexte de la SC. Afm de relever le defi que 

represente l'integration du cycle manufacturier au sein de la SC, une approche 

analytique de planification, qui comporte trois phases importantes, a ete developpee 

(Figure 4.1). 

Phase A. Developpement d'un outil d'aide a la planification de la SC : Cet outil 

renforce les processus actuels de decisions car il permet d'evaluer 

systematiquement et efficacement les compromis entre les cycles 

d'approvisionnement, de production et de demande et fournit des 

informations nouvelles et importantes aux decideurs (e.g. plan de 

production optimal, selection optimale des fournisseurs de fibre, 

repartition ideale des commandes de pate, niveaux d'inventaires, etc.) 

" Les donnees integrees sont gcncralcment reliees aux transactions (e.g. commandes, achats, etc.), aux aspects financiers (e.g. 
comptcs payables et reccvables) ainsi qu'aux des informations agrcgees decrivant la performance des systemes gcres (e.g. capacite 
mcnsuellc d'approvisionnement, cfficacitc mensuellc de production aux usines, etc.). 
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Phase B. Developpement d'un outil de modelisation des couts axe sur les 

operations : Pour adopter en toute confiance une approche de SC qui 

incorpore la capacite de production, il est necessaire d'etre en mesure de 

bien comprendre l'impact des differentes conditions d'operation sur la 

structure des couts de l'usine. Pour ce, le developpement et l'application 

d'un modele de couts base sur 1'analyse des donnees de precede (ceci est 

un aspect cle etant donne la nature empirique des P&P) sont essentiels afin 

de mieux caracteriser les couts manufacturiers en P&P. 

Phase C. Developpement d'une approche de gestion axee sur les marges : En 

combinant les outils developpes aux etapes precedentes, il est possible de 

developper une competence unique de gestion de la SC (dite « axee sur les 

marges ») qui, au lieu de s'accommoder aux usines, utilise la flexibilite 

des operations manufacturieres de celles-ci afin d'ameliorer la rentabilite 

des operations de la SC. 

Puisque du point de vue de l'industrie, le developpement d'une telle capacite 

avancee de gestion ne peut se faire qu'etape par etape, la modelisation avancee des 

couts, la planification de la SC et l'approche de gestion de la SC axee sur les marges 

peuvent etre considerees comme differents niveaux de competence (ou phase) a 

atteindre. Clairement, l'objectif ultime, i.e. realiser le potentiel associe a la Phase C, ne 

peut etre atteint que si une compagnie papetiere developpe prealablement les 

competences associees aux Phases A et B. En pratique, vu le niveau eleve d'efforts 

implique pour l'application des approches proposees a chacune des phases, un tel 

programme de gestion de la SC ne serait deploye qu'a la condition que chacune de 

celles-ci puissent se justifier d'elle-meme par la valeur qu'elles apportent (et ce, 

independamment des benefices lies a l'objectif ultime). Pour ces raisons, la synthese 

des travaux a ete organisee de fa9on a refleter chacune de ces phases et a illustrer, au-
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dela de l'elaboration des concepts et modeles, les benefices potentiels lies au 

developpement de ces competences. Finalement, puisqu'ils sont obtenus pour des 

etudes de cas definies a partir de situations industrielles reelles, les resultats presentes 

montrent comment chacune des phases se manifeste dans un contexte d'application 

pratique et done, demontrent la faisabilite de l'approche generale proposee. 

Current Managerial Approach 
Decisions based on managerial heuristics and aggregated information 

SUPPLY CHAIN DECISION MAKING 

New Business 
Valuable Information 

SUPPLY CHAIN PLANNING 

Prescriptive Model 
• Evaluate the trade-offs across 

theSC 
Find the optimal SC plan 

Phase A 

M I L L ' S PROCESS INFORMATION 
M A N A G E M E N T S Y S T E M 

On-line measurements C j S l j S j J 
e.g. SEC, production rate, FTSSSSiMT"] 

consistency, etc. '•^Jlgg&t&Jj 

OPERATIONS-DRIVEN COST 
MODELING 

Descriptive Mnrlel 
• Use cost drivers based on 

process data analysis 
• Characterize the mill's manuf 

cost structure ' 'Phase B 

Margin-Centric SC Decision Support 
Analytical capability to manage the complexity of the SC 

Figure 4.1 : Cadre de planificarion de la SC axe sur les marges13 

4.2.2 Organisation de la synthese et lien avec les articles: 

Cette section decrit comment chacun des articles s'integre dans le contexte de 

chacune des phases introduites plut tot. Tout d'abord, l'Article I explique la vision 

Voir articles 7 et 8. 
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preliminaire elaboree (voir Section 3.2), en debut de projet, pour la caracterisation des 

precedes d'operations et 1'incorporation de ceux-ci dans le probleme de planification 

de la chaine logistique en P&P. Base sur une analyse generale de l'etude de cas 

(« mapping ») et une revue des differentes pratiques en P&P, il expose les exigences 

d'une approche ascendante de gestion de la SC. II met aussi en evidence la necessite 

d'adopter une perspective multidisciplinaire, integrant les donnees de precede et de 

couts, pour caracteriser l'utilisation des ressources et extraire des informations 

pertinentes pour supporter la planification a court et long termes de la SC. Enfin, bien 

qu'il ne soit pas directement associe a l'une des trois phases, l'Article I a guide les 

activites detaillees qui ont ete accomplies tout au long du projet. Les Articles II a VIII, 

quant a eux, decrivent les concepts developpes ainsi que leur application a une etude de 

cas reelle pour chacune des trois phases (Tableau 4.1). 

Tableau 4.1 : Description des articles 

Phase A - Planification de la SC 

II propose un cadre de planification pour aider a la gestion de la SC d'une usine de pate 
commerciale a haut rendement. L'approche est fondee sur une revue des processus 
decisionnels de planification et aussi, sur les objectifs de prise de decisions fixes en 
collaboration avec le partenaire industriel. L'outil d'aide a la decision propose 
incorpore un niveau superieur adapte a la planification tactique ainsi qu'un niveau 
inferieur pour la planification operationnelle. 

-3> 

II decrit les modeles d'optimisation developpes pour les niveaux inferieur et superieur 
du cadre de planification ainsi que la strategic d'integration entre ces modeles. Une 
analyse systematique des modeles est aussi effectuee afin de caracteriser les proprietes 
d'agregation. Les resultats presentes montrent que l'application d'un tel outil 
d'optimisation permet d'aborder de fa9on systematique les compromis entre les cycles 
de la SC et aussi, entre les niveaux decisionnels. Ceci offre un potentiel significatif 
d'amelioration de la competitivite des usines P&P. 

II propose une formulation permettant d'assurer que le cout des inventaires calcule dans 
la planification agregee constitue une borne inferieure au cout des inventaires 
determine au niveau detaille. Ceci est une condition necessaire a la demonstration, dans 
l'Article V, que le modele agrege (niveau superieur) est une relaxation du modele 
detaille (niveau inferieur). 
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Tableau 4.1 : Description des articles (suite) 

Phase It - Modelisation des coins axee sur les operations 

II propose une approche sophistiquee de modelisation des couts, developpee dans le 
cadre d'une collaboration entre des ingenieurs et comptables, facilitant la 
caracterisation de la structure des couts manufacruriers dans les environnements de 
production continus. Comparee aux methodes traditionnelles devaluation des couts, 
l'approche proposee met l'accent sur l'integration des informations de procede afin de 
mieux refleter 1'importance de la perspective procede comme source de couts aux 
usines. 

II montre l'application du modele de couts elabore, dans un contexte operationnel, pour 
le cas d'une usine existante de pate a haut rendement. II souligne les etapes requises 
pour structurer et analyser les donnees cles de procede et, pour developper un modele 
adapte pour 1'interpretation des couts des regimes d'operation a l'usine. Les resultats 
obtenus demontrent qu'il est possible, grace a l'utilisation d'inducteurs de couts lies au 
procede, de caracteriser la structure des couts manufacruriers pour la production des 
divers grades de pate a l'usine. 

Phase C - Approche de gestion de la SC axee sur les marges 

II montre le potentiel d'amelioration de la rentabilite, pour une usine de pate 
commerciale, d'une strategie de gestion flexible de la capacite de production permettant 
de mieux aligner la production et la demande de pate. Compte tenu de l'importance des 
compromis entre les perspectives de production et de la SC, cette approche axee sur les 
marges a ete abordee en combinant les techniques de modelisation des couts et de 
planification de la SC presentees au Phase A et B. 

-SI 

II montre le potentiel d'amelioration de la rentabilite, pour une usine de pate 
commerciale, d'une strategie de gestion visant l'exploitation de la flexibilite des 
operations a l'usine, afin de soutenir des strategies d'approvisionnement en fibre plus 
efficaces. Cette approche axee sur les marges a ete abordee en combinant les techniques 
de modelisation des couts et de planification de la SC presentees au Phase A et B. 

4.3 Planification de la SC (Phase A) 

4.3.1 Cadre de planification hierarchique « en ligne » 

La planification integree des cycles d'approvisionnement, de production et de 

demande est un processus decisionnel complexe et essentiel afin d'assurer la reussite 

financiere des producteurs de pate commerciale. Les decisions prises ne devraient pas 

etre basees sur des heuristiques traditionnelles de gestion, mais plutot a partir d'outils 
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d'aide a la decision permettant d'identifier les meilleures strategies afin de maximiser 

la rentabilite globale de la SC. 

Un des objectifs importants vise lors de l'elaboration du cadre de planification 

etait de tenir compte des particularites intrinseques des divers processus de gestion 

impliques dans le cadre de la planification de la SC de l'usine de pate consideree. Tel 

indique a la Section 3.3.2, le processus general de planification incorpore deux niveaux 

importants ayant des objectifs differents et done, devant considerer differents horizons 

temporels et diverses problematiques. II est essentiel que differents decideurs soient 

responsables de ces differents niveaux de decisions car chacun d'entre eux possede une 

expertise et une connaissance intime des problematiques particulieres auxquelles ils 

font face. II est done necessaire que l'approche de planification developpee fournisse 

une structure globale qui guide ces decideurs de maniere integree et assure la visibilite 

au travers la SC et les niveaux de gestion. 

Aussi, il est important de reconnaitre que les processus decisionnels a chaque 

niveau sont repetes, pour des frequences et a des moments differents, afin de tenir 

compte de revolution de la situation. Au moment ou ils prennent des decisions, les 

decideurs n'ont pas a leur disposition toutes les informations pertinentes et, par 

consequent, doivent s'accommoder d'un ensemble de donnees historiques, actuelles et 

futures (i.e. les previsions). Au fil du temps, de nouvelles informations deviennent 

disponibles et sont utilisees afin de mettre a jour et d'ameliorer la planification. En 

outre, les decideurs sont constamment confrontes a de nouveaux evenements (e.g. 

modifications des commandes, arrets imprevus de production, etc.) et doivent reagir au 

mieux, etant donne les decisions qui ont ete deja prises et qui ne peuvent plus etre 

changees. Done, l'approche de planification developpee doit aussi etre en mesure de 

s'adapter a cette nature dynamique des processus reels de prise de decisions. 
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Le cadre de planification hierarchique « en ligne » developpe est schematise a 

la Figure 4.2. Cette approche assure la coherence entre les deux niveaux decisionnels : 

le niveau superieur (niveau 1) est adapte pour la planification tactique et le niveau 

inferieur (niveau 2), pour la planification operationnelle. En fait, au niveau superieur, 

un modele de planification agregee de la capacite est formule afin de determiner, a plus 

long terme, l'equilibre optimal entre l'offre et la demande de fibres. Au niveau 

inferieur, un modele de planification des campagnes de production et 

d'ordonnancement des commandes est utilise pour maximiser la rentabilite de la SC de 

l'usine de pate etant donne 1' approvisionnement en fibre, la capacite de production et la 

demande de pate. Des flux d'information assurent l'integration entre ces niveaux 

decisionnels. De bas en haut, l'integration se fait via les systemes d'information qui 

assurent que les donnees utilisees par le modele superieur soient consistantes avec 

celles disponibles au niveau inferieur (e.g. les informations plus precises sur l'offre de 

fibre et la demande de pate pour les trois premiers mois). De haut en bas, certains 

resultats obtenus lors de l'utilisation du modele de niveau 1 sont transferee au niveau 2 

afin d'assurer que les perspectives a plus long terme soient prises en compte. 

Le paradigme de gestion, tel que discute par Van Der Vorst [13], est utilise pour 

decrire l'integration de ces outils de planification au sein de la structure 

organisationnelle de l'entreprise. Tel que represents, il comprend trois elements 

importants: le systeme gere («managed system»), le systeme d'information 

(« information system ») et le systeme de gestion (« managing system »). Dans ce cas, 

le systeme gere refere aux composantes de la SC qui sont pertinentes de considerer, 

etant donne l'objectif vise a chaque niveau de planification. Le niveau de details doit 

etre compatible avec le niveau decisionnel et done, inclure les aspects de la SC qui sont 

sous le controle du decideur. Les systemes d'information de l'entreprise et de l'usine 

permettent l'acquisition et la gestion des donnees. Divers types de donnees, provenant 

de sources internes (e.g. niveaux des inventaires) et externes (e.g. commandes des 
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clients), sont disponibles pour decrire l'etat du systeme gere. Enfin, compte tenu des 

informations disponibles, le systeme de gestion vise a prendre des decisions et a fixer 

les objectifs qui guideront l'execution du systeme gere, afin d'obtenir des performances 

maximales. 

MULTI-SCALE SC 
PLANNING FRAMEWORK 

LEVEL 1 - Tactical Planning 
Balance Fibre Supply and Requirement 

MANAGING SYSTEM 

Decision-Support Tool: 

Aggregated Capacity 
[ Planning Model 

Decision .—N Long-TermSupply_Chain Fibre Plan 

Integration 
Decisions Made 
at Higher Level 

Frequency 
1 Month o 

MANAGED SYSTEM 

Longer Time Horizon: 12 months 
Bigger At: 1 month 

_. Data Inputs 
State, Demand/Supply Forecasts 

State, Supply/Demand Orders 

Data Inputs 

L _K, 

MANAGING SYSTEM 

Decision-Support Tool: 

Campaign Planning & 
Order Scheduling Model 

Corporate & Mill 

Data Acquisition 
Performance & Business Trends 

Performance & Up-To-Date Info.' 

o 
Frequency 

1 Week Decision 
Production Campaign & Order Allocation 

Data Acquisition j I _ 

MANAGED SYSTEM 

Shorter Time Horizon: 12 wks I External 

s™».rA,:1day. I S S T * 

Process 
Representation 

Incorporates 
More Details 

LEVEL 2 - Operational Planning 
Maximize Profitability Given SC Capability and Supply & Demand Opportunities 

Figure 4.2 : Representation du cadre de planification hierarchique « en ligne » et 
de son integration au sein de la structure organisationnelle de l'entreprise14 

14 
Voir article 4. 
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4.3.1.1 Niveau 1: Planiflcation agregee de la capacite 

Le modele de planiflcation agregee de la capacite fournit un support a la prise 

de decisions tactique et est principalement utilise par les gestionnaires responsables de 

1'approvisionnement en fibre. II a pour objectif de determiner un plan de gestion a long 

terme indiquant l'equilibre optimal entre l'offre et la demande de fibres dans la SC. A 

ce niveau, un horizon de temps de un an et un pas de temps d'un mois sont utilises. 

Puisque les previsions (offre de fibre, demande de pate) ne sont disponibles qu'a tous 

les mois, le modele de niveau 1 est execute sur une base mensuelle. Chaque mois, l'etat 

correspondant au systeme gere est mis a jour, les nouvelles previsions sont integrees et 

l'horizon temporel considere est avance d'un mois. 

Puisque le niveau tactique offre une perspective a plus long terme, une 

representation simplifiee du systeme gere est utilisee. Neanmoins, il incorpore des 

contraintes de capacite, de continuity (bilans de masse) et d'affectation (definies pour 

chaque mois) et considere les principaux elements de couts pour la prise de decisions. 

Le modele elabore, inspire par le probleme de planiflcation de la production presente 

par Guillen et al [120] (voir Annexe I), est assez simple pour reduire la complexity 

mathematique, mais fournit suffisamment de details pour appuyer la prise de decisions. 

II est formule par programmation lineaire et en nombres entiers et incorpore une 

representation discrete du temps. II peut etre resume comme suit: 

Etant donne Les previsions de la capacite et des couts d'appro visionnement en 

fibre, les couts et les niveaux initial et final des inventaires, la capacite 

de production et les couts manufacturiers a l'usine, les previsions de la 

demande et des prix de la pate ; 



83 

Trouver Les meilleures opportunites d' approvisionnement en fibre, le flux de 

(powchaque fibre optimal tout au long de la SC, les niveaux d'inventaire requis, le 
mois) 

nombre de jours de production pour chaque grade de pates et les 

opportunites de demande qui maximiseront le benefice total pour les 

12 mois de Thorizon temporel considere. 

Enfin, les resultats fournis par le modele de niveau 1 aident essentiellement a 

determiner une strategie equilibree de gestion de la fibre le long de la SC en fonction de 

revolution prevue (previsions a long terme) de 1'appro visionnement en fibres et de la 

demande de pate. 

4.3.1.2 Niveau 2: Planification des campagnes de production et ordonnancement 

des commandes 

Au niveau 2, le modele de planification des campagnes de production et 

d'ordonnancement des commandes fournit un support pour la planification 

operationnelle. II a pour objectif de determiner la sequence optimale des campagnes de 

production et de repartir les commandes entre celles-ci. A ce niveau, un horizon de 

temps de trois mois et un pas de temps d'une journee sont considered. Contrairement au 

niveau 1, la planification n'est pas faite a partir de previsions mais sur la base 

d'informations plus precises telles que les commandes courantes et confirmees. 

Toutefois, il subsiste plusieurs incertitudes notamment du au fait que les commandes ne 

sont pas toutes connues (pour les 3 mois a venir) et qu'elles deviennent peu a peu 

disponibles. Par souci de coherence avec les processus decisionnels de l'usine a l'etude, 

le modele au niveau 2 est execute sur une base hebdomadaire. Chaque semaine, l'etat 

correspondant au systeme gere est mis a jour, de nouvelles informations sur les 

commandes sont integrees et l'horizon temporel considere est avance d'une semaine. 
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Pour les besoins du niveau operationnel, une representation plus exacte du 

systeme gere est necessaire. En fait, le modele elabore, inspire par les travaux de 

Bredstrom & al. [67] (voir Annexe I), incorpore des contraintes detaillees, definies 

pour la plupart sur une base quotidienne, de sorte a garantir que la logique de 

production de l'usine soit bien refletee au sein de la SC. Entre autres, des contraintes de 

capacite et d'affectation sont utilisees respectivement pour representer les limitations 

des ressources disponibles (e.g. capacite des equipements) et les decisions discretes 

devant etre faites (e.g. les transitions, la production (ou pas) d'un grade de pate au cours 

d'une periode donnee, etc.). Bien que cette representation des operations augmente la 

complexite du modele, cela est compense par la reduction de l'horizon de temps 

considere (seulement trois mois). Enfin, le modele est formule, comme le niveau 1, par 

programmation lineaire et en nombres entiers et incorpore une representation discrete 

du temps. II peut etre quant a lui etre resume comme suit: 

Etant donne La capacite et les couts detailles d'approvisionnement en fibre, les 

couts et les niveaux initial et final (cibles) des inventaires, la capacite 

de production (y compris les transitions) et la structure de couts 

detaillee de l'usine, les commandes acruelles des clients (quantites, 

delais vises et les prix de vente); 

Le plan detaille d'approvisionnement en fibre (cout, quantite, 

livraison), le flux de fibre optimal tout au long de la SC, les niveaux 

detailles d'inventaire requis, le plan optimal de production (campagne, 

transition, capacite) et la selection/repartition des commandes qui 

maximisent le benefice total pour l'horizon temporel considere. 

Enfin, les resultats de ce modele fouraissent aux decideurs des indications plus 

precises aidant a gerer la complexite de la SC et a maximiser sa rentabilite, compte tenu 

de l'environnement d'affaires (i.e. opportunites d'approvisionnement et de demande). 

Trouver 
(pour chague 

jour) 
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4.3.1.3 Integration des modeles de planiflcation tactique et operationnelle 

L'integration des niveaux 1 et 2 est d'une importance considerable car la 

planiflcation operationnelle ne peut se faire en toute confiance sans prendre en compte 

les perspectives a long terme. Par exemple, toutes decisions a court terme liees a la 

reduction de la capacite de production doit considerer la demande prevue au cours des 

mois ulterieurs. La planiflcation operationnelle doit maximiser la rentabilite a court 

terme mais ce, sans compromettre la capacite de maximiser la rentabilite dans l'avenir. 

Grace a la strategic d'integration choisie, le niveau superieur fournit des indications qui 

permettent au modele du niveau inferieur de tenir compte, indirectement, des tendances 

futures d'offre de la fibre et de demande de pate (et ce, tout en gardant un horizon de 

temps de trois mois). Afin d'expliquer cette strategie d'integration et les flux 

d'informations entre les deux modeles, il est necessaire de presenter comment le cadre 

de planiflcation hierarchique « en ligne» devrait etre implante de facon pratique 

(Figure 4.3). 

Comme on peut le voir, 1'application du cadre de planiflcation, pour un mois 

donne, se fait en cinq etapes principales. 

Etape 1 

Le modele agrege (niveau 1) est execute, base sur les previsions de l'offre 

de fibre et de la demande de pate, pour les mois Ml a Ml2. Pour assurer la 

coherence entre les trois premiers mois du niveau 1 et les mois 

correspondants au niveau inferieur, les previsions utilisees pour Ml, M2 et 

M3 sont determinees a partir des donnees detaillees disponibles au niveau 2 

(e.g. les commandes de pate). Ceci est essentiel car, si la situation a court 

terme est mal representee, alors les indications fournies par le modele de 

niveau 1 ne seront pas fiables et introduiront des distorsions au niveau 

inferieur. 
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Etape 2 

Etape 3 

Etape 4 

Etape 5 

Le modele detaille (niveau 2) est execute, base sur des donnees plus precises 

caracterisant l'offre de fibre, la demande de pate ainsi que l'etat actuel du 

systeme, pour les semaines WK1 a WK12. 

Pour chacune des autres semaines du mois en cours, 1'ensemble des donnees 

est mis a jour et le modele au niveau 2 est execute de nouveau. Puisque la 

semaine WK12 reste la derniere semaine a chaque fois que le modele est 

execute, 1'horizon de temps considere retrecit de 12 a 9 semaines. Cette 

approche est utilisee afin d'assurer la coherence entre le modele detaille et la 

disponibilite (et la resolution) des informations provenant du niveau 

superieur. 

LEVEL 1 
AGGREGATE 

CAPACITY PLANNING 

MODEL 

At = 1 month 

LEVEL 2 
CAMPAIGN PLANNING & 

ORDER SCHEDULING 

MODEL 
At = 1 day 

Figure 4.3 : Application, pour un mois donne, du cadre de planiflcation 
hierarchique « en ligne »; integration des modeles de niveau 1 et 215 

(M : Mois, WK : Semaine) 

Voir article 4. 
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Enfm, trois types d'information sont integres entre les modeles de niveau 1 et 2. 

Tout d'abord, les niveaux des inventaires (pour la pate, les copeaux et les billes de bois) 

a la fin du troisieme mois (M3) sont utilises comme cibles, au niveau 2, pour les 

inventaires a la fin de l'horizon de temps (WK12). Puisque ces cibles sont determinees 

au niveau 1, en fonction des previsions annuelles, elles forcent le modele inferieur a 

etre coherent avec les perspectives a long terme d'approvisionnement et de demande. 

Le second type d'information integre consiste, pour les mois M2 et M3, au nombre de 

jours de production, pour chaque grade de pate. Puisque que les commandes des clients 

ne sont pas pleinement connues a l'avance (specialement pour les deuxieme et troisieme 

mois), ces informations permettent de fournir une idee preliminaire de la production au 

niveau 2. Bien entendu, on suppose que, pour le premier mois du niveau 2, les 

commandes sont totalement connues et done, qu'il n'est pas necessaire d'appliquer 

cette condition. Finalement, puisque le modele agrege est une relaxation du probleme 

de planification detaillee (voir section suivante), le profit optimal obtenu au niveau 1 

(calcule pour les trois premiers mois) peut etre utilise comme borne superieure au profit 

calcule au niveau 2 (i.e. profit niveau 2 < profit niveau 1), pour potentiellement faciliter 

la resolution du modele detaille. 

4.3.2 Caracterisation de l'agregation 

Pour les approches hierarchiques, l'analyse des proprietes d'agregation est un 

element tres important a aborder afin de comprendre les limites en termes d'optimalite 

et de faisabilite [153]. Pour le cadre de planification presente, il est possible de 

demontrer, grace a l'analyse systematique des contraintes et des fonctions objectif a 

chaque niveau, que le modele agrege (niveau 1) est une relaxation du modele detaille 

(niveau 2). Pour cela, deux caracteristiques doivent etre assurees [154]: 1) la region 

faisable du modele inferieur doit etre incluse dans la region faisable definit du modele 

agrege et 2) la valeur de la fonction objectif du niveau superieur doit etre superieure ou 
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egale a la valeur de la fonction objectif du modele detaille, pour toutes solutions 

envisageables au niveau inferieur. Puisque, de facon generate, la formulation 

mathematique au niveau 1 peut etre obtenue en effectuant des manipulations 

mathematiques valables a partir de la formulation detaillee, il est possible d'analyser 

chacune des contraintes et fonctions objectif et de prouver ces conditions. Pour ce, il est 

important de souligner que le meme horizon de temps a ete considere et que les 

contraintes ainsi que la fonction objectif de la formulation agregee ont ete exprimees en 

fonction des variables et parametres du modele detaille. 

4.3.2.1 Analyse des contraintes 

Cette premiere analyse a permis de montrer, par comparaison, que les 

contraintes du probleme detaille sont plus restrictives que les contraintes du probleme 

agrege. En fait, toute solution faisable au niveau inferieur est aussi possible dans la 

formulation agregee car elle maintient des niveaux d'inventaire non negatifs, 

n'outrepassent pas les limites de capacite etablies et, respectent toutes les contraintes 

d'affectation (qui sont beaucoup plus simples qu'au niveau detaille). 

4.3.2.2 Analyse des fonctions objectif 

En comparant les termes des fonctions objectif des deux niveaux, il est possible 

de demontrer que le probleme agrege de planification offre une borne superieure au 

profit correspondant calcule au niveau detaille. Pour ce, deux elements de cout de la 

fonction objectif au niveau 1 requierent un traitement particulier. Tout d'abord, il est 

necessaire d'assurer que le cout des transitions calcule16 soit une borne inferieure au 

meme cout determine au niveau detaille. Cette problematique a ete abordee en basant le 

Contrairement au modele detaille, les transitions ne sont pas cxplicitemcnt representees au niveau agrege. 
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calcul de ces couts sur le nombre minimum de transitions possible, pour chaque periode 

du niveau 1. 

II est egalement necessaire que les couts des inventaires dans la formulation 

agregee soient une borne inferieure aux couts correspondants calcules dans le modele 

detaille. Ceci n'est pas possible si ces couts sont calcules, pour chaque periode agregee, 

sur la base d'une simple moyenne entre les niveaux d'inventaires initial et final. En fait, 

dans certains cas, il est possible que les couts calcules au niveau agrege soient 

surestimes par rapport aux couts determines par le modele detaille (voir le profit 

« average » a la Figure 4.4). Pour eviter cette situation, la section suivante propose une 

formulation particuliere pour le calcul des niveaux d'inventaire dans le probleme de 

planification agregee. 

4.3.2.3 Minimum du niveau d'inventaire moyen 

Afin d'assurer la relaxation, une approche a ete developpee afin de determiner 

le minimum possible du niveau d'inventaire moyen (AMI) pour une periode agregee17 

(voir le profil « minimum» a la Figure 4.4). L'evaluation de cet AMI se fait a partir des 

taux maximums de consommation et d'accumulation des produits, de la demande totale 

de produits et des niveaux initial et final des inventaires d'une periode agregee. Plus 

specifiquement, la methode consiste a calculer, par interpolation lineaire, les profils 

d'inventaire correspondant aux cas du plus rapide epuisement (a partir du niveau initial 

d'inventaire) et de la plus rapide accumulation (jusqu'au niveau final d'inventaires) de 

produit. 

Pour des problemcs de planification agregee de type MILP et ayant une representation discrete du temps. 
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Figure 4.4 : Resultats de l'application de la methode devaluation du AMI, pour 
un probleme de determination de grandeur des lots18 

Tel que demontre a la Figure 4.4, pour le cas simple d'un probleme de 

determination de la grandeur des lots (« lot-sizing »), la procedure elaboree garantit que 

le cout des inventaires calcule au niveau agrege est une borne inferieure aux couts 

calcules pour le modele detaille. Bien que ce resultat soit pour le cas general, la 

formulation proposee peut aussi etre simplifiee pour des applications particulieres. Par 

exemple, dans le probleme aborde de planification de la SC d'une usine de pate, le 

calcul du AMI associe aux inventaires de copeaux de bois se fait base sur le pire taux 

de consommation des copeaux et les niveaux initial et final des inventaires (on fait 

l'hypothese que les copeaux peuvent etre reapprovisionnes de facon instantanee). 

Voir article 6. 
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4.3.2.4 Implication de la propriete d 'agregation 

Le fait que le modele au niveau 1 soit une relaxation du modele au niveau 2 a 

les implications suivantes: 

• Le profit calcule au niveau 1 peut etre utilise pour accelerer la resolution du modele 

de niveau 2 (voir Section 4.3.1.3); 

• Toute solution faisable obtenue au niveau inferieur est assurement faisable au 

niveau agrege ; 

• Toute solution irrealisable au niveau agrege est egalement irrealisable dans le cas 

de la planification detaillee ; 

• Les deux modeles etant utilises de facon integree, un certain niveau de coherence 

entre ceux-ci et de confiance dans les resultats obtenus est assure. 

Enfin, il faut reconnaitre que cette propriete d'agregation n'empeche pas le fait 

qu'une solution faisable au niveau agrege peut correspondre a une solution irrealisable 

au niveau detaille. Puisque la formulation au niveau 1 est simplifiee, il n'est 

evidemment pas possible de garantir qu'une solution fournie par le modele soit, lorsque 

desagregee, optimale ou faisable au niveau detaille [108, 153]. 

4.3.3 Application du cadre de planification hierarchique « en ligne » 

Cette section presente les resultats de l'application de l'approche de 

planification developpee, dans le contexte de 1'etude de cas. Ceux-ci demontrent les 

avantages pratiques de l'utilisation d'outils avances d'aide a la decision pour supporter 

les processus de planification de la SC en P&P. Plus particulierement, quatre 

principaux aspects sont abordes : 

1) La caracterisation pratique des modeles en termes d'efficacite de resolution et des 

proprietes d'agregation; 
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2) Les benefices de la planification basee sur 1'optimisation, dans le contexte des 

P&P; 

3) L'importance de l'integration des niveaux de planification tactique et 

operationnelle ; 

4) La pertinence d'une approche «en ligne» tenant compte de la disponibilite 

graduelle des informations. 

Tous les resultats obtenus ont ete generes en implantant les modeles de 

planification decrits dans le logiciel GAMS [117]. Le cas de base, qui a servi de point 

de depart pour chacune des analyses effectuees dans cette section, a ete defini a partir 

de donnees (definissant les parametres de chacun des modeles) et d'une caracterisation 

de la SC faite en collaboration avec le partenaire industriel. Aussi, un total de 8 autres 

scenarios, qui sont des modifications du cas de base, ont ete elabores afin d'examiner 

davantage certaines perspectives de SCM (ces cas sont decrits au fur et a mesure de la 

discussion). 

4.3.3.1 Analyse des modeles du niveau 1 et 2 

Afin d'analyser la performance des modeles, ceux-ci ont ete executes de facon 

independante et en considerant des situations semblables i.e. memes conditions 

endogenes et exogenes et meme horizon de temps de 3 mois. Le Tableau 4.2 resume les 

informations essentielles a la comparaison des modeles. Comme on peut le voir, le 

modele de planification agrege est moins complexe. II est done resolu beaucoup plus 

rapidement que le modele detaille correspondant. 
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Tableau 4.2 : Efficacite de resolution des modeles de niveaux 1 & 2 19 

Binary Continuous Time Relative 
Problems Equations Nodes Iterations . „_ . . . Opt. Gap Profit ($) 

Variables Variables (CPUs) (%) 

Level 1 
Aggregated 

Capacity 
Planning 

1644 3 005 4 400 2 180 25 375 15.4 0.0036 6 290 752 

Level 2 
Campaign 
Planning & 4 320 20 251 16 345 3 562 358 252 1000 1.008 6 183 861 

Order 
Scheduling 

De plus, il a ete possible de confirmer que la formulation developpee au niveau 

1 est bel et bien une relaxation du modele au niveau 2. Puisque les profits obtenus pour 

le modele detaille et le modele detaillee auquel on a ajoute les contraintes du modele 

agrege sont similaires (voir Figure 4.5 (a)), la condition de faisabilite est respectee (les 

contraintes du niveau 2 sont moins restrictives car elles n'affectent pas le profit 

calcule). Aussi, la Figure 4.5 (b), qui presente quant a elle les profits calcules pour les 

modeles agrege (Model LI) et detaille (Model L2+), montre que la formulation agregee 

fournit effectivement une borne superieure au profit calcule par la planification 

detaillee. 

9 
Voir article 5. 
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Figure 4.5 : Validation pratique des proprietes d'agregation des modeles 
developpes20 

(ecart relatif d'optimalite £ 2.5%) 

4.3.3.2 Benefices de I 'utilisation d'un outil avance (optimisation) pour la 

planification de la SC en P&P 

La planification de la SC peut aider a evaluer les compromis et a gerer la 

complexite de la SC en P&P. Dans cette section, ceci est illustre pour deux perspectives 

importantes aux usines de pate commerciales. 

Cycles de production et de demande 

L'objectif vise est de montrer l'avantage, par rapport a l'approche de gestion 

centree sur la production, de mettre l'emphase sur la rentabilite des operations de la SC. 

Pour ce, trois cas ont ete definis : 

Cas # 1. Marche de pate favorable (demande et prix forts); 

Cas # 2. Marche de pate defavorable (demande est prix faibles); 

Cas # 3. Marche de pate defavorable et difficulte temporaire 

d'approvisionnement en erable. 

Voir article 5. 
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Les resultats obtenus sont presentes dans la Figure 4.6 ou chaque courbe 

represente revolution de la rentabilite de la SC en fonction du niveau fixe de 

satisfaction de la demande (« order fulfillment » - OF)21. Le profit optimal pouvant etre 

realise dans chaque situation est identifie par un "X". Pour le scenario de demande 

optimiste, puisque l'utilisation maximale de la capacite de production a l'usine 

correspond a la rentabilite maximale de la SC (voir A, Figure 4.6), l'approche 

traditionnelle de gestion centree sur la production est valide. Toutefois, lorsque la 

demande de pate s'affaiblie, la rentabilite maximale de la SC n'est pas obtenue lorsque 

les equipements de production sont utilises a pleine capacite. En fait, comme on peut le 

voir pour le deuxieme et troisieme cas, la rentabilite de la SC diminue si l'usine de pate 

est forcee a produire pour des valeurs de OF superieures a 80% (voir B, Figure 4.6). 

Cette situation, qui contraste avec l'intuition typique des planificateurs, exige 

clairement un changement en ce qui concerae la strategie traditionnelle de gestion de la 

capacite en P&P. Compte tenu de la variabilite du marche de la pate, il est essentiel, 

pour la competitivite de tels producteurs, de posseder les outils necessaires afin 

d'evaluer, a tout moment, la rentabilite des operations de la SC. 

Le OF est dcfmit comme ctant lc quotient du total de la pate livree aux clients ct dc la demande totale considercc. Autrcmcnt dit, 
si OF = 60%, alors 40% des opportunity de demande ne sont pas satisfaites. 
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—0~~ Base Case 

— O — Case #1 

-•©--Case #2 

— O - Case #3 

Figure 4.6 : Effet de l'environnement d'affaires sur la rentabilite de la SC22 

(niveau 2) 

Cycles d'approvisionnement et de production 

L'objectif vise est de montrer les avantages d'une approche holistique par 

rapport a la planification independante de la production a l'usine i.e. sans prendre en 

compte les decisions reliees a 1'approvisionnement en fibres. Pour ce, deux approches 

ont ete comparee : la premiere fixe les campagnes de production selon l'heuristique 

industrielle typiquement utilisee a l'usine23 et la seconde, optimise la SC et aligne les 

strategies de gestion de I'approvisionnement et de la production. Aussi, trois cas 

(modification du cas de base) ont ete definis: 

Voir article 5. 
23 

Cclle-ci consiste a produire altcrnativcmcnt cinq semaincs de grades d'crable et unc semainc et demi de grades de bouleau (voir 
Figure 4.8). 
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Cas # 4. Difficult^ temporaire (au debut de l'horizon de temps) 

d'approvisionnement en erable ; 

Cas # 5. Le cas precedent combine a une reduction du niveau d'inventaire 

maximum permis (reduction du fond de roulement); 

Cas # 6. Les deux cas precedents combines a une reduction des inventaires 

initiaux (pour mettre l'accent sur les compromis a court-terme). 

I 

Order Fulfillment (OF) 

Figure 4.7 : Amelioration du profit realisee en utilisant une approche de 
planification basee sur l'optimisation24 

(comparee a l'application de 1'heuristique industrielle, niveau 2) 

Tel que presente a la Figure 4.7, la difference entre l'utilisation de Theuristique 

et de l'optimisation n'est pas significative pour le cas de base. Cela donne a penser que 

l'approche de planification couramment utilisees a l'usine est valable lorsque les 

conditions de la SC sont normales et stables (i.e. equilibre entre l'offre et la demande 

Voir article 5. 
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de fibre)25. En outre, on peut voir, en inspectant les resultats pour les Cas # 4, # 5 et # 6 

(la seule exception etant pour OF = 49%), que plus les scenarios de SC considered sont 

contraignants, plus il est benefique d'utiliser une approche de planification basee sur 

l'optimisation (voir A, Figure 4.7). Pour les memes raisons, le potentiel d'amelioration 

du profit augmente avec le niveau de satisfaction de la demande (voir B, Figure 4.7). 

Figure 4.8 : Comparaison des plans de production selon 1'heuristique et optimise26 

(niveau 2, pour le Cas #6 et OF = 99%). 

Lorsque les compromis au sein de la SC sont plus difficiles a evaluer, les 

heuristiques peuvent ne pas fournir de bons resultats. Quant a elle, la planification 

basee sur l'optimisation, qui considere la SC dans son ensemble, permet d'aborder 

systematiquement ces compromis et d'adapter la planification de la SC en fonction de 

l'environnement d'affaires. Par exemple, la Figure 4.8 montre comment le plan de 

production optimise s'adapte a la situation particuliere de d'approvisionnement. 

Contrairement aux indications fournies par 1'heuristique, les grades de bouleaux 

(grades 3 et 4) sont produits plus tot que prevu afin de tenir compte des difficultes 

II est necessairc de mcntionncr que, pour l'approche integrant 1'heuristique industrielle, les variables continues sont toutcs 
optimisees. Cela peut, dans une certaine mesurc, aussi expliqucr pourquoi les profits des deux approches sont relativcment 
similaires. Par consequent, les avantagcs de l'approche basee sur l'optimisation sont potentiellcmcnt sous-estimcs par rapport aux 
benefices reels. 

Voir article 5. 
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d'approvisionnement en erable en debut de periode et done, de diminuer la pression sur 

1'approvisionnement en fibre (voir A, Figure 4.8). 

4.3.3.3 Benefices de I'integration des planifications tactique et operationnelle 

L'objectif vise est de montrer qu'en plus de fourair un appui sur mesure pour 

les decideurs a chaque niveau, l'approche hierarchique de planification assure, via 

l'integration des niveaux d'inventaires cibles, que les decisions a court terme puissent 

prendre en compte les tendances a plus long terme. Pour ce, deux cas ont ete 

consideres27: 

Cas # 7. Forte demande de pate pour les grades de bouleau (mois 4 et 5) et 

d'erable (mois 6 et 7); 

Cas # 8. Le cas precedent combine a une penurie de fibres pour les mois 5 a 7 

(e.g. periode printaniere). 

Le Tableau 4.3 montre les resultats obtenus lorsque les niveaux decisionnels de 

planification sont integres (i.e. le niveau 1 est execute et les cibles d'inventaire sont 

prises en compte lors de 1'execution du niveau 2) et non integres (i.e. le niveau 2 est 

execute independamment du niveau 1 qui doit lui-meme s' adapter aux decisions prises 

a court terme). Pour les deux scenarios consideres, le profit optimal a long terme 

(niveau 1) est plus grand pour l'approche integree que pour l'approche non integree. 

Cela est du au fait que, grace a l'integration des informations sur les inventaires, la 

planification a court terme est adaptee de sorte a fournir plus de flexibilite pour les 

opportunites a long terme. En fait, bien que le profit soit reduit a court terme (e.g. 

Ces cas ne different que par les situations definies au niveau 1. Les situations defmics au niveau 2, pour les Cas #7 & #8, 
correspondent au cas de base. 
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production de pate en prevision de la demande), on peut voir que cette strategic permet 

de maximiser la rentabilite a long terme (niveau 1). 

Tableau 4.3 : Comparaison des profits optimaux obtenus pour les approches 
integree et non integree28 

Variations of test case 

Case #7 

Case #8 

With Integration 

Without Integration 

With Integration 

Without Integration 

Profit Level 1 (High Level) 

($) 

30 187 147 

29 834 465 

28 145 629 

27 838 890 

Profit Level 2 (Low Level) 

($) 

3 095 322 

6 183 861 

2 123 449 

6 183 861 

La Figure 4.9 montre un exemple (pour le Cas #7) ou la planification a court 

terme est adaptee afin de realiser les opportunites a long terme identifiees par le modele 

de niveau 1. Si on ne tient pas compte de la demande future, le plan de production 

obtenu a court terme (« without integration ») suggere qu'il existe un excedent de 

capacite de production disponible (voir A, Figure 4.9). Ce n'est evidemment pas le cas 

et, compte-tenu des fortes previsions de demande, les cibles d'inventaires (voir B, 

Figure 4.9) assurent que l'usine fonctionne a pleine capacite. Aussi, comme on peut le 

voir pour le cas de la planification integree, une plus grande quantite de grade de 

bouleau (grades 3 et 4) est produite et ce, afin de tenir compte de la forte demande pour 

ces produits dans les quatrieme et cinquieme mois (voir C, Figure 4.9). 

Voir article 5. 
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Figure 4.9 : Application de l'approche hierarchique au Cas #7: 

Enfm, la Figure 4.10 fournit un dernier exemple, celui-la dans le contexte de 

1'approvisionnement en fibre (Cas #8), soulignant l'importance de considerer la 

perspective a long terme. En inspectant les profils d'inventaires de copeaux de bois 

presenters on peut voir que, contrairement a l'approche non integree, l'approche 

integree permet de determiner les cibles d'inventaires requises pour parer a la penurie 

de fibres prevue pour les mois 4 a 7. Dans cette situation, afin de minimiser les couts 

d'approvisionnement tout au long de l'annee, la meilleure strategie a court terme 

consiste a batir une certaine quantite d'inventaires de copeaux de bois (voir Figure 

4.10). 

Voir article 5. 
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Figure 4.10 : Impact de la situation d'approvisionnement a long terme sur la 
strategic de gestion des inventaires a court terme30 

4.3.3.4 Benefice de I 'approche de planifwation « en ligne » 

L'objectif vise est d'illustrer comment le cadre hierarchique peut etre utilise 

« en ligne » afin de mieux soutenir les processus decisionnels dynamiques et done, de 

tenir compte du fait que toutes les informations pertinentes peuvent ne pas etre 

disponibles lorsque les decisions concernant la planification doivent etre prises. Pour 

ce, les resultats presentes ont ete obtenus en simulant 1'implantation « en ligne » du 

cadre de planification (voir Figure 4.3 a la Section 4.3.1.3) et ce, pour le Cas #7 definit 

a la section precedente. A chacune des etapes 2, 3, 4 et 5 (Figure 4.3, niveau 2), 

differentes commandes des clients ont ete considerees afin d'imiter l'incertitude liee au 

manque d'information sur la demande (e.g. l'ajout de commandes qui n'etaient pas 

disponibles au debut). En fait, la liste des commandes disponibles, qui evolue a chaque 

semaine, considere de nouvelles commandes, des commandes modifiees ainsi que des 

commandes fixees (qui ne changeront plus). Enfin, il est important de mentionner 

Voir article 5. 
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qu'apres chaque execution du modele, les variables de decisions de la semaine courante 

ont ete fixees pour les etapes suivantes (puisqu'en realite la production deja realisee ne 

peut plus etre changee). 

On observe a la Figure 4.11 que, au fur et a mesure que de nouvelles 

informations sont disponibles, le plan de production est de mieux en mieux defini. Des 

la premiere semaine, du au manque d'information, il est difficile de determiner avec 

confiance les campagnes de production pour tout l'horizon de temps (voir A). De la 

deuxieme a la quatrieme semaine, compte tenu de la meilleure connaissance des 

besoins des clients, le plan de production devient plus precis. Aussi, une des 

particularites de l'approche « en ligne » est que, compte tenu de l'horizon de temps 

glissant, seule la premiere semaine d'un plan de production determine est reellement 

mise en oeuvre a l'usine (ainsi, les decisions correspondantes aux autres semaines ne 

seront jamais implantees mais plutot revisees lors de la prochaine etape de 

planification) (voir B). Comme on peut le voir, cela fournit la flexibilite necessaire 

pour reagir aux incertitudes liees au manque d'information precise. 

Enfin, en comparant les resultats obtenus pour la derniere semaine (Figure 4.11, 

semaine 4) aux resultats du Cas # 7 (Figure 4.9 (b - « with integration »)), il devient 

clair que si une quantite insuffisante de renseignements preliminaires est fournie des le 

debut de l'horizon temporel, il y a un plus grand risque que les decisions proposees par 

la planification « en ligne » ne soient pas coherentes avec les decisions qui serait 

"theoriquement" obtenues par une approche « hors ligne » fondee sur une connaissance 

parfaite des commandes des clients. Toutefois, bien qu'elle soit « mathematiquement » 

sous optimale par rapport a l'approche « hors ligne », l'approche « en ligne » est tres 

interessante car elle permet de fournir un outil d'aide a la decision pratique et 

compatible avec la nature des processus decisionnels et aussi, d'ameliorer la 
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planification, au fil du temps, afin de faire face aux incertitudes et nouvelles 

informations disponibles. 

week 1 

• Grade 1 • Grade2 BGrade3 .'Grade4 
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= a § £ l | 

i 

WB6K A •I^^^^H^^^BJjj^^HB^™uu\uvu^fllBHIHIHHfu^ lor'' 

week 3 S B I M I ;k̂ ?H•-:•,: M M 

week4mmm® wmams-.-viwmt • ••••.•r.^T^^m 
1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 

Time Horizon (days) 

Figure 4.11 : Evolution du plan de production (niveau 2) au fur et a mesure que de 
nouvelles informations sur les commandes sont disponibles31 

4.4 Modelisation des couts axee sur les operations (Phase B) 

Les processus comptables aux usines, qui resument typiquement la performance 

des couts du procede sur une base mensuelle, ne fournissent pas les informations 

adequates pour supporter la strategic de gestion visant a incorporer la flexibilite des 

operations manufacturieres au sein de la SC (Phase C). Par consequent, afin de 

clairement faire le lien entre les conditions d'operation et la structure de generation des 

couts aux usines, une approche plus sophistiquee de modelisation des couts a ete 

elaboree dans le cadre d'une collaboration entre des ingenieurs et des comptables. Bien 

Voir article 5. 
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qu'inspiree des principes du ABC, la modelisation des couts axee sur les operations 

comporte une importante extension, dans le contexte des environnements continus de 

production, en ce qui a trait a l'analyse de la perspective procede comme source de 

generation des couts aux usines. A l'instar du ABC, developpe pour la modelisation 

des processus generant des couts indirects, elle met l'emphase sur l'analyse des liens 

entre l'utilisation des ressources par les activites et des activites par les objets de 

couts32. Toutefois, en incorporant l'analyse des donnees de precedes, qui permet 

d'identifier et d'evaluer les inducteurs (« driver ») de ressources et d'activites dans le 

procede, elle ameliore la caracterisation des couts manufacturiers directs en P&P (e.g. 

pour 1'estimation des couts de production des grades de pate) et permet aux 

gestionnaires des operations de mieux suivre et controler ces elements de couts. 

4.4.1 Approche de modelisation 

Les sept etapes suivantes sont requises afm de structurer et d'analyser les donnees cles 

de procede et de developper un modele de couts ascendant adapte pour la 

caracterisation de la structure des couts directs de production aux usines (Figure 4.12). 

1. Definition de 
I'objectif 

2. Definition des 
frontieres 

3. Phase de 
Description 

H 4. Selection 
& acquisition 

des 
donnees H 

5. Phase 
d'investigation 

6. Modelisation 
des couts (OdCM) 

7. Interpretation 
& report des 

couts 

Figure 4.12 : Etapes pour la modelisation des couts axee sur les operations 

Un objct dc cout peut ctre definit comme une unite fonctionnelle pour laquelle les couts doivent ctre mcsurcs. Cela pcut ctrc une 
activitc, un produit, un procede, un service, etc. 



106 

4.4.1.1 Etape 1: Definition de I 'objectif 

La definition claire de l'objectif vise et l'alignement entre cet objectif et la 

strategic de modelisation est une condition necessaire pour le developpement d'un 

modele de couts utile a la prise de decisions. II convient de preciser non seulement 

l'objet pour lequel le comportement des couts doit etre caracterise (i.e. l'objet de cout) 

mais aussi, les besoins lies a la prise de decisions [133] i.e. comment et pourquoi le 

modele sera utilise. C'est base sur ces informations qu'il est possible d'identifier les 

elements a inclure dans le modele et, done le niveau de details requis. 

4.4.1.2 Etape 2 : Definition des frontieres 

La portee de l'etude est definie par une analyse holistique des precedes de 

production et de la structure des couts de l'usine. Cela consiste a identifier, a partir des 

informations comptables du grand livre, les ressources devant etre considerees a priori 

(selon l'objectif formule) et aussi, a cartographier les principales operations 

manufacturieres. Base sur cette analyse, les frontieres a considerer lors de l'elaboration 

du modele de couts peuvent etre etablies. Elles dictent les principales operations qui 

doivent etre prises en compte et pour lesquelles les conditions d'operation seront 

analysees de facon detaillee a l'aide des donnees de procede. 

4.4.1.3 Etape 3 : Phase de description 

L'analyse des donnees de procede, combinee aux principes du ABC, aide a 

mieux comprendre les liens entres les couts et la perspective procede (Figure 4.13 (a)). 

La phase de description vise a identifier ce qui est necessaire, nonobstant les donnees 

disponibles, afin de developper un modele permettant de retracer efficacement la 

structure des couts de production i.e. comment les conditions d'operation sont reliees a 

la consommation des ressources. 



107 

• Inducteur de ressource: Pour chacune des categories de ressources selectionnee, il 

est necessaire d'identifier dans le procede (a l'interieur des frontieres) quels sont les 

inducteurs correspondants. Ceux-ci determinent le taux de consommation des 

ressources en fonction des activites de procede. 

• Inducteur d'activites de procede: Ces inducteurs de deuxieme niveau permettent 

de faire le lien entre les conditions d'operation d'une unite de procede et la 

consommation des ressources. Ceux-ci caracterisent l'intensite d'une activite de 

procede au sein d'un centre d'activites de procede. 

• Inducteur de centre d'activites de procede: Chaque centre d'activite de procede 

(PWC) regroupe un ensemble d'unites de procede dont les conditions d'operation, 

par rapport a l'objet de cout, sont consistantes. Comme il fallait s'y attendre, ils 

correspondent souvent aux fonctions principales du procede de production de 

l'usine (e.g. le pretraitement, le raffinage, etc.). Lors de la definition des frontieres 

des PWC, et done de la resolution du modele, il est important de veiller a ce que les 

PWC contribuent a mieux expliquer la generation des couts a l'usine. En d'autres 

termes, e'est en combinant trois niveaux d'inducteurs, i.e. inducteurs de ressources, 

d'activites de procede et du PWC, qu'il est possible d'expliquer clairement le 

comportement des couts pour les operations manufacturieres de chacun des PWC 

(voir Figure 4.13 (b)). 
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B) PROCESS WORK CENTER! 

Previous PWC ... 

Process Unit, i=1 Process Unit, i=2 

K^+S • ProcessiActivity Process Activity , Next PWC 

Patterns Obtained) 
With Advanced * 

Figure 4.13 : Phase de description33 

(a: liens entre ressources, activites et procedes, b: differents niveaux d'inducteurs pour les PWC) 

4.4.1.4 Etape 4 : Selection et acquisition des donnees 

Cette etape consiste a determiner les donnees de procede disponibles, pouvant 

etre telechargees directement a l'usine, afin de fournir des mesures quantitatives pour 

les inducteurs identifies. Puisque l'approche vise a integrer «la connaissance du 

procede » , si certaines donnees ne sont pas disponibles pour caracteriser les inducteurs 

ou si la qualite des donnees n'est pas suffisante, alors des sources alternatives 

d'information (e.g. bilans de masse et d'energie, estimations empiriques, etc.) devraient 

Voir article 3. 
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etre utilisees afm de completer le jeu de donnees necessaire a la modelisation des couts. 

Tant que ces estimations sont fondees sur une bonne « connaissance du precede », les 

resultats fournis par le modele de couts seront utiles a la prise de decisions. Enfin, 

d'autres types d'informations contextuelles devraient etre integrees ; elles servent a 

decrire les operations manufacturieres (description des PWC) ou encore, lors de 

l'analyse des donnees de precede. 

Comparee aux approches typiques du ABC, ou les « mesures observables » 

utilisees pour la caracterisation des activites sont determinees par des entretiens et des 

sondages [155], l'approche proposee ici repose sur des donnees qui sont disponibles 

dans les PIMS des usines papetieres. Ceci est un avantage important car ces systemes 

offrent une grande quantite d'informations, relativement fiables, et qui peuvent etre 

obtenues (et mises a jour) avec un minimum d'efforts. Toutefois, l'approche ne vise 

surtout pas a utiliser toutes les donnees disponibles mais plutot, met l'accent sur les 

informations cles liees a 1'amelioration de la prise de decisions. 

4.4.1.5 Etape 5 : Phase d 'investigation 

Preparation et traitement des donnees 

Bien que les entreprises reconnaissent l'importance de l'integration des 

systemes, les donnees proviennent souvent de diverses sources et possedent des degres 

differents de fiabilite. Une evaluation de la qualite et de l'integrite des donnees devrait 

etre effectuee. L'ampleur des efforts investis pour le traitement des donnees devraient 

etre compatibles avec l'objectif etabli et le niveau d'incertitude correspondant a la prise 

de decisions. Dependamment des besoins, des techniques avancees de traitement de 

donnees de precede, telles que la filtration [156] et la reconciliation [157] des donnees, 

peuvent etre utilisees. 
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Integration des donnees 

L'ensemble des donnees (de procede et contextuelles) est centralise dans une 

base de donnees relationnelle (BDR). Elles sont stockees dans plusieurs tables reliees 

entre elles par des relations. Puisqu'elles peuvent etre exploiters a l'aide de requetes, 

ces dernieres facilitent grandement l'analyse des donnees de precedes. Entre autres, il 

est possible d'utiliser les donnees contextuelles (e.g. le plan de production, les equipes 

d'operation, etc.) afin de creer des sous-ensembles de donnees de procede a analyser. 

Analyse des donnees 

Cette etape fournit les informations cles sur la production, qui seront utilisees 

dans le modele de couts, afin de mieux evaluer les incidences sur ceux-ci des 

conditions d'operation a l'usine. Dans ce contexte, il ne s'agit pas d'une exploration 

« aveugle » des donnees mais plutot d'une analyse dirigee, basee sur la connaissance 

du procede, visant a identifier les regimes d'operation qui seront interpreter sur la base 

des couts. Aussi, ce processus est iteratif et implique le regroupement des donnees, 

l'execution d'analyse, Interpretation des resultats et l'extraction des regimes 

d'operation pertinents. Le plus souvent, une combinaison d'approches et de techniques 

est necessaire pour obtenir les informations recherchees. L'analyse peut etre appuyee 

par des outils plus communs, tel que les requetes et analyses statistiques de base, ou 

encore, par des techniques de pointe telles la detection des regimes permanents et 

l'exploration de donnees (« data-mining », DM). Bien que ces derniers outils soient 

plus « automatiques », ils permettent, sous la direction d'un utilisateur experiments, 

d'extraire des informations parfois non intuitives et pertinentes a la caracterisation des 

regimes d'operation a l'usine. 
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4.4.1.6 Etape 6 : Modele de couts axee sur les operations (OdCM) 

Le cadre de modelisation des couts developpe permet de mieux reconcilier les 

perspectives d'affaires et de production dans les usines de P&P. De facon generate, la 

procedure implantee vise a exploiter les inducteurs de couts, caracterises pour divers 

regimes durant la phase d'investigation, afin de relier la consommation des ressources, 

les conditions d'operation dans le procede et les objets de couts. Afin d'assurer 

l'integration efficace des donnees de procede et de couts ainsi que l'organisation et le 

traitement logique de l'information, le cadre de modelisation a ete elabore en 

considerant les exigences suivantes : 

• Integration ascendante34 de l'information caracterisant les operations 

manufacturieres ; 

• Procedure de calcul des couts inspire des principes du ABC ; 

• Agregation des couts suivant le flux principal de fibre dans le procede ; 

• Structure standard, modulaire et flexible pour la modelisation des procedes ; 

• Gestion efficace de l'information. 

Le cadre de modelisation des couts axe sur les operations, qui est presente de 

facon generique a la Figure 4.14, integre deux elements structurels importants. Le 

premier, appele «process work center» (PWC), permet de modeliser les centres 

d'activites de procede (tel que definis plus tot) et de calculer les couts directs de 

production. Dependamment des besoins (i.e. objectifs et niveau de details requis) les 

divers PWC necessaires a la representation des operations a l'usine sont agences en 

serie et/ou en parallele. Le second element, appele « overhead work center » (OWC), 

permet quant a lui d'incorporer les aspects lies aux frais generaux et aux couts indirects 

Par opposition a l'utilisation dc donnees agrcgecs sur la production a l'usine. 
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de production qui doivent etre abordes differemment du point de vue des calculs et du 

traitement de rinformation. Aussi, la Figure 4.14 illustre les principaux flux 

d'information qui sont necessaires au bon fonctionnement du modele. Toutes les 

donnees de couts et de procede utilisees sont stockees dans des tables specifiques et 

proviennent des systemes comptables de Tusine et de la phase d'investigation, 

respectivement. Lorsque le modele general est execute, le calcul des PWC se fait 

sequentiellement, selon l'ordre prealablement etabli. Les informations obtenues sont 

transferees d'un PWC a l'autre et, accumulees dans un element structurel 

correspondant a l'objet de cout. Cette procedure assure que le flux des couts dans le 

modele, et done l'agregation, se fasse suivant la logique des procedes manufacturiers a 

Tusine. 

Cost 
Object 

Overhead Work Center 

Local Factors 

| Routings 

Overhead ; 

Calculation : 
i Allocation 
i Scr ip t 

Process Work Center - n 

Local Factors 

Cost Flow: 

Input- « Bottom-up »: 

Input - Overhead: 

Arbitrary Allocation; 

Specific Allocation: 

Process Work Center-1 

Local Factors 

Allocation Base; 
Information Table, 

V-

o 
o 

w o 

° El 2 c 
Ql-2 

Figure 4.14 : Cadre de modelisation des couts axee sur les operations35 

Voir article 2. 
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Modelisation des PWC 

C'est l'element structurel PWC qui, au coeur de l'approche de modelisation des 

couts developpee, est utilise afin de prendre en compte la perspective precede. II 

integre les informations pertinentes sur les precedes manufacturiers eux-memes 

responsables de la consommation des ressources, et sur les conditions d'operation qui 

dictent le taux d'utilisation des ressources. Pour assurer le pragmatisme de 

l'approche , la structure developpee encapsule les bonnes pratiques de modelisation 

des couts pour les environnements continus de production et offre une architecture 

modulaire permettant la modelisation de divers systemes. 

L'element PWC incorpore done une procedure standard qui defmit, etape par 

etape, les fonctions qui doivent etre accomplies tant pour structurer, traiter et integrer 

les informations de production et d'affaires que pour faire le calcul des couts. Ce 

dernier point est illustre a la Figure 4.15 pour un exemple de PWC defini pour les 

operations de raffinage des rejets. Tel qu'indique, les informations de precede 

associees aux cinq points d'acquisition de donnees selectionnes (appeles « tag ») sont 

stockees dans une table d'information de precede et done, disponibles afin de 

caracteriser les inducteurs de couts. La methode generique de calcul des couts, inspiree 

des concepts du ABC, utilisent plusieurs niveaux de ces inducteurs (i.e. de resources, 

d'activites de precede, de PWC et de produits) pour fournir de l'information plus 

transparente sur la generation des couts dans le precede. C'est au cours de l'execution 

de ce programme (voir « Process Cost Script» a la Figure 4.15) que les donnees de 

cout et de precede sont reellement integrees. Plus particulierement, la sequence 

d'execution consiste a six etapes principales : 

Un des objectifs vises lors du developpemcnt du cadre de modelisation ctait d'elaborer un outil versatile pouvant etre applicable, 
sans grande modification, pour differents types de problcme (e.g. pour la conception des precedes, pour la gestion des operations, 
etc.), differents precedes manufacturiers (e.g. usine de pate BCTMP, usine intcgree de papier journal, etc.) et diffcrcntes resolutions 
(i.e. systeme a haut niveau ou analyse plus dctaillecs). 
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A. Les informations contextuelles caracterisant le PWC sont rassemblees ; 

B. Les informations de procede pertinentes pour le PWC definit en A sont chargees ; 

C. Le type de ressource associee a chaque tag est identifie ; 

D. Le cout unitaire correspondant a chaque ressource selectionnee est charge ; 

E. Les couts sont calcules en utilisant une combinaison d'inducteurs (base sur les 

principes du ABC) ; 

F. Un acces rapide est fournit aux principaux resultats et les informations de couts 

sont transferees au PWC suivant. 

Enfin, bien que les PWC soient definis de facon generique, le cadre de 

modelisation elabore incorpore une structure appelee « calculs specifiques » qui fournit 

aux utilisateurs la flexibilite requise afin de repondre a des exigences particulieres de 

calcul (voir Figure 4.15). 

Modelisation du OWC 

Bien que l'accent est mis sur la modelisation des couts directs, une structure 

particuliere, le OWC, a aussi ete elaboree pour le traitement des couts indirects et des 

frais generaux. Ces elements de couts sont importants pour les usines et, dans certains 

cas leur modelisation plus sophistiquee est necessaire (e.g. pour revaluation de projets 

de conception en retro-installation [152]). Toutefois, dans le contexte de la 

problematique de planification de la SC, un niveau minimum de details est requis 

puisque l'information pertinente a integrer consiste uniquement en la charge, en $/h, 

d'utilisation « du temps » de l'usine. Autrement dit, pour le probleme de SCM aborde, 

les decisions a prendre ne sont pas influencees par la repartition des couts indirects et 

des frais generaux a l'usine. L'inclusion du OWC dans le modele de couts permet 

neanmoins d'atteindre des objectifs plus pratiques tel que d'assurer de la consistance de 

l'outil developpe avec les activites courantes de gestion des couts a l'usine et aussi, de 

fournir un portrait complet de la structure des couts facilitant les discussions entre les 
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comptables et les ingenieurs. Enfin, il est important de souligner qu'aucun calcul relie 

aux couts indirects et frais generaux n'est execute localement dans les PWC et que ces 

derniers ne font qu'integrer l'information provenant du OWC (voir Figure 4.14). 
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4.4.1.7 Etape 7 : Interpretation et report des couts 

Typiquement, base sur 1'interpretation des resultats obtenus, il est necessaire de 

faire quelques iterations entre les etapes 5, 6 et 7 afin de reajuster la strategic d'analyse 

des donnees ou, tout simplement, pour effectuer une analyse plus approfondie sur 

certains aspects des couts (voir Figure 4.12). Les principaux benefices de l'approche 

analytique proposee ne sont pas realises simplement en rendant ces informations de 

couts disponibles, mais plutot en les utilisant de facon systematique pour aider la prise 

de decisions (e.g. pour la gestion des operations de la SC (Phase C)). II est done 

essentiel, a ce stade, d'interagir avec le personnel a l'usine qui peut aider a 

l'interpretation et, a determiner les implications pratiques des informations obtenues 

sur la generation des couts a l'usine. 

4.4.2 Application de l'approche axee sur les operations pour Petude de cas 

Les resultats presentes dans cette section montrent les avantages de la 

modelisation des couts basee sur l'analyse des donnees de precede historiques. Plus 

precisement, trois principaux aspects sont abordes : 

• La pertinence d'une approche qui, contrairement aux pratiques comptables 

traditionnelles, est plus consistante avec les besoins de caracterisation de la 

perspective precede; 

• L'importance de faire le lien entre les conditions d'operation et la structure des 

couts a l'usine ; 

• Les benefices, pour la modelisation des couts, d'une analyse plus avancee des 

conditions d'operation. 

La Figure 4.16 illustre comment la methode presentee dans la section 

precedente a ete appliquee a l'etude de cas pour l'analyse de la structure des couts de 

production des grades de pate. Les donnees utilisees, qui correspondent aux operations 
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d'une usine existante pour un trimestre donne, ont ete obtenues grace a la collaboration 

du partenaire industriel. Tous les resultats ont ete calcules en implantant l'approche 

OdCM dans le logiciel ImpacfcECS™ [158]. Enfin, a des fins de confidentialite, tous 

les resultats presentes ont ete normalises. 

4.4.2.1 Nouvelles perspective de couts axee sur les operations 

L'objectif vise est de montrer que l'approche OdCM amene une nouvelle 

perspective par rapport aux pratiques comptables couramment utilisees aux usines de 

P&P. Pour ce, la Figure 4.17 montre trois approches differentes pour la caracterisation 

des couts directs de l'un des principaux grade de pate a l'usine ; les couts standards et 

reellement engages (pour les trois mois consideres) obtenus a partir du systeme 

comptable a l'usine et les resultats calcules en utilisant l'approche OdCM pour chacune 

des campagnes de production du grade (« run »). 
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Figure 4.17 : Couts manufacturiers directs de l'un des principaux grades de pate39 

(la duree est exprimee en jours) 

II ne s'agit pas ici de comparer les trois methodes en tant que telles (car elles ne 

sont pas utilisees pour les memes raisons), mais plutot de montrer qu'elles fournissent 

des informations et points de vue differents ayant divers degres de pertinence pour la 

prise de decisions operationnelles. 

• Couts standard : lis sont ajustes selon les recettes et referent a la maniere dont les 

ressources auraient du etre utilisees pour la production de pates. Bien entendu, ceci 

peut ne pas refleter la realite des operations. Dans le cas presente, le standard 

semble facile a faire (compare aux couts reels) et le grade de pate est percu comme 

etant plus cher a fabriquer qu'il ne Test reellement [65]. 

• Couts reels : lis represented la vraie valeur de 1'argent depense pour rendre les 

ressources disponibles a la production. Cependant, etant donne le niveau 

Voir article 3. 
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d'agregation de Finformation et l'imputation des couts a chacun des grades de pate, 

cette approche n'offre pas suffisamment de visibilite pour comprendre les liens 

entre les conditions d'operation et la generation des couts a l'usine. Par exemple, 

bien que les couts reels de novembre soient les plus grands, une des campagnes de 

production les plus rentables (« run 5 ») s'est produite au cours de ce meme mois). 

• Couts OdCM : Contrairement aux couts reels qui se concentrent sur les ressources 

fournies a l'usine, l'approche developpee met Vaccent sur l'utilisation des 

ressources par le procede de production. Puisqu'il considere systematiquement les 

inducteurs de couts dans le procede, ce cadre de modelisation permet de mieux 

comprendre la structure des couts de production de l'usine. La Figure 4.17 montre 

clairement des variations de couts importantes entre les differentes campagnes de 

production d'un meme grade de pate (voir A, Figure 4.17). Ceci souligne la 

necessite d'utiliser ce type d'outil qui met l'accent sur le procede lorsque l'objectif 

est d'identifier, d'interpreter et, eventuellement, d'agir sur les sources de couts dans 

le procede et ce, afin d'ameliorer la rentabilite des operations. 

Les pratiques comptables traditionnelles sont essentielles a la gestion financiere 

de l'usine. Toutefois, elles offrent des possibilites plus limitees en ce qui a trait a la 

gestion des operations et des couts. Tel que mentionne par Kaplan [139], « un systeme 

de couts n'est pas suffisant» et done, il est necessaire d'adopter une nouvelle approche, 

mieux adaptee a la representation des procedes manufacturiers (et ce, specialement 

dans le contexte de l'approche de gestion de la SC proposee). Enfin, puisque la 

disponibilite des informations sur les couts n'est pas fonction du cycle financier 

mensuel, l'approche OdCM peut aussi fournir une mise a jour plus rapide et utile a la 

prise de decisions e.g. chaque fois qu'une campagne est terminee. 
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4.4.2.2 Tragabilite des couts directs dans les environnements confirms de 

production 

L'objectif vise est d'illustrer que 1'integration systematique des donnees de 

procede et de couts ameliore la tracabilite de ces derniers dans l'usine et done, fournit 

des informations plus transparentes pour leur interpretation basee sur la comprehension 

des operations. 

A l'instar des bilans massiques, le modele agrege les couts, au fur et a mesure 

des etapes du procede, afin de determiner les couts totaux de production. La Figure 

4.18 montre un exemple, pour la huitieme campagne de production (« run 8 » introduit 

a la Figure 4.17), de cette « visibilite » tout au long du procede. En P&P, la gestion des 

couts est basee sur Fhypothese que les produits sont homogenes et done, que chaque 

tonne d'un grade donne a encouru les memes couts directs de production a la sortie de 

l'usine 40. Toutefois, tel qu'indique a la Figure 4.18, il peut exister d'importantes 

variations entre les differentes campagnes de production d'un meme grade. 

Clairement, Fhypothese d'homogeneite est loin d'etre valable en ce qui concerne les 

couts directs dans les environnements continus de production. Etant donne Fetat actuel 

des technologies de l'information, les donnees de precedes disponibles devraient etre 

integrees a l'analyse des couts. L'approche OdCM exploite celles-ci et, plutot que de 

mettre Femphase sur la mesure des couts eux-memes (beaucoup plus facile a faire), 

mesure et caracterise la facon dont les ressources et activites de procedes sont 

« consommees » par chacun des PWC. 

40 ' 
Etant donne la complexitc des operations, le pcu de donnees disponibles ct lc manque d'outils avanccs de gestion des couts, ccttc 

hypothese a etc pratique et raisonnablc pendant longtemps. 
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Figure 4.18 : Contribution de chaque PWC aux couts directs normalises de 
production (run 8)41 

(Les barres indiquent les variations pour 1'ensemble des autres campagnes de production. La 
nomenclature des PWC a ete presentee a la Figure 4.16.) 
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Figure 4.19 : Analyse particuliere des couts d'un PWC basee sur les conditions 
specifiques a chaque campagne de production41 

Voir article 3. 
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Puisqu'il est possible de mesurer et de retracer les inducteurs de couts avec les 

donnees de procede, la contribution de chaque PWC peut etre analysee sur la base des 

conditions d'operation specifiques. Ceci est illustre a la Figure 4.19 qui montre les 

couts directs du PWC #1 (pretraitement des copeaux) calcules pour chacune des 

campagnes de production. Tout d'abord, il est possible d'observer que, la plupart du 

temps, le standard ne fournit pas une information de couts consistante avec la realite 

des operations. La variation des couts observee ici peut etre expliquee par 1'utilisation, 

ou pas, d'une unite de procede (impregnateur); selon la situation, les chimiques ajoutes 

ainsi que l'intensite du pretraitement applique sont adaptes. 

Bien que les ingenieurs de procede comprennent ces tendances, ils n'ont pas les 

outils necessaires afin de quantifier 1'impact sur les couts de telles variations des 

conditions d'operation. Inversement, les comptables peuvent identifier les ecarts de 

couts, mais leurs modeles n'incluent pas les details pour faire le lien avec les 

operations. Enfin, un autre avantage important de cette approche multidisciplinaire, qui 

integre les donnees de precedes et de couts, consiste en une visibilite accrue fournie 

aux ingenieurs et comptables qui d'ordinaire ont un apercu limite en ce qui a trait, 

respectivement, a la gestion des couts et aux conditions d'operation des procedes a 

l'usine. 

4.4.2.3 Caracterisation des couts basee sur Vanalyse des regimes d'operation 

Le but est de montrer comment la structure du modele de cout developpe 

(inspire du ABC) peut etre pleinement exploitee pour 1'interpretation des couts de 

production, grace a une analyse plus sophistiquee des donnees de procede. Pour ce, les 

deux etapes decrites ci-dessous sont necessaires. 
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Caracterisation des regimes cooperation 

Les benefices pour la modelisation des couts d'une analyse plus avancee des 

conditions d'operation de l'usine sont demontres en utilisant des techniques de « data 

mining » (DM)42 [159, 160]. Tous les objets considered pour les analyses ont ete 

caracterises a partir de donnees extraites de la structure relationnelle centralisee (Figure 

4.16) et ce, pour quatre principaux PWC. C'est en combinant deux techniques de DM 

(le «clustering» [161] et les arbres de decisions [162]) que quatre regimes 

d'operations, et les attributs les plus discriminants correspondants, ont pu etre 

identifies. La Figure 4.20 montre que ces regimes sont clairement identifiables en 

fonction de la quantite d'energie specifique appliquee aux raffmeurs primaire et 

secondaire. Puisqu'un ensemble multidimensionnel de donnees a ete considere, on peut 

egalement observer, a quelques endroits, un chevauchement des regimes. Par 

consequent, l'energie specifique seule ne fournit pas suffisamment d'information pour 

la classification des objets dans un ou l'autre des regimes d'operation. 

D'autrcs approches et outils (e.g. la detection des regimes pcrmancnts) pcuvcnt aussi etre utilises. II est important de notcr que, 
comparer a une approche basee sur la detection des regimes permancnts, les rcsultats prcscntcs ici inclucnt ct sont influences par 
les comportements dynamiques des operations manufacturiercs. 
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Figure 4.20 : Interpretation des regimes d'operation, sur la base des deux 
principaux attributs identifies43 

(La fleche en pointilles indique revolution chronologique des operations au cours de la periode 
consideree) 

Modelisation des couts basee sur les regimes d'operation 

Pour chacun de ces regimes d'operation, les donnees caracterisant les objets 

inclus ont ete extraites et utilisees dans la structure relationnelle centralisee afin de 

calculer les inducteurs de couts. Ces dernieres informations, caracterisant les regimes, 

ont ensuite ete transferees dans la table « Process Value Table » du modele de couts 

ascendant (voir Figure 4.16). Les resultats obtenus, pour Fexecution specifique du 

PWC #2 (Raffinage des copeaux), sont presented a la Figure 4.21 ou les barres 

indiquent les couts calcules pour chaque campagne et les lignes horizontales, les couts 

associes a chaque regime identified 

Comme on peut le voir, cette approche vise a offrir un autre point de vue que 

celui base sur les donnees contextuelles et done, a extraire des informations 

Voir article 3. 
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additionnelles ameliorant notre connaissance des diverses conditions qui influencent 

l'utilisation des ressources dans le precede. Autrement dit, elle permet de degager les 

tendances sous-jacentes dans le precede au travers des diverses campagnes de 

production et de fournir une perspective des couts plus consistante avec les operations 

reelles a l'usine. A l'image du ABC, l'integration de ces informations supplementaires 

permet de demystifier la generation des couts a l'usine. 

Operating Regime 3 Operating Regime 4 

Figure 4.21 : Resultats de la modelisation des couts basee sur les regimes 
d'operation identifies44 

4.5 Approche de gestion de la SC axee sur les marges (Phase C) 

Cette section met l'emphase sur l'integration de l'usine et au sein de la SC. 

L'objectif vise consiste a demontrer les avantages pour l'industrie des P&P 

d'incorporer la capacite de leurs precedes manufacturiers afin de supporter des 

strategies de gestion de la SC qui, bien que non conventionnelles, offrent une 

opportunite interessante d'amelioration de la rentabilite. Pour ce, deux applications 

potentielles defmies en collaboration avec le partenaire industriel sont abordees: 1) 

Voir article 3. 
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l'utilisation d'une strategic flexible de gestion de la capacite de production pour 

atteindre un alignement rentable entre la production et la demande de pate et 2) 

l'exploitation de la flexibilite des operations a l'usine aim de soutenir des strategies 

d'approvisionnement en fibre plus rentables. Compte tenu de l'importance des 

compromis entre les perspectives de production et de la SC, l'application de telles 

strategies necessite, dans les deux cas, une meilleure representation des precedes 

manufacturiers dans les problemes de gestion de la SC. Ceci est aborde a l'aide d'une 

approche de planification de la SC combinant les techniques de modelisation des couts 

et de planification de la SC presentees plus tot (Phase A et B). 

4.5.1 Gestion flexible de la capacite de production pour une usine de pate 

commerciale 

4.5.1.1 Contexte 

Determiner la meilleure facon de gerer la capacite de l'usine afin de repondre a 

la demande de produits est un processus complexe qui doit tenir compte de facteurs tels 

que la capacite de production disponible, les inventaires, les commandes des clients et 

les marges de profits realisables. En P&P, la planification se fait souvent basee sur 

l'hypothese que la rentabilite optimale de la SC est obtenue pour une utilisation 

maximale des equipements a l'usine. Les decisions prises sur cette base ont done 

tendance a mettre l'emphase davantage sur les volumes de production que sur les 

marges de profits. De nos jours, il est de plus en plus reconnu que, pour ameliorer la 

performance financiere des usines, il est necessaire de mettre 1'accent sur la rentabilite 

de l'ensemble des operations de la SC. Pour les producteurs de pate commerciale, 

lorsque la demande et les prix sont faibles, il est primordial de pouvoir determiner si la 

demande satisfaite ameliore le profit global realise (voir Section 4.3.3.2). Dans une 

telle situation, il a ete montre que les strategies basees sur l'utilisation maximale de la 

capacite de l'usine menent a une diminution de la rentabilite de la SC (voir Figure 4.6). 
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L'objectif vise par le cas d'etude suivant est done d'explorer les benefices potentiels 

d'une strategie de gestion flexible de la capacite, permettant d'aligner la capacite de 

production a la demande rentable. 

4.5.1.2 Modelisation des couts axee sur les operations 

Puisque les decisions reliees a la gestion de la capacite de production doivent 

etre fondees sur une evaluation minutieuse des couts et des revenus au sein de la SC, il 

est essentiel de determiner comment la structure des couts manufacturiers evolue selon 

les taux de production envisages. Pour ce, l'approche de modelisation des couts 

developpee peut etre utilisee pour calculer les couts de production en fonction des 

conditions d'operation adaptees selon l'intensite de production. La Figure 4.22 presente 

les resultats obtenus pour un grade donne et pour la plage de taux de production 

correspondante. Du point de vue des conditions d'operation, ces couts peuvent etre 

expliques par la combinaison de deux effets principaux: 

• L'effet energetique: l'augmentation du taux de production resulte en une 

diminution significative de la consommation specifique d'energie pour le raffinage. 

• L'effet de blanchiment: l'augmentation du taux de production resulte en une 

augmentation de l'intensite specifique du traitement chimique applique pour le 

blanchiment de la pate. 

Puisque l'amplitude de l'impact sur les couts de ces deux effets est similaire, 

mais de direction opposee, la structure des couts resultante reste pratiquement 

inchangee pour la plage consideree45 (voir Figure 4.22). Ce resultat, a priori non intuitif 

pour les ingenieurs a l'usine, est fort utile dans le contexte de strategies flexibles de 

gestion de la capacite. Aussi, les deux effets, pris independamment, ont egalement ete 

Des resultats semblables ont etc obtenus pour tous les grades de pate produits a l'usine. 
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considered (Cas #1 & #2 a la Figure 4.22) afin de demontrer l'importance de la 

caracterisation de la structure de couts de l'usine. Enfin, en integrant ces informations 

dans le probleme de planification de la SC, il est possible de determiner, en toute 

confiance, la strategie de gestion de la capacite permettant de maximiser la rentabilite 

de la SC, pour differents contextes de demande. 

Figure 4.22 : Couts manufacturers bases sur Panalyse des conditions 
d'operations46 

(Pour le grade presente, la plage absolue Min-Max correspond a ± 14% du taux standard de 
production) 

4.5.1.3 Planification de la SC axee sur les marges 

Le modele utilise consiste au probleme de planification des campagnes de 

production et d'ordonnancement des commandes (niveau 2) presente a la Section 

4.3.1.2. Afin d'incorporer les structures de couts non lineaires, celui-ci a ete modifie 

legerement en utilisant la technique d'approximation lineaire par morceaux (voir 0). 

Voir article 7. 
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Afin de demontrer les avantages d'aligner les cycles de production et de demande, les 

quatre approches de planification presentees au Tableau 4.4 ont ete comparees, pour 

trois scenarios de demande : « Normal Demand », « Demand @ -5% » et « Demand @ 

-10% »). 

Tableau 4.4 : Differentes strategies de gestion de la capacite lorsque le marche de 
la pate est defavorable47 

Case Considered 

1- Capacity 
Management with 

Shutdown 

2 (aptinn 
Aftiiitiiii'wcnl uiih 

Shutting n 

3- Flexible Capacity 
Management 

4- Maximum 
PlOtluilMII 

Dt'scriplinn 

Production shutdowns are allowed 

30% of daily costs can be saved 
Production rate set to maximum (i.e. max OEE when 
producing) 

I'roduciion shutdowns aio allowed 

15".. ol'dailx cô iv can be sa\ed 
I'liulucuDn rale >ei tn rn<i\imiim (i e mux OF I- when 
producing) 

Flexible production rate (with the range earlier discussed) 

No production shutdowns are allowed 

Production rale set lo maximum (i.e. mat Oi l ) 

\ o pioduelion shutdown-̂  are allowed 

OEE: « overall equipment efficiency » ou taux de rendement synthetique 

Les resultats presentes a la Figure 4.23 indiquent clairement que l'approche 

basee sur la production maximale, ou les decisions assurent une grande utilisation des 

equipements a l'usine, conduit a une baisse significative des profits comparee aux 

approches alternatives visant l'alignement de la production avec la demande. Cela est 

du au fait qu'une partie de la pate produite est vendue a un prix insuffisant pour couvrir 

Voir article 7. 
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les couts engages tout au long de la SC. En outre, pour tous les scenarios de demande 

envisages, les plus grands profits sont obtenus pour les approches basees sur des arrets 

temporaires de la production. Bien que cette strategie permette aussi une reduction des 

couts journaliers encourus par l'usine (e.g. main d'ceuvre, fournitures, entretien, etc.), 

son principal avantage consiste au fait qu'il est possible de realiser une adequation 

parfaite entre la quantite de pate produite et la demande rentable. Les resultats obtenus 

pour 15% et 30% mettent toutefois en evidence l'importance d'evaluer les couts reels 

des equipements oisifs. 

Puisque les decisions reliees aux arrets temporaires de production sont 

typiquement difficiles a prendre (compte tenu de raisons sociales, des incertitudes et du 

fait que cela est « contre-intuitif » en P&P), l'approche basee sur la gestion flexible de 

la capacite est une alternative particulierement interessante pour les producteurs de pate 

et ce, surtout si seulement une partie limitee des frais journaliers peut etre sauvee dans 

le cas d'une fermeture temporaire. Dans ce cas, le taux de production a l'usine est ajuste 

selon la demande rentable et les benefices realises peuvent etre maintenus sans fermer 

l'usine. Compte tenu de la plage de taux de production possible, l'approche basee sur la 

flexibilite des operations peut ne pas suffire dans des circonstances tres difficiles (e.g. 

demande < - 10%) et, a terme, des arrets de production peuvent egalement etre 

necessaires. Enfm, l'implantation de conditions d'operation plus flexibles offre aussi 

l'avantage pratique d'equilibrer la SC et d'eviter de mettre inutilement de la pression 

sur les autres cycles (e.g. approvisionnement en fibre, operations de finition, etc.). 
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Figure 4.23 : Gestion de la capacite pour des situations d'affaires caracterisees par 
la faiblesse des prix de la pate48 

La Figure 4.24 illustre, pour le scenario Demand@-5%, comment l'alignement 

optimal peut etre atteint grace a la flexibilite des operations. La courbe de profit 

presentee a ete obtenue en determinant sequentiellement le profit optimal pour divers 

taux de production de la plage considered (et en autorisant aucun arret de production). 

Tel qu'indique, le plus grand profit a ete obtenu pour le taux de production Min+20% ; 

cela est du au fait que la quantite de pate produite est alignee avec la demande rentable 

(voir A, Figure 4.24). Un taux de production reduit ne permet pas de profiter de toutes 

les opportunites de demande (demande rentable > pate produite) et, par consequent, le 

profit est necessairement reduit (voir B). Pour des taux de production superieurs a 

Min+20% (e.g. voir C), le profit realise est egalement reduit car une portion non 

rentable de demande est satisfaite (demande rentable < pate produite). 

Test Case 
Normal Demand 

Demand Scenarios 

Voir article 7. 
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Figure 4.24 : Determination de l'alignement optimal entre la capacite de 
production et la demande de pate49 

La structure de couts de l'usine a egalement un impact significatif sur 

l'alignement optimal entre les cycles de production et de demande. Pour chaque 

scenario de demande considere a la Figure 4.25, les profits optimaux obtenus pour les 

Cas #1 & #2 et l'usine sont presque similaires (^ ±1%); cela indique que, 

dependamment de la structure des couts, differents alignements sont utilises pour 

realiser le meme profit. Par exemple, lorsque la demande est faible, le Cas #1 doit 

satisfaire une plus grade portion de la demande totale afin d'assurer un taux de 

production plus eleve et ainsi, beneficier des couts de production les plus bas possibles 

(voir B, Figure 4.25). A l'oppose, lorsque la demande est forte, le Cas #2 doit satisfaire 

une moins grande portion de la demande totale afin de reduire au minimum l'impact de 

la hausse des couts de production (voir C, Figure 4.25). Enfin, pour le scenario de 

demande normal, puisque le taux de production le plus approprie est 

approximativement au milieu de la plage indiquee a la Figure 4.22 (i.e. les trois cas 

Voir article 7. 
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considered ont des couts de production similaires), l'alignement optimal est semblable 

(voir A, Figure 4.25). 
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Figure 4.25 : Effet de la structure des couts manufacturiers sur l'alignement 
optimal entre la capacite de production et la demande profitable50 

Finalement, un autre aspect important a considerer lorsque la demande est faible 

consiste a 1'evaluation de l'impact sur la rentabilite de chaque commande 

supplementaire. Pour ce, il est aussi essentiel de tenir compte de la structure 

particuliere des couts de production a l'usine. La Figure 4.26 montre, pour le scenario 

Demande@-5%, les courbes optimales de profits obtenues pour les trois structures de 

couts introduites plus tot. Pour le Cas #1, si des commandes additionnelles sont 

acceptees, l'impact sur le profit realise sera relativement limite. En revanche, pour le 

Cas #2, le profit decroit beaucoup plus rapidement si des commandes supplementaires 

sont admises. Ceci doit etre pris en compte en particulier lorsque, par exemple, des 

commandes moins rentables sont acceptees pour maintenir la fidelite des clients ou 

Voir article 7. 
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encore, lorsque des compromis sont effectues sur les prix de vente aim d'obtenir des 

commandes supplementaires pour assurer l'utilisation maximale de la capacite de 

production a l'usine. 

Figure 4.26 : Effet de la structure des couts de production sur le profit realise 
lorsque des commandes supplementaires sont acceptees51 

4.5.2 Exploitation de la flexibilite des operations pour une usine de pate 

commerciale 

4.5.2.1 Contexte 

L'approvisionnement en fibres est un element essentiel a la competitivite des 

usines de pate commerciale a haut rendement. Dans l'Est du Canada, en raison d'un 

certain nombre de problematiques, telles que la fermeture des scieries, les droits de 

coupe eleves, les couts eleves de transport et de main d'ceuvre et la reglementation 

Voir article 7. 
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forestiere, la gestion de 1'approvisionnement est particulierement complexe et 

dynamique . Actuellement, les activites de planification se font basees sur le plan de 

production a l'usine qui prevoit les quantites a produire pour chaque grade de pate. Les 

besoins specifiques pour chaque essence de bois sont evalues a partir des ratios de 

copeaux indiques par les recettes standard de chaque grade. Etant donne les operations 

actuelles d'alimentation en copeaux et les systemes d'information en place, il est 

difficile pour l'usine de faire un suivi precis (en ligne) des quantites relatives de chaque 

essence de bois utilisee pour la production de la pate. Consequemment, compares aux 

proportions ideales specifiers par les recettes standards, les ratios « reels » des copeaux 

alimentes au procede varient considerablement. L'usine a developpe une habilete a 

adapter ses conditions d'operation afin attenuer 1'impact de ces variations et de 

rencontrer les specifications requises de qualite de la pate. L'objectif vise par le cas 

d'etude suivant est done de demontrer les avantages a exploiter la flexibilite 

d'operation developpee a l'usine (i.e. faire varier les recettes) afin d'aider a 

l'approvisionnement efficace en fibre. 

4.5.2.2 Modelisation des couts axee sur les operations 

Compte tenu de l'importance des compromis impliques entre les cycles 

d'appro visionnement et de production, il est essentiel de quantifier 1'impact des recettes 

selectionnees sur la structure des couts manufacturiers de l'usine. Pour ce, l'approche 

de modelisation des couts developpee peut etre utilisee afin de calculer les couts directs 

de production en fonction des conditions d'operation qui sont adaptees selon les ratios 

d'alimentation en copeaux. 

Les scenarios discrets de recette identifies pour chaque grade de pate ont ete 

obtenus en faisant varier les ratios de copeaux utilises sur une plage pratique permettant 

de rencontrer les specifications de qualite de la pate. La Figure 4.27 presente, pour un 

des grades d'erable, les vingt-huit scenarios de recette qui ont ete definis en fonction de 
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la combinaison de trois essences de bois i.e. l'erable (« maple »), le bouleau (« birch ») 

et des copeaux mixes (mix HW, majoritairement constitues de tremble). Pour chacun 

des scenarios, l'impact des ratios de copeaux sur les conditions d'operation a ete 

caracterise en termes d'energie de raffinage et du traitement chimique applique pour le 

blanchiment. Tel qu'illustre a la Figure 4.27, en integrant les perspectives de procede et 

de couts, il est possible de mieux comprendre comment (et dans quelle mesure) les 

couts de production evoluent en fonction de la proportion utilisee de copeaux d'erable 

(voir A), de bouleau (voir B) et de mix HW. Base sur ces informations de procede, la 

structure des couts de production a ete evaluee pour chaque scenario de recette. 
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Figure 4.27 : Implication sur les couts des ratios d'alimentation en copeaux1 

(Les 28 scenarios de recette sont indiques.) 
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Voir article 8. 
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Comme on peut l'observer a la Figure 4.28, la plage des couts de production 

est, pour l'ensemble des scenarios consideres, relativement etroite (i.e. ± 2% par 

rapport a si6). Par consequent, on considere que, pour le cas de l'usine, la structure des 

couts est flexible i.e. la variation des ratios de copeaux a un impact relativement limite 

sur les couts manufacturiers a l'usine. Aussi, afin de mieux comprendre l'effet d'une 

structure moins flexible dans le contexte de la SC, deux cas additionnels, de flexibilite 

moyenne (± 5%) et faible (± 10%), ont ete consideres (Figure 4.27). En integrant ces 

informations au niveau de la SC, la selection des recettes de production (i.e. des ratios 

de copeaux utilises) peut etre incorporee, en toute confiance, comme variable 

decisionnelle supplemental dans le probleme de planification visant a assurer une 

meilleure adequation entre l'offre et les besoins en fibres de l'usine. 
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Figure 4.28 : Couts de production calcules, bases sur les informations de procede, 
pour chaque scenario de recette considere53 

4.5.2.3 Planification de la SC axee sur les marges 

Le modele utilise consiste au probleme de planification des campagnes de 

production et d'ordonnancement des commandes presente precedemment (voir Section 

Voir article 8. 
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4.3.1.2). II a ete legerement modifie afin de permettre le choix de la recette la plus 

appropriee (voir 0). La consommation de fibres (pour chaque essence de bois) et les 

couts de production ne sont done pas fixes pour un grade de pate donne mais plutot, 

calcules a partir des scenarios de recette selectionnes. Afin de demontrer les avantages 

de gerer la complexity de la SC, les trois approches de planification presentees au 

Tableau 4.5 ont ete comparees, pour trois situations d'approvisionnement en fibre 

decrites ci-apres (Cas #1, Cas #2 et Cas #3). 

Tableau 4.5 : Differentes approches de planification dans le contexte de 
l'approvisionnement en fibre54 

Planning Approach Description 

Not Integrated (NI) 

Production campaigns at the mill are fixed according to 
industrial heuristic 

- Procurement of fibre must adapt accordingly 
- Recipes were fixed according to standard for each grade 

Procurement and production planning arc optimized 
IntegnUtfd (I) simultaneously 

- Recipes were fixed according to standard for each grade 

_ J rocurcriicnt anc* production planning arc optiiiiizcu 
Integrated with ratios simultaneously 

- The best recipe can be chosen from the set of scenarios 

Dans la premiere situation considered (Cas #1), le contexte definit incorpore des 

opportunites d'approvisionnement en fibre relativement alignees avec les besoins de 

l'usine. Tel qu'indique a la Figure 4.29, il est done possible, base sur l'utilisation de 

l'heuristique industrielle et des recettes standard, d'atteindre un equilibre presque 

optimal entre les cycles d'approvisionnement et de production. Pour cette raison, on 

Voir article 8. 
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observe qu'il y a peu de possibilites d'amelioration du a l'utilisation d'outils plus 

sophistiques d'aide a la planification. 

La deuxieme situation (Cas #2), basee sur le contexte general definis au Cas #1, 

considere le cas d'un environnement d'affaires plus contraignant. Ceci a ete defini 1) 

en reduisant le niveau maximum autorise des inventaires, 2) en considerant de faibles 

inventaires initiaux et 3) en introduisant une penurie temporaire de fibres d'erable au 

cours du premier mois de la periode consideree. La Figure 4.29 montre que plus les 

operations de la SC sont contraintes, plus il est avantageux d'utiliser des outils avances 

d'aide a la decision permettant d'evaluer systematiquement les compromis entre les 

cycles d'approvisionnement et de production (tel que discute a la Section 4.3.3.2). 

Puisque les resultats obtenus pour les approches / et /+ sont semblables, on peut 

deduire que les benefices realises dans cette situation sont principalement du a 

1'amelioration de la synchronisation des operations entre les deux cycles de la SC. Ces 

resultats indiquent egalement, puisque le contexte general d'approvisionnement est le 

meme pour les Cas #1 & #2, que l'utilisation des recettes standard fournit un 

alignement relativement bon entre l'offre et la demande de fibres. 

Enfin, la troisieme situation (Cas #3) considere le cas d'un changement significatif 

des opportunites d'approvisionnement en fibre. Cette problematique, particulierement 

importante pour l'usine de pate, est definie de sorte a ce qu'il ne soit pas possible 

d'obtenir, a un cout raisonnable, plus de la moitie de la capacite de fibres d'erable qui 

etait disponible pour les Cas #1 & #255. L'effet du desalignement entre les recettes 

standard et la nouvelle situation d'approvisionnement en fibre peut clairement etre 

observe a la Figure 4.29. En fait, meme l'approche integree {I), qui synchronise au 

mieux les cycles d'approvisionnement et de production, ne suffit pas a s'adapter a la 

situation nouvellement definie. Pour des contextes d'approvisionnement difficiles et 

Ceci est compense par une plus grande disponibilite de fibres de boulcaux et de mix HW. 
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variables, seule l'approche de planification /+, qui permet la selection des recettes les 

plus appropriees, peut assurer un meilleur alignement entre l'offre et la demande de 

fibres. En plus de coordonner les decisions au travers de la SC, cette approche exploite 

les avantages de la flexibilite des operations a l'usine et tire le meilleur parti de tous les 

contextes d'approvisionnement. 

20% 
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Little improvement 

Case I 
Aligned Supply Opportunities 

Case II 
Constrained Fibre 

Procurement 

Figure 4.29 : Benefices lies a Sexploitation de la flexibilite des operations56 

Tel qu'illustre a la Figure 4.30, la capacite d'identifier les compromis entre les 

couts de production et d'approvisionnement est un element essentiel pour 

1'implantation d'une approche de planification basee sur la flexibilite des operations. 

La courbe de profit presentee a ete generee (pour le Cas #3) en determinant le profit 

optimal qui peut etre obtenu en fixant sequentiellement chacune des recettes (pour un 

ratio d'erable de 40%). La recette 4 (erable 40%, mix HW 30% et bouleau 40%) 

permet d'obtenir le plus grand profit en evitant les sources de fibre les plus 

dispendieuses et les cotits de production trop eleves. La selection de toutes autres 

recettes se traduira necessairement par une reduction du profit. D'une part, si la 

Voir article 8. 
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proportion de bouleau est augmentee (recettes 5 a 7), les couts manufacturiers epargnes 

seront compenses par une augmentation des couts en fibre. D'autre part, la reduction 

des couts d'approvisionnement possible en augmentant de 10% la proportion de mix 

HW (recette 3) est plus que compensee par la hausse des couts de production. Enfin, on 

peut voir que les couts d'approvisionnement accroissent de maniere significative vers 

les extremes du graphique (mix HW = 60% ou bouleau = 60%) ; pour disposer d'une 

grande quantite d'une meme essence de bois, il est necessaire d'obtenir des fibres de 

sources qui sont de plus en plus dispendieuses. 

Figure 4.30 : Compromis entre les couts d'approvisionnement et de production57 

(Les recettes 1 a 7 correspondent respectivement aux scenarios si a s7 a la Figure 4.27) 

Pour une plage de recettes (recettes 3, 4, 5 et 6), le benefice qui peut etre realise 

est relativement constant (Figure 4.30). Du point de vue de l'approvisionnement, cela 

signifie que, tant que l'offre de fibres varie dans cette plage, l'impact sur la rentabilite 

Voir article 8. 
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de la SC peut etre limite. Cette caracteristique peut etre exploitee comme « outil» pour 

la gestion a court terme de problemes d'approvisionnement. Pour ce, il est neanmoins 

primordial de bien identifier la structure des couts de production (Figure 4.31). En fait, 

pour des structures de couts moins flexibles (i.e. les couts sont plus sensibles a une 

variation des ratios de copeaux), le plateau observe est reduit et le profit diminue plus 

rapidement lorsque la meilleure recette n'est pas selectionnee. Compare au cas de 

l'usine, il y a done moins d'opportunite d'utiliser la selection des recettes pour 

l'alignement a court-terme de l'offre et de la demande de fibre. 

Figure 4.31 : Impact sur la rentabilite de structures de couts moins flexibles58 

Finalement, la Figure 4.32 presente un exemple pratique ou la selection des 

recettes a l'usine peut supporter une strategic particuliere d'approvisionnement a court 

terme. Le cas considere consiste a une situation ou, en raison de leurs faibles niveaux 

d'inventaire, les concurrents adoptent une strategic plus agressive d'approvisionnement 

et offrent une prime a 1'achat de fibre afin d'attirer une plus grande capacite des 

entrepreneurs regionaux. Cette pression accrue sur 1'approvisionnement a ete 

Voir article 8. 
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modelisee, a partir du Cas #3, en introduisant des augmentations des couts de fibres de 

10%, 20% ou 30%o pour l'equivalent de 25% de la capacite d'approvisionnement en 

bouleau. Comme on peut l'observer a la Figure 4.32, il est plus difficile de maintenir le 

niveau de profit lorsque la flexibilite est moindre. Dans ces cas, puisque la modification 

des recettes affecte de facon plus significative la performance des couts de production, 

il n'y a pas d'autre solution que de payer une prime pour obtenir les quantites requise de 

bouleau. Par contre, pour le cas de l'usine (« mill case »), la structure de couts fournit 

la latitude necessaire afin d'adopter une strategie d'approvisionnement plus disciplined 

i.e. eviter d'acheter des fibres de bouleau et de payer la prime. Cette strategie est, d'un 

point de vue pratique, plus souhaitable car autrement, la concurrence pour les fibres 

contribue a maintenir artificiellement, pour une plus longue periode de temps, des prix 

eleves de fibres sur le marche. 

Disciplined 
Strategy 

b . Possible 

High 
Cost Flexibility 

(Mill Case) 

Pay 
Premium 

Medium 
Cost Flexibility 

Low 
Cost Flexibility 

"Case III - Normal Supply 

e Difficult Supply: 10% Premium 

i Difficult Supply: 20% Premium 

• Difficult Supply: 30% Premium 

Figure 4.32 : Exemple demontrant que la flexibilite des operations peut supporter 
des strategies particulieres d'approvisionnement59 

Voir article 8. 
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CHAPITRE 5: DISCUSSION GENERALE 

« Everything you can imagine is real. » 

Pablo Picasso, Peintre (1881-1973) 

Cette section commente certains elements de l'approche generale introduite au 

chapitre precedent. 

5.1 Approche de gestion de la SC axee sur les marges 

5.1.1 Justification de la demarche employee pour la demonstration de 

l'approche generale 

La Figure 5.1 clarifie, de facon generale, comment les outils developpes ont ete 

utilises, dans le contexte des travaux presentes, pour generer les principaux resultats. 

Cette division des taches etait, considerant les ressources disponibles et les contraintes 

pratiques liees a 1'etude de cas industrielle, la meilleure option afin de repondre aux 

objectifs de recherche etablis. Etant donne les trois raisons suivantes, les avantages de 

l'integration de l'usine et de la SC ont ete demontres en appliquant uniquement les 

approches de planification operationnelle et de modelisation de couts. 

1. Une problematique pertinente, et ayant le potentiel de montrer clairement les 

avantages de l'approche proposee, devait etre identifiee a partir de l'etude de cas. 

Les deux cas identifies (e.g. la gestion flexible de la capacite et la selection des 

recettes) etaient mieux adaptes a la portee du modele au niveau operationnel qu'au 

niveau tactique. 

2. Les approches de gestion des operations definies en collaboration avec le partenaire 

industriel sont realistes et pertinentes. Toutefois, elles ne sont pas actuellement 
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appliquees par celui-ci et, par consequent, peu de donnees historiques de procede 

etaient disponibles pour caracteriser ces conditions d'operation non 

conventionnelles. 

3. Compte-tenu de la resolution des modeles de SC (niveau de details en ce qui a trait 

a la representation des procedes de production) la planification operationnelle est 

mieux adaptee pour faire le lien avec les structures de couts utilisees pour refleter la 

performance des operations manufacturieres flexibles. 

Finalement, il est important de noter qu'il a ete demontre que chacune des 

approches associees aux etapes de la Figure 5.1 est pertinente pour l'industrie, faisable 

dans un contexte pratique et alignee avec la strategie generate de gestion de la SC axee 

sur les marges. 

Phase C 
Integration de I'usine et 

de la SC pour la gestion 
axee sur les marges 

I 
Sag 

PLANIFICATION OPERATIONNELLE 

MODELISATION DES COUTS (OdCM) 

Analyse des Donnees de Procede 

Phase A 
Cadre de planification 
hiGrarchique «en 
ligne» de la SC 

PhaseB 
Cadre de modelisation 
des couts axe sur les 
operations 

Figure 5.1 : Clarification de l'approche d'integration des outils developpes 

5.1.2 Implantation de l'approche axee sur les marges 

Le contexte du cas presente a la Section 4.5.2, qui visait a exploiter la flexibilite 

des operations pour aider a 1'approvisionnement efficace en fibre, est particulierement 

adapte pour illustrer comment l'approche proposee dans cette these pourrait etre 

implantee a I'usine. L'architecture potentielle illustree a la Figure 5.2, qui combine les 

outils de modelisation des couts et de planification de la SC, pourrait fournir un support 
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tant pour la gestion des operations (activite « en ligne ») que pour la conception des 

scenarios de recette (activite « hors ligne »). 

Tel que mentionne precedemment, il est necessaire, afin d'incorporer la 

selection des recettes dans le probleme de planification, de definir un ensemble de 

scenarios de recette possibles pour chacun des grades de pate a l'usine (voir #1, Figure 

5.2). II est peu probable, a tout le moins au debut de la phase d'implantation, que tous 

les scenarios etablis puissent etre caracterises directement a partir des donnees de 

precede. Dans ce cas, ils doivent etre dermis de facon preliminaire a partir de 

l'experience des ingenieurs a l'usine, de simulations ou toutes autres approches mettant 

l'accent sur la caracterisation des conditions d'operation (voir #2). Base sur les 

informations de precedes disponibles (historiques et preliminaries), les structures de 

couts de production, pour les differents grades et pour l'ensemble des scenarios, sont 

calculees a partir du modele de couts axe sur les operations (voir #3). Le modele de 

planification de la SC est mis a jour des que de nouvelles informations sur les 

structures de couts sont obtenues (voir #4). Puisqu'il incorpore la flexibilite des 

operations manufacturieres, le cadre de planification permet d'evaluer les compromis 

entre l'usine et la SC et de fournir des indications visant a maximiser la rentabilite 

globale, pour un environnement d'affaires donne (voir #5). A partir des resultats de 

1'optimisation et base sur d'autres informations provenant de sources plus 

traditionnelles, les gestionnaires prennent les decisions necessaires qui guideront 

l'execution des operations de la SC (voir #6 & #7). Des lors, les donnees de precede 

sont extraites des PIMS, apres chaque campagne de production, et utilisees pour la 

caracterisation des operations reelles a l'usine (voir #8 & #9), tel que presente a la 

Section 4.4.2.2. Pour le cas d'un scenario de recettes nouvellement implante, les 

informations resultant de l'analyse des donnees historiques devraient remplacer, pour la 

modelisation des couts, celles qui ont ete defmies de facon preliminaire. Chaque 

campagne de production subsequente devrait ensuite etre consideree afin de mettre a 
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jour les structures de couts utilisees. Enfin, a l'aide de techniques plus avancees de 

traitement des donnees (voir Section 4.4.2.3), il serait aussi possible d'approfondir 

l'analyse, d'interpreter les conditions d'operation observees pour les campagnes de 

production et done, potentiellement, d'identifier des ameliorations aux scenarios de 

recettes deja experimentes (voir #10). 
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Operations de la SC 
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Offrc de 
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Hernando 
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OPERATIONS P&P_ 
EXISTANTES 

Figure 5.2 : Architecture pour l'implantation de l'approche globale axee sur les 
marges 

(pour le cas oil la selection des recettes est incorporee au probleme de planification) 

Compare aux pratiques actuelles, l'approche analytique proposee permettrait 

une plus grande reactivite pour faire face aux variations de Penvironnement d'affaires. 

Cette structure, qui integre les niveaux decisionnels et les cycles de la SC, permet de 

faire une veille constante en ce qui a trait aux difficultes potentielles et opportunites 

liees a 1'optimisation du flux de fibre dans la SC. A l'usine, quoiqu'elle est loin d'etre 
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exceptionnelle, la revision ou l'analyse d'une possibility de modification des recettes se 

fait de facon discontinue et souvent, suite a des demande reliees a 1'identification par la 

haute direction d'une opportunity (e.g. pour 1'approvisionnement d'une nouvelle 

essence de bois). Les processus actuels considerent les conditions d'operation de 

l'usine, la performance des couts et la prise de decisions au niveau de la SC de facon 

beaucoup moins integree, transparente et holistique; l'usine et la haute direction 

mettent 1'accent, respectivement, sur la faisabilite technique et le potentiel 

d'amelioration de la rentabilite. Enfm, bien que les ingenieurs a l'usine ont l'experience 

des campagnes de production experimentales, ils n'ont pas a leur disponibilite des 

outils d'analyse leur permettant de reconcilier les perspectives d'affaires et de 

production. 

5.1.3 Caracterisation « hors ligne » des structures de couts 

Une des limitations de l'approche presentee a la sous-section precedente 

consiste au fait que la caracterisation des structures de couts et la « conception des 

recettes » se font « hors ligne ». Bien que l'impact de cette limitation soit relativement 

limite etant donne la simplicity relative du cas d'etude, cela pourrait, pour des 

situations plus complexes, introduire des defis importants notamment en ce qui a trait: 

• Aux difficultes liees a l'integration de l'information, de differentes sources, natures 

et resolutions, a la structure modulaire presentee, qui incorpore 1'utilisation de 

divers outils (PIMS, outils d'analyse des donnees, outils de modelisation des couts 

et outils d'aide a la decision); 

• Aux activites, beaucoup plus fastidieuses, de « conception des recettes » pour des 

usines incorporant plusieurs lignes de production/machines et/ou plusieurs 

grades/produits; 
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• Aux limitations « artificielles » imposees au probleme d'optimisation du au fait 

que, a aucun moment, celui-ci ne peut choisir une recette qui n'a pas ete 

prealablement definie60. 

Paradoxalement, il est aussi important de souligner que, strictement du point de 

vue des couts, plus les operations seront complexes, plus il sera avantageux de les 

caracteriser « hors ligne », a l'aide d'une approche OdCM adaptee a cet effet. Enfin, 

dependamment du niveau de connaissance du precede, il peut etre benefique de definir, 

une a une, les recettes possibles et de les faire « pre-approuver » avant de les inclure 

comme variable decisionnelle et d'en faire l'utilisation. 

5.2 Planification de la SC 

5.2.1 Outil decisionnel pour reagir rapidement aux imprevus 

L'integration de rinformation est un aspect critique a la gestion de la SC. 

Comme on peut le voir, en comparant les resultats obtenus pour les approches « en 

ligne » et « hors ligne » (respectivement, la semaine 4 a Figure 4.11 & la Figure 4.9), il 

devient clair que la qualite et la disponibilite de rinformation peuvent avoir un impact 

significatif sur la qualite des decisions prises. Afm de beneficier pleinement de 

l'approche de planification « en ligne », il est essentiel de faciliter le flux d'information 

dans la SC afin de fournir une visibility accrue aux decideurs et leur permettre de reagir 

promptement aux changements de situations a l'aide du modele. 

Aussi, en plus de l'incertitude liee a l'approvisionnement et la demande, la 

planification doit tenir compte des incertitudes liees aux precedes de production. Les 

Dans lc cas oil un nombre rclativcmcnt limite dc scenarios serait definis (ctant donnc la complexity du systcmc ou parcc que les 
gestionnaires sont plus conscrvateurs), une solution, qui en rcalite reprcscnterait lc mcillcur choix possible, pourrait nc pas etrc 
identifice par le modele et done, affecter la qualite des informations obtcnues pour la prise dc decisions. 
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decideurs ont typiquement peu d'outils pour determiner comment les incidents a l'usine 

(e.g. arrets non planifies, deviations du plan de production, etc.) devraient etre geres 

dans le contexte de la SC [30]. Par exemple : 

• Comment devrait reagir l'usine (i.e. adapter la planification) a la suite d'un arret 

non planifie se produisant a la fin d'une campagne de production? 

• Est-ce que, suite aux reparations, la campagne en cours devrait etre terminee ou est-

ce qu'il serait preferable de debuter une nouvelle campagne production? 

• Quelles seraient les implications, pour chacune de ces options, sur les cycles 

d'approvisionnement et de demande? 

5.2.2 Defis liees a la resolution des problemes 

Les modeles de planification aux niveaux 1 et 2 sont formules par 

programmation lineaire et en nombres entiers et incorporent une representation discrete 

du temps. Bien qu'ils offrent la fiexibilite necessaire a la modelisation des divers 

aspects du probleme de SC, un grand nombre de variables binaires et de contraintes 

doivent etre defmies. Ce probleme combinatoire est difficile a resoudre et requiert 

generalement beaucoup d'efforts computationnels [108]. II est bien reconnu que l'un 

des defis de la formulation des problemes de P&S est de trouver le meilleur compromis 

entre la complexity et la precision des modeles. Dans ce contexte, les strategies visant 

la simplification, l'approximation ou l'agregation sont souvent necessaire a la 

resolution des problemes industriels [116, 163]. Par consequent, en plus de fournir un 

outil compatible avec les processus d'affaires et niveaux de decisions impliques dans la 

planification de la SC, le cadre de planification developpe dans cette these, qui separe 

le probleme general en un modele detaille avec un horizon de temps plus petit et un 

modele agrege avec un horizon de temps plus long, facilite la resolution du probleme 

dans des delais raisonnables et pratiques. Enfin, il est a noter que cet aspect serait 
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d'autant plus important si le cadre de planification etait applique dans le contexte d'un 

systeme plus complexe. 

5.2.3 Demonstration des proprietes d'agregation 

II est important de souligner que l'analyse des proprietes d'agregation a ete faite 

pour le cas particulier d'une agregation temporelle. Une demonstration similaire pour le 

cas, par exemple, d'un probleme de planification incorporant une agregation sur les 

produits (e.g. en famille) pourrait etre beaucoup plus difficile a faire [153]. Dans ce cas, 

les difficultes rencontrees proviendraient en grande partie du fait que les recettes 

defmies pour chaque famille ne correspondraient pas exactement aux conditions 

d'operation (e.g. taux de production) et a la consommation des ressources (e.g. 

chimiques) de chacun des produits en particulier. Bien que cela n'a pas ete aborde dans 

le contexte de l'etude de cas presente, l'agregation des produits pourrait etre necessaire 

pour des usines de P&P plus complexes et ayant un plus grand degre de « divergence » 

a la sortie de l'usine (voir Tableau 2.2). 

5.3 Modelisation des couts 

5.3.1 Approche de modelisation pour supporter les problemes de SC 

Pour ne pas introduire de distorsions lors de la prise de decisions, il est 

primordial de definir correctement la structure des couts dans le probleme de SC. Afin 

d'assurer la pertinence des liens entre les elements de couts et les variables de 

decisions, il peut etre utile de considerer les concepts de hierarchie des couts61 tel que 

presente par Cooper & Kaplan [144]. Par exemple, les couts des transitions, qui doivent 

etre calcules a partir d'elements tels que le cout du temps perdu a l'usine, le cout 

Quatre nivcaux d'activites sont utilises afin dc rcfleter la complexity des operations a l'usine: par unite, par lot, par produit et par 
installation. 
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d'opportunite et le cout des activites de production (qui depend de la sequence), ne 

doivent pas etre imputes directement aux grades produits a l'usine. En fait, la 

generation de ces couts n'est pas fonction des quantites produites mais bien de 

l'occurrence de ces evenements. Puisqu'elles represented des activites par lots, les 

transitions sont done modelisees a l'aide de variables discretes dans le modele de 

planification. Pareillement, il n'est pas approprie d'imputer les elements de couts, tel 

que les couts indirects et frais generaux, sur la base du volume de production (ou tout 

autre base arbitrairement definie). Pour le probleme de SC, il ne s'agit pas de specifier, 

d'une facon comptable, les couts par grade, mais bien d'assurer la representation 

adequate de comment ces couts sont generes en fonction des operations de la SC et 

selon la portee des decisions prises. Si besoin est, pour des fins de gestion (e.g. budget), 

ces elements de couts peuvent etre imputes, a posteriori, base sur les resultats de la 

planification. 

5.3.2 Gestion des couts & etalonnage des usines 

Beaucoup d'interet a ete porte, de la part de l'industrie et des fournisseurs de IT, 

sur le potentiel lie a 1'application de l'approche de modelisation des couts et ce, 

strictement dans le contexte de la gestion des couts aux usines de P&P. En fait, 

l'approche developpee pourrait etre utilisee pour 1'evaluation des couts, l'elaboration 

d'indicateurs de performance et l'etalonnage ("benchmarking") des differentes usines 

d'une meme organisation. Bien que ce dernier soit un outil essentiel a d'amelioration 

de la performance manufacturiere, il doit etre base sur une juste comparaison des 

usines. L'approche OdCM, qui integre les perspectives de production et d'affaires de 

facon transparente (puisque basee sur les donnees de procede), permettrait d'appuyer 

ces analyses i.e. en ameliorant la visibilite des aspects lies aux technologies utilisees 

(equipements, configuration du procede) et a la consommation des matieres premieres 

(conditions d'operation) aux usines. 
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5.3.3 Interpretation des regimes d'operation a l'echelle de l'usine 

Les travaux d'analyse des donnees ayant mene aux resultats presentes a la 

Section 4.4.2.3 ont aussi permis de realiser l'ampleur des defis en ce qui a trait a 

1'interpretation des regimes d'operation a l'echelle de l'usine. En effet, il s'est avere 

tres difficile de relier de facon plus holistique, les conditions d'operation observees 

pour les differents PWC a l'usine. Tel que montre, des analyses plus «locale » de 

chacun des PWC fournissent neanmoins des informations interessantes sur ces 

conditions qui ont bel et bien eut lieu et qui ont des implications sur les couts de 

production a l'usine. Par consequent, bien qu'il peut etre difficile d'en expliquer les 

relations de cause a effet a l'echelle de l'usine, il est a tout le moins pertinent de les 

identifier. 

Dans ce contexte, deux limitations principales ont ete identifiees. La premiere, 

qui est fonction des IT aux usines, consiste en la disponibilite et la qualite des donnees 

pour l'analyse des procedes. La seconde concerne quant a elle la capacite des outils 

technologiques utilises versus la complexity des operations manufacturieres en P&P. 

Dans tous les cas, il est suggere, base sur 1'experience acquise, de mettre l'emphase sur 

la combinaison d'outils (« data mining», methode de reconciliation des donnees, 

simulations, etc.) pour generer des informations qui sont sensees du point de vue des 

operations, qui aident a mieux comprendre la generation des couts a l'usine et qui sont 

pertinentes pour la prise de decisions d'affaires. 
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CHAPITRE 6: CONCLUSIONS 

« "J'aifait cela", dit ma memoire. — "Impossible !" dit mon orgueil, et il s 'obstine. 

En/in de compte, c 'est la memoire qui cede. » 

Friedrich Nietzsche, Philosophe Allemand (1844-1900) 

6.1 Conclusions 

En P&P, l'etat d'esprit est de produire le plus possible afin de minimiser les 

couts fixes par tonne. Considerant la conjoncture hautement competitive a laquelle 

l'industrie canadienne est confrontee, cette pratique n'est plus acceptable et de 

meilleures strategies d'affaires doivent etre identifiees base sur des approches de 

gestion holistiques. Contrairement a la croyance populaire, cette these demontre qu'il y 

a un benefice a appliquer les concepts de SCM dans le contexte d'une industrie de 

commodite. Les heuristiques de gestion typiquement appliquees ne sont valables que 

pour des situations specifiques. En effet, dependamment des environnements d'affaires 

qui sont hors du controle de l'entreprise, des approches alternatives doivent etre 

considerees. En mettant l'emphase sur la rentabilite globale des operations, 

l'optimisation de la SC ameliore la coordination et la gestion des compromis entre les 

cycles d'approvisionnement, de production et de demande. 

A ce jour, les systemes avances de SCM implantes par certaines papetieres 

(notamment dans les papiers fins) ne considerent pas systematiquement l'integration 

des procedes manufacturiers. Puisqu'elles ne tiennent pas compte de la complexite de 

ces derniers, ces approches ne permettent pas d'aborder le probleme de SC de fa?on 

exhaustive. Au mieux, elles manquent des opportunites d'amelioration de la rentabilite 

des operations, au pire, elles conduisent a de mauvaises decisions car elles sont basees 
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sur une fausse idee de ce qu'est la capacite de production et la structure de couts des 

usines. 

La representation detaillee des precedes est critique pour la gestion de la SC des 

industries de precede axees sur les marges. Etant donne l'importance pour l'industrie 

des P&P de minimiser ses couts et l'etat actuel des technologies de 1'information, il 

n'est plus logique, ni pour la gestion des couts ni pour la gestion de la SC, d'adopter 

des approches basees sur les recettes standard. La methode de gestion de la SC, ayant 

ete demontree dans ces travaux, incorpore la capacite des operations manufacturieres et 

ainsi, permet d'exploiter la flexibilite des precedes afm de tirer profit des compromis 

entre les operations de l'usine et de sa SC selon l'environnement d'affaires dans lequel 

elle evolue. Tel qu'illustre dans cette these, ceci necessite l'utilisation d'outils 

analytiques avances pour l'analyse des conditions d'operation, la caracterisation des 

structures de couts et 1'optimisation de la SC. II a ete montre qu'une telle approche peut 

offrir des avantages non negligeables pour le cas d'un systeme industriel relativement 

simple (i.e. une seule usine, precede manufacturier simple, un petit nombre de grades, 

etc.). On peut done s'attendre a ce que les benefices soient plus significatifs pour des 

cas plus complexes (e.g. plusieurs grades, plusieurs usines, produits de specialite). Bien 

qu'elle reconnaisse la SCM comme une avenue importante a exploiter, l'industrie 

papetiere se doit d'etre plus agressive vis-a-vis le developpement de ses competences a 

gerer la complexity. Outre l'amelioration de la rentabilite des operations, 1'implantation 

d'une capacite unique de SCM, intimement liee aux aspects organisationnels et 

strategiques de l'entreprise, cree un avantage concurrentiel important et difficilement 

imitable. 

Finalement, la collaboration peut representer un defi important pour 

l'implantation d'outils d'aide a la decision et de nouvelles approches de SCM. Pour 

assurer le succes de l'application de ces concepts, il est done primordial que toute 
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initiative tienne compte, entres autres, des structures organisationnelles et des 

individus. 

6.2 Contributions 

6.2.1 Cadre de planification de la SC axe sur les marges en P&P 

En assurant la representation adequate du cycle manufacturier au sein de la SC, 

grace a une approche analytique exploitant les donnees des PIMS dans un contexte 

d'affaires, 1'industrie des P&P peut beneficier d'une approche de gestion de la SC axee 

sur les marges : 

• L'analyse des donnees de precedes historiques permet 1'identification des 

conditions d'operation pour differents regimes a l'usine (e.g selon le grade, selon le 

taux de production, selon les ratios d'alimentation en copeaux, etc.); 

• L'approche de modelisation des couts axee sur les operations, qui reconcilie les 

perspectives de production et d'affaires a l'usine, permet de caracteriser la structure 

des couts de production en fonction des conditions d'operation identifiees; 

• Le cadre de planification de la SC, qui incorpore les informations pertinentes 

refletant le cycle manufacturier, permet d'integrer l'usine au sein de la SC et de 

soutenir la prise de decisions liees a la coordination efficace du flux de fibres dans 

laSC; 

• L'approche globale axee sur les marges permet, contrairement aux pratiques de 

gestion « centrees sur la production » et basees sur les recettes, de mieux exploiter 

les compromis entre l'usine et la SC afin de maximiser la rentabilite des operations 

de la SC. 
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6.2.2 Outils d'aide a la planiflcation de la SC 

L'utilisation d'outils d'aide a la decision bases sur 1'optimisation, pour la 

planiflcation tactique et operationnelle en P&P, aide les decideurs a mieux evaluer les 

compromis et a gerer la complexite de la SC afin de maximiser la rentabilite de celle-ci 

en fonction de l'environnement d'affaires : 

• Un modele de planiflcation agregee de la capacite aide a determiner, a plus long 

terme, une strategie equilibree de gestion d'approvisionnement de la fibre en 

fonction des previsions de l'offre de fibres et de la demande de pate ; 

• Un modele de planiflcation des campagnes de production et d'ordonnancement des 

commandes aide a determiner, a plus court terme, le plan detaille 

d'approvisionnement, la sequence optimale des campagnes de production, et la 

selection des commandes qui maximisent la rentabilite des operations de la SC ; 

• L'approche hierarchique « en ligne » s'adapte aux processus de prise de decisions; 

elle tient compte de 1'implication des differents decideurs responsables a chaque 

niveau et reconnait la nature dynamique, du a revolution de la situation d'affaires, 

des processus decisionnels de planiflcation ; 

• L'integration des cibles d'inventaire, determinees par la planiflcation tactique, 

permet a la planiflcation operationnelle de tenir compte, lorsqu'elle determine 

comment maximiser la rentabilite a court terme, des tendances a long terme liees a 

l'offre et la demande de fibres ; 

• L'analyse des proprietes d'agregation, qui demontre que le modele agrege est une 

relaxation du modele detaille, permet de comprendre les limites, en termes 

d'optimalite et de faisabilite, du cadre de planiflcation ; 

• L'approche elaboree pour 1'evaluation du minimum possible du niveau d'inventaire 

moyen (AMI) pour une periode agregee fait en sorte que les couts des inventaires 
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dans la formulation agregee soient une borne inferieure aux couts correspondants 

calcules dans le modele detaille, afin d'assurer la relaxation. 

6.2.3 Modelisation des couts axee sur les operations 

En mettant l'emphase sur la perspective precede comme source de generation 

des couts dans les environnements continus de production, l'approche de modelisation 

developpee ameliore la caracterisation des couts directs en fonction des conditions 

d'operation dans les usines de P&P : 

• Une methode etape-par-etape, pour structurer et analyser les donnees cles de 

precede et developper un modele de couts ascendant, aide a reconcilier les 

perspectives de precedes et d'affaires aux usines de P&P et a fournir des 

informations plus transparentes pour revaluation des inducteurs de couts bases sur 

la comprehension des operations ; 

• Un cadre de modelisation axe sur les operations qui integre les donnees de precede 

et de couts a l'aide d'une procedure standard de calcul et qui met l'emphase sur 

l'analyse des liens entre l'utilisation des ressources, les activites dans le precede et 

les objets de couts, ameliore la tracabilite des couts directs des operations 

manufacturieres en P&P ; 

• Les informations additionnelles fournies par l'analyse plus sophistiquee des 

donnees de precede, qui ameliore la comprehension des diverses conditions qui 

influencent l'utilisation des ressources par le precede, permettent de pleinement 

exploiter la structure du modele de cout developpe (inspire du ABC) et ainsi, 

d'aider a 1'interpretation des couts de production a 1'usine. 
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6.3 Travaux futurs 

6.3.1 Planiflcation de la SC multi-usines 

Une des extensions les plus pertinentes aux travaux presentes consisterait a 

elargir la portee du probleme de planiflcation de la SC et de considerer le reseau 

constitue de plusieurs usines de pate. Puisqu'un meme marche peut etre desservi par 

plus d'une usine, davantage d'emphase devrait etre mis sur 1'evaluation des compromis 

entre les couts de transport, l'efficacite de production et les opporrunites regionales 

d'approvisionnement. Etant donne les synergies possibles, il est probable que cette 

approche offre des opportunites significatives d'amelioration de la rentabilite. Enfin, il 

serait aussi interessant d'etablir la meilleure strategie reliee a l'implantation de 

1'approche hierarchique et ce, en considerant les besoins de 1'approche ascendante, la 

complexity de resolution des modeles et les aspects pratiques relies aux processus 

decisionnels de l'entreprise. 

6.3.2 Incertitudes liees a renvironnement d'affaires 

Pour les problemes de planiflcation, plus l'horizon de temps considere est long, 

plus les incertitudes liees a l'environnement d'affaires sont grandes. Par consequent, 

une extension interessante pour le probleme de planiflcation agregee de la capacite 

(niveau 1) serait de developper une approche permettant d'aj outer des erreurs 

stochastiques sur les previsions utilisees. En plus de limiter la propagation des 

incertitudes a long terme par les indications fournies au probleme detaille, une telle 

approche pourrait aider a identifier les problemes potentiels relies a l'equilibre de 

l'offre et la demande de fibre et a identifier des strategies d'appro visionnement plus 

robustes tout au long de l'annee. 
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6.3.3 Niveau 3 : vers l'optimisation en temps reel des operations de l'usine 

Les travaux presentes ont mis l'accent sur la SC de la fibre i.e. sur l'alignement 

entre les opportunites d'approvisionnement en fibre, la capacite de production et la 

demande de pates. Toutefois, il serait potentiellement avantageux d'incorporer certains 

autres aspects, tels que les utilites (vapeur, electricite) et les encours de production, afin 

de mieux tenir compte des differents points d'engorgement a l'usine. Pour ce, une 

approche possible consisterait a aj outer un troisieme niveau au cadre de planification 

developpe. Celui-ci s'integrerait au niveau 2 et viserait a optimiser les operations de 

l'usine en temps reel. II pourrait, par exemple, dans le contexte d'une usine situee dans 

un marche energetique dereglemente, inclure les details necessaires afin de supporter 

des strategies de gestion energetique (consommation & production d'energie, «load 

shifting », etc.) offrant une opportunite additionnelle d'amelioration de la rentabilite. 

6.3.4 Integration des aspects financiers 

Afin de comprendre comment creer de la valeur pour les actionnaires, il est 

important de considerer les aspects financiers de l'entreprise. II serait done interessant 

d'incorporer ces aspects a l'approche generale de SCM. Au lieu de maximiser le profit 

pour une periode donne, il s'agirait plutot d'optimiser la generation du flux de 

tresorerie disponible (« free cash flow ») en tenant compte d'elements tels que le fond 

de roulement, le cycle commercial (« cash cycle »), le cout du capital, etc. L'approche 

de modelisation des couts developpee, qui integre deja bon nombre d'informations 

provenant des systemes comptables de l'usine, pourrait etre adaptee pour supporter une 

telle approche de gestion. 



163 

6.3.5 Raffinement du modele de couts elabore 

Les aspects suivants pourraient etre abordes afm de poursuivre le 

developpement de l'outil et/ou de montrer les benefices de son application dans 

d'autres contextes : 

• Appliquer l'approche pour la caracterisation de structures de couts plus complexes 

e.g. pour une usine de cellulose de specialite produisant plusieurs produits ; 

• Investiguer davantage les aspects lies a 1'integration des perspectives procede et 

produit pour la gestion des couts dans les usines de P&P e.g. transitions, 

specifications des clients, etc.; 

• Analyser l'impact de la perspective procede sur la generation des couts indirects 

aux usines e.g. entretien et reparation ; 

• Utiliser l'approche OdCM pour le developpement d'indicateurs cles de 

performance; au niveau de l'usine pour definir des cibles basees sur les meilleures 

operations et au niveau de l'entreprise pour comparer la performance des usines ; 

• Determiner comment la structure du modele devrait etre adaptee de sorte a ce 

qu'elle soit plus ouverte pour l'integration avec des outils d'aide a la decision et 

d'analyse des procedes. 

6.3.6 Qualite des donnees de procede 

Des lors que les decisions d'affaires (pour la gestion des couts ou de la SC) sont 

prises a partir d'une caracterisation des operations basees sur les donnees de procede, 

un des defis important a relever consiste a assurer la qualite de ces dernieres. Pour ce, 

les approches basees sur la reconciliation des donnees pourraient etre des plus utiles; 

pour chaque regime permanent qui serait detecte, il serait possible de verifier, base sur 

des bilans, l'etat de la qualite des donnees. Ces approches offrent aussi certaines 
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opportunites (e.g. les techniques de detection et d'analyse des regimes permanents) en 

ce qui a trait a la modelisation des couts. Enfin, l'application pratique de ces 

methodologies, a l'echelle de l'usine, comporte de nombreuses difficultes. 
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ANNEXE A 

Methodology for using real-time process data for 
cost modeling and supply chain decision support 
in the pulp and paper industry 

BYM.LAFLAMME-MAYER, J. LINKEWJCH AND PR. .STUART 

Abst rac t : With the implementation of mill-wide inforrnattnn nianaptcmtnt systems, process and 
cost data have become increasingly available. Crrehtl analysis and use of s i * data t<> model critical 
production processes can be useful for supplv chain (SQ optimization. This paper pces«w a rwd-
elmg approach which integrates both process and cost information. Operations-driven costing is 
used to represent htm revjurcesate consumed S>v process activities, and ftow process activity are 
related to cost objects. The "oottoni-ttp'" memodulogv Is illustrated tot the SC optimisation ol a 
pulp mill, JfiH different Jetefe, of kjjns.tic.il management. 

in cRownr POTENT]M. )<>I the pulp 
and papei industry in North Amer
ica is limited. industiv leadris are 
fated with the challenge of deliii-

mg business and technology strategies that 
ml! not jus! help the industn survive, hut also 
prosper in the long run Some pr< >p w-cl 
strategies lor success include advant ttl prod
uct and process automation, dcboulenccktng 
ol |>ri>iesses, Mipph chain optirni/atiim. and 
maintaining high rmironmcnt.il slandaids 
[1}. Tltc mdustiy, wliKh must piovidr COIIMS-
tentlv g<x>d i r tums to shaivholrteis and invest 
caieuillv in business and technology strate
gies, grneially leeogmzes thl<-e niatll overall 
business strategies [2]: 
1. Survrvul in commodities. 
'2. Bui,'build in emerging markets. 
3. Diversify tore business with uiaiketing and 
leclniologkal partners. 

In the supply chain management < ontext, 
the first strategy entails developing tools and 
systems to optimize the overall supply chain 
in order to join ranks with the most cost-effec
tive producers. With the second strategy, sig
nificant benefits may be achieved by exploit
ing the potential synergies' of a worldwide 
network of assets using supply chain concepts. 
The third strategy is related to the maximiza
tion of the existing carbon value chain, in 
order to optimally capture the value of a tree, 
including bark, lignin and wood fibre for 
paper, energy, and chemicals [3]. 

One of the basic and most essential ele
ments for these strategies is to operate effi
ciently, reduce costs and inventories, and cap
ture the synergy of intra- and inter-company 
integration and management This can be 

achieved using supph chain management 
iSCM) concepts lor the optimization <>t the 
enteiprise and its supply chain. Supph chain 
ISO) is defined bvClmpia and Meintll [4] as 
"the complete set oi at tn hies, resource and 
information needed to plan, source, manu-
lacture. store, sell and deliver products t-i cus
tomers", ' f ig, 1). Therefore, SCM involves 
the design, coordniaiion, and management 
ol business units and flows with the aim <>t 
ma\imiflng global profitability and tompeli-
tiveness [f>, ti]. 

Mans pulp and papel companies ale rec
ognizing the potential tor supply chain man
agement, and aie beginning lo develop and 
invest in their supply chain, la i l [?] identifies 
some ol the main differences that the pulp 
and paper manufacturing environment has, 
as compared io disciete ban h • repetitive 
manulactuicrx. 

Study objective 
The goal of this study was to elaborate an 
operations-driven (or "bottom-up") cost mod
eling approach which integrates both process 
and cost information from a pulp and paper 
mill, and allows representation of process 
capabilities at the supply chain level for its 
optimization. 

"Bottom-up" approach to supply chain 
management 
For large-scale commodity and capital-inten
sive process industries like the pulp and 
paper industry, a tighter integration of oper
ations at the- plant level is rt'Cjuiri-d in order to 
fully address the enterprise and supply chain 
optimization [8]. Process integration, which 
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PROCUREMENT CYCLE PRODUCTION CYCLE 

RG. 1. Conceptual representation of a supply chain. 
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consists of the application of method
ologies and system-oriented approach
es for integrated process design and 
operation analysis, is concerned with 
the improvement of the decision-mak
ing processes across the supply chain. 
The aim of process integration is not 
to focus on a process unit, but rather 
to integrate the process units, plant, 
site, and enterprise levels for decision 
making using a holistic and bottom-up 
approach that i n c l u d e the use of pro
cess data available in real, time, knowl
edge of'manufacturing processes, and 
process integration tools. 

Depending on the time horizon 
and the importance of the decision 
that has to be taken, many authors 
have identified three different SC deci
sion levels, namely the strategic, the 
tactic and the operational, each of 
which has a significant impact on the 
success and profitability of the SC. 
These SC decision levels, combined 
with the levels of process control hier
archy, are conceptually- represented in 
Fig. 2. T h e SC levels usually operate 
over relatively long time scales (e.g., 
years for strategic SC decisions), 
whereas process control activities, such 
as optimization, control, monitoring, 
and data acquisition, function at short
er time scales (e.g., seconds for regu
latory control), with more frequent 
decisions affecting the process. 

In the process industries, and more 
specifically in pulp and paper, the SC 
level decisions tend to be decoupled 
from activities at the lower levels, Ide-
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FIG. 2. Control and SC level (adapted from [Sland [4]I. 

ally, there would be bidirectional com
munication between levels, with high
er levels setting goals for lower levels 
and the lower levels communicating 
constraints and performance informa
tion to the higher levels. Therefore, 
the objective of the process integration 
approach proposed in this study con
sists of integrating lower level process 
data (Hows, temperatures, pressures, 
compositions, etc.) and enterprise 
data (commercial and financial infor
mation) in an operations-driven or 
bottom-up cost model, in order to re|> 
resent process capability at She higher 
level for SC decision making. 

In order to elaborate such a cost 

model, it is important to consider the 
three levels of the so-called manage
ment paradigm: the managed system, 
the information system, and the manag
ing system. Fig. 3. The first one, the 
managed system, refers to the produc
tion processes themselves and corre
sponds to analyses based on informa
tion such as process flow diagrams and 
mass and energy balances. The second 
level refers to process and accounting 
data available from the information 
management systems at the mill. Finally, 
the managing system refers to the way 
process operations are managed, and its 
analysis is based mainly on interviews 
with the mill engineers and managers. 
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As illustrated in Fig. 5, the proposed 
mode] concept: has two important 
dimensions, namely process and cost. 
In fact, process and accounting data, 
generated by the* manufacturing pro-
<tsses am! the ente ipnse , a j t at the 
has'* of the model add die used to at»a~ 
Ivye pioicvs operations and rhe tost 
s t i iKturr . i t tin. mill, t e sp tc tneh 

Tin supph chain, vdlich <an IK 
viewed as a iiuraU'i of interrelated «v-
temsoi busnn ss unite, can itself bi u p -
jcsi Med at a hollMK svsttm having It* 
OHTijulet.it SCSI i oncrpts I snip tin 
liotioai-up cost modi ling appioa ih to 
lepiesrnt tlie S( subsystems, it is possi
ble to iworpoiaSe pivxess knowledge 
ivnfnn a SC model, so that it can be 
optimized and used as a decision-sup
port tool. Fig. 4. Therefore, it is passi
ble to ensure consistency across the 
manufacturing processes, and for large 
changes in data time scales. 

Process JOata Available in Real Time 
The bottom-tip cost model concept, as 
presented above, requires the acquisi
tion, analysis, and use of significant 
amounts of data, especially process 
data. However, the challenges related 
to the data intensjveness of this 
approach have been facilitated with 
the advent of information manage
ment systems {IMS). Nowadays, real
time process data has become widely 
available at mills through the imple
mentation of mill-wide data manage
ment systems that acquire, store, and 
manage data [10] . Although most 
pu lp and paper mills have access to sig
nificant amounts of data and informa
tion from their IMS, they have not ful
ly exploi ted t h e da te since n o 
systematic and precise modeling lias 
been done in order to turn these data 
into knowledge for decision making 
[11 ] . The most common benefit from 
IMS is derived from the ml km- analysis 
of operations due to increased access 
to mill-wide data. 

Data quality is a critical issue for the 
bottom-up approach proposed in this 
study. Therefore, in order to ensure 
the quality of real-time process data 
from process data management sys
tems, process data t reatment tech
niques arc necessary to ensure the 
accuracy and precision of measure-
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RG. 3. Bot tom-up cost model approach. 
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RG. 4. SC decision support based on the bot tom-up approach. 

mente. Data processing and reconcilia-
tion techniques can be used to correct 
for various sources of error, including 
r andom noise, abnormali t ies , and 
inconsistencies, result ing in be t te r 
quality data for decision making. Fur
thermore, the systematic application of 
on-line data processing at near steady-
state conditions will enable users to 
compile da ta for different process 

operating regimes, and determine the 
probability of occurrence of operating 
parameters [12]. Such information will 
improve decision support for manufac
turing operations management 

Financial Bala and Operations-Driven 
Cost ing 

A cost management system imple
mented at the mill captures enterprise 
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and financial data, however, they are-
rarely integrated systematically with 
process date. Often, cost management 
is carried ou t at an aggregated lew-) 
and the costs are allocated downward 
to the detailed level, with data distor
tion occurring as a result Costing and 
data consistency can be improved by 
the bottom-tip calculation of costs, sim
ilar to process data aggregation [13]. 
Activity-based costing (ABC) [14] is a 
cost accounting method based on the 
principle that resources are consumed 
by activities that are p a n of a process 
necessary to deliver a particular cost 
object (service or product) . Therefore, 
it is thus possible to moni tor how 
resources relate to activities, which in 
turn relate to the cost object. Resource 
and activity diitiets respectively deter
mine these relations. In the context of 
a mill, a similar approach can In: used 
that links resource consumption to 
production activities at. the mill, allow
ing for the integration of business data 
and the complexity of the mil! opera
tions. Finally, although the consump
tion of some resources is closely related 
to the manufacturing operations, o ther 
resources are a function of other vari
ables, e.g., the n u m b e r of changeover*. 
For this reason, activities are organized 
following a hierarchy that helps in 
dealing with the complexity of the mill: 
unit-level (raw materials , energy) , 
batch-level (changeover, set-up activi
ties), product-level (R&D, marketing), 
and facility-level (general management 
activities) [15]. 

Case study: high-yield pulp mill 
Background 
The case study consists of the fibre 
p rocurement and product ion cycles of 
a high-yield pulp mill. T h e procure
m e n t cycle corresponds to the plan
ning of fibre supply opportunities in 
order to ensure the fulfillment of fibre 
requirements at the mill, chip quality, 
and minitiiKation of the total delivery 
cost of raw materials. On. a shorter-
term basis, it also facilitates the man
agement of the procurement network 
in order to meet inventory targets a t 
the limited on-site and local storage 
areas, and to ensure logs and wood 
chips a re t ransported in the right 
amount and at the right time to the 
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cost model. 

pulp mill. The production cycle con
sists of first establishing the require
ments for each pulp grade, which are 
a function of both the targeted stock 
levels and the market pulp demand, 
and then determining the most prof
itable production plan for the mill. 

In the case study, the mill being 
considered produces high-yield pulp 
from hardwood chips using a bleached 
chemi - themiomechan ica l pu lp ing 
(BCTMP) process involving three 
main product ion steps: chemical pre-
t rea tment , pressurized refining of 
fibres, and pulp bleaching. In order to 
determine the right product ion plan, 
three main factors must b e consid
ered; inventory level (safety stock, 
cycle inventory), production costs, and 
production capability. The production 
capability refers n o t only to the 
throughput of the mill, but also to 
changeovers between campaigns, the 
constraints and bottlenecks in. the pro
duction processes, planned shutdowns 
for ma in tenance , u n p l a n n e d shut
downs due to equipment failure, etc. 

Pulp production is a capital-inten
sive process, and therefore process and 
capacity utilization is a critical issue. 
Since material utilization has often 
been considered to be of secondary 
impor tance , large inventories can 
result. However; due to limited fibre 

availability, increasing pressure is being 
placed on fibre procurement activities 
related to quality, cost, and. logistics. 
There is an opportunity for the opti
mization of the procurement and pro
duction cycles of pulp mills and, given 
the increasing availability of process 
information and decision suppor t 
tools, it is now possible to better repre
sent and reflect the production capa
bility. Although detailed production 
knowledge should be considered, they 
introduce additional complexities for 
the modeling of the supply chain and, 
depending on the scope of the plan
ning formulation, the resulting models 
may not be solvable within a reasonable 
amount of time, For this reason, a bot-
toro-up cost model, describing specific 
and detailed production processes and 
operations that reflect the complexities 
of the manufacturing cycle, will be 
used as a basis for consistent model ing 
and optimization between the different 
levels of logistical m a n a g e m e n t . 
Depending on the scope of the SC 
planning question, the mixed integer 
linear model will incorporate suitable-
aggregations of inputs from the cost 
model and. thus, process knowledge 
included in the SC problem at. differ
en t aggregation lev-els will always have a 
consistent representation, whatever the 
SC decision level, Fig. 5. 
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Cost Modeling Methodology 
Tlie general step*. necessan to build the bottom-up cost 
mode! can !«-' divided into the descttpuon pitas* and the 
investigation phase. A& illustrated in Fig. 6. foi ihc first 
phase, one li.i!> to aiialvse grneta l tost ami piotess infoi-
mation in oidei to d e t e n m n e whit It lelevanl elements 
should be included in the COM moeitl and. theietose, 
require a systematic investigation Then, the systematic 
imfst'uration involves the atcpiis'nion and anahsjs ..( 
detailed process and tost data in o lde r to rlabojate the 
strut Hire of the bottom-up cost mi Kiel. 

Description Phase 
The first step of the description phase consists of the devel
opment of a holistic understanding; of the manufacturing 
processes of the pulp mill. More specifically the aim is to 
determine how process units and activities are linked to the 
consumption of main resources used in the production 
process (energy, chemicals, etc.). In order to perform the 
analysis, three dimensions must be addressed. Fig. 7. First, 
using available process flow diagrams of the pulp mill, one 
must determine the process configuration. This mapping 
step consists mainly of the identification and characteriza
tion of machinery used, material Hows, and main inputs 
and outputs of the production processes. Next, it is neces-
sarv to determine how the process o p n a ' t s foi t ir'h j ; iade 
p iodu icd I Mtilh i m p i awilabii at ih< null ptovidi 
rn< si o) tht nnpoitani g t m tal infoim m< i r< sardmg••p<( 
died piodut t ton cap «<m film mi\ <h< nucai tonsumpiit n 
rate spc*. ifn eiur<t of the t t fmt i s * t«Msi ( in«s tempt l 
atuix qualm elt 1 malh an impoiums s l ip |s lo captutc 
m imifaiiuiing kit >w-hov> at tht p ilpmill in oixhi to^ain 
g e n u a l pjtKtv, knovdt dire of ccjutpmtnt producnt n 
path ujd opt t utujt t ond ihons I l n ^ l a s i s u p vvluthton 
MSI«- ol ( I N uvdiinsvtiih pio<< ssr nt ,nit trs sup< m m udi nt-
in'l iht null m m i;;t 1 all<m-lorlh< tons ilid iiion of gt n 

(la) piorlm tion information >ont<iiii<ifi I >th p i o n s s ton 
li^uialion and opt lanon 

The second sit p tit tlie des*. uptioii ph ts< consists of the 
dt termination ami tiassifuaiion ol tht diff< Hut t t sou t tcs 
ih.ii lw\< in hi l o n s i d t i t d hi ' the in mill u lining ol <ath 
jj;t id< 1 MIII> the p lit t t) It dt;t i n is possiblt ••> tljfh u mi 
ate resource sanel to st palate ihedufe rx nl a14x.1t yatt el costs 
l ha l a i t molt i< lateel to tht <nurpiisc l i t g tnc ia! .dmni-
lstiitivt aetiMtit s sustaining tht mill) from tiios< that at< 
n l i < < d i o i h < pitKlut tion p io t t s s Thtn vsiihin the 1 tin i 
t He tse»s'i out inusl diift n nil ne luiltn i lit nvt t n i rsnun es 
ill il« all 1« h n k t d dot ctlv to the piodm lion pi I I . W ( I ; U I 
11 dlv OMUL, mass and entries- bai u i u t ) and icsouites K I u 
tel to daily end hxtc1 production tenb It ,_,, mtimeiiance, 
sujiervisory, etc,.). 

Finally, by examining which resources are linked with 
costs in the traditional general ledger system and how these 
resources are linkc*d to the productie>n processes for the 
production of a specific pulp grade, it is possible to deter
mine the elements that should be considered in the cost 
model formulation. T h e production, process was subse
quently represented by ten cost centres. Eight of these were 
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HG. 6. General steps necessary to build the bottom-up cost 
model. 
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directly related ix> the specific activities required to produce 
different pulp grades: chip pre-trcaunentproceais, refiners, 
scie-ens avitl cieanei-s, rejeea refiner, pulp bleacrhing, pulp 
washing and tk-waiering, dryt;is and finishing line. The- two 
others, the wastewater treatment pnxteas and jwboiler, are 
supporting activities (hat are closely related to the main 
process line. 
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TABLE i. Process vaius matr ix for the b!Baching process. 

Pulp Grades { index g) PT„, j 

Cost Center - Pulp Bleaching (c-5) 
Process tags , index t 

PT„t (BDMT/h) PT„3 (kg/T) PTn (kg/T) PT„S ( k g / l ) PT,^ (Scg/T) 

Ws*} 
^ . B . . 
/ V t r i 

pvj'o'. 

PV5A2 
fV5,B.2 

Wj.Ci 
PVJ.D.2 

^ 5 . A. 3 
?V5.B.3 
Fv's,cj 

'"%0,3 

PV.f 
PVS. ft'5.A<5 

PV5.8.i5 

TABLE 11. Unit cost of resources. 

Resources ( index r) Uni t Costs ! $ / k g ) 

Peroxide Cf_j 
Chemical 2 Cr=2 
Chemical Z Cf=? 
Chemical 4 Cf=^ 

Invest igat ion Phase 

Th<." objective of the investigation 
phase is to determine the process capa
bility and the process-based cost of the 
production ptx>cess for each grade. 
The 10 cost centres and their associate 
ed activities are systematically analyzed 
with respect to the different pulp 
grades produced. As mentioned previ
ously, process capability refers to the 
detailed description of how the pro
cess is operated for each grade ^capac
ity, flow rate, etc,) and the operations-
driven costs are calculated based on 
the detailed descript ion of the 
resource drivers. 

By consulting the different sources 
of information about the mill's pro
cesses {P&ffJ, DCS, PI ProcessBoofc), 
the first step consists of determining 
the necessary data collection points 
(commonly called PI tags) among the 
data available in real-time. As an exam
ple, for the cost centre (index c) cor
responding to the bleaching process, 
o r e=5t as illustrated in Fig, 1, the 
important process tags (PT, index: ~) 
with respect to the process capability 
are the consistency and the produc
tion rate (PT^j, IrrT,j). In respect to 
the process-based cost, the important 
resources to consider at this cost cen
tre are the different chemicals used for 
bleaching (Fi\^ Frr=4, F / ; = 5 , FfT^). 

For each chosen process tag ?, the 
available data are downloaded for a 
given period (for instance, 3 months) 
and, knowing the historical produc
tion plan, it is possible to classify the 
data per grade and per production 

TABLE 111. Cost value matr ix for the bleaching process. 

Pulp Grades 
( index 9) 

Cost Center - Pulp Bleaching (c=5) 
Resources, index r ($/T) 

H 7 0 , Chemical 2 Chemical 3 n 2 w 2 
Chemical 4 

CVs.c.i 
CV, , , : 

C*SA3 
OfsM 

cvs.cl 
CVr s.0,3 

c v 5 ^ 
&SR4 
cv5 .M 
c v , n . 

run. Using process knowledge, or 
more sophisticated data treatment 
tools like wavelet-based dam process
ing and reconciliation teebnkjues, it is 
necessary to treat the data in order to 
improve data quality and to obtain the 
relevant steady^tate periods for each 
grade. Then, by statistical analysis, it is 
possible to determine the average pro
cess value (PYtuffT) for each selected 
data collection point t, for each grade 
produced at the mill (index g). As a 
result, illustrated by Table I for the 
bleaching process (e=5), the process 
value matrix- obtained represents a 
"process snapshot" of the operation in 
the cost centre, for each of the grades 
produced. 

In order to determine the opera
tions-driven exist, the unit costs of the 
resources used, are determined by first 
examining the available cost informa
tion in the accounting system of the 
mill. T h e resource drivers are then 
selected from the process-value matrix. 
In the case of the bleaching process, 
the relevant process values used as 
resource drivers are PY*, 
Vg.Tt!3.4,5,6f, (Table I) . The costs are 
then determined by multiplying the 
corresponding unit costs, €, in Table 
II, and resource drivers and this, for 
each grade produced. This is repre
sen ted by the following equation, 
where TBTr is the set of association 
between process tags and resouvct-x 
(index tr). 

CV, :>frs„v*r 

T h e resulting cost value matrix con
sists of a "cost snapshot" correspond
ing to the "process snapshot" of the 
operation in the cost centre, for each 
of the grades produced. Table III, 

As shown in Fig. 8, each process pjx>-
ducing a particular grade is split into 
difiercn I activities performed in the ten 
cost centres. All of these activities are 
in-presented, including the specific s u p 
porting activities that are not directly 
related to pulp production, but are 
closely linked. This bottom-up 
approach must be performed for all 
production activities at: the mill. The set: 
of process value matrices is used to 
characterize the process capability, as 
well as to de termine the resource 
drivers and a set of corresponding cost: 
value matrices. Together, they represent 
the production process for each of the 
grades produced and constitute an 
important p a n of the operations-driven 
cost model. In the cost model schemat
ic, this is represented by the process val
ues ( f l ' ) and cost values {CYt ) for 
each activity performed for a specific 
grade at a particular cost centre. 

Finally, the enterprise-based 
resources, as well as the producttorr-
based resources that only have an 
implicit relation with the production 
processes, will be considered in a sim
pler manner. These costs, related to 
the enterprise and all ten cost centres, 
influence the profitability of the mill 
and therefore must be included in the 
analysis. They can be treated in an 
aggregated $ / h charge that, each 
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FIG. 8. Operations-driven cost modeling approach including process and cost values for each grade. 

grade will incur when being produced. 
These are represented by C ^ J ^ J , 
(•'t-sm2> ('•>•-!• •••- * w t a the case of the 
production-based resources, and Es t 
tor resources linked to the enterprise 
supporting activities, Fig. 8, 

fywwd Cfl-s*- of Or<tfh CtmngetKiers 
Grade changeovers represent an 
important element in the operation of 
the mill. These batch-level activities 
h a w important, associated costs. Three 
main elements must be taken into 
account dur ing a changeover period: 
a) lost opportunity, b) the fixed hourly 
cost, and c) the cost of the activities 
performed to produce the mix grade 
pulp (or grade waste). Tire impor
tance and impact of these elements 
are closely related to the total 
changeover time (in the two first cas
es) and the total amoun t and proper
ties of the mix grade-pulp (in the latter 
case). Therefore , the changeover 
sequence, i.e., the pulp that was pro
duced and the pulp that will be pro
duced, is very important. Moreover, 
using available production data and 
process knowledge at the mill, careful 
analysis of the changeover* must be 
carried out: as precisely as possible in 
order to determine the relevant char
acteristics for each changeover possi
bility (with respect to the changeover 
time, mixed resources consumption, 
mix grade pulp produced, technical 
feasibility, etc.) 

T h e first element, which relates to 
the lost opportunity of producing and 
selling pulp during the changeover 
time, can easily be taken into account 

by the SC optimization problem. In 
fact, this will be represented by 
sequence-dependent transitions and 
by taking into account the effective jim-
dwtiim wiwfou^ which depends on the 
fixed changeover time {between the 
pulp produced and the pulp to be pro
duced) and tire production flexibility 
(optimal number of changeovers for a 
given set of conditions). 

The fixed hourly costs (in S / h ) , 
which have been, established for the 
production, also need to be taken into 
account because they are incurred by 
the cost: centres and the enterprise 
even though a changeover is executed. 
This places an emphasis on the cost of 
using "'production time" at the mill 
and on reducing the time required to 
c a m out changeovers. As seen in Fig. 
8, these costs are represented by E^, 
and Q a n d are the same as during nor
mal production time. 

The third main element: is the cost 
of the activities performed in the cost 
centres to produce the mix grade pulp 
(or g rade change waste). The 
resources drivers are difficult to iden
tify and their value is somewhere 
between each of the two grades 
involved (e.g., Pi 'v-i tsr . CVAS,gJ-
Clearly, prxxress and cost values will 
depend on the specification and prop
erties of the two types of pulp involved 
in the changeover, fo r instance, a 
changeover between two grades hav
ing different w7oocl species will more 
likely give rise to big process operation 
changes and a longer changeover time 
than a changeover between two grades 
having different brightness specifica

tions (especially if customer specifica
tions can be overlapped). 

Finally, using process analysis and 
the bottorn-up approach, it. is possible 
to provide information for each rele
vant changeover sequence at the mill 
and to de te rmine both the total 
changeover fixed charge and process-
related costs. Therefore, these batch-
level activities can be included in the 
SC planning formulation. 

Implications of the bottom-up 
approach to SCM 
In the -pulp and paper industry, with 
the product price being determined 
mostly by market conditions, the prof
itability is strongly influenced by the 
efficiency of usage of the manufactur
ing capability and of resources along 
the entile SC (e.g., raw materials, ener
gy). The bottom-up approach to SCM 
has the following advantages: 

• Compared to m o r e tradit ional 
approaches that typically use nominal 
production rate, the bottom-up cost 
roods?! framework uses process date 
available in real-time, allowing a better 
representation of manufacturing com
plexity. The treatment and analysis of 
process data can provide a better char
acterization of the manufacturing pro
cess (constraints, bottlenecks) and 
therefore a more advanced model for 
decision-support tools. 

* This approach helps to elicit 
detailed information on opera t ing 
conditions and resource drivers and, 
combined with a systematic process-
based cost analysis, can provide 
detailed cost models to determine 
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ANNEXE B 

DEVELOPMENT OF AN OPERATIONS-DRIVEN COST MODEL FOR 
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PART I: Framework for Design and Operations Decision Making 
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Abstract 

Given the implementation of information systems, it is now possible to more accurately represent and 
reflect continuous production processes for process design and operations. This paper presents a 
systematic methodology, established by collaboration between engineers and accountants, for 
developing a versatile tool to represent and understand the costs of complex production environments 
such as pulp and paper mills. The integration of process and cost information, contained in a "bottom-
up" calculation engine, and the process-based aggregation of costs allow for easier modeling of complex 
cost relationships, by identifying how resources are consumed by activities and how activities are related 
to cost objects. Case studies for the application of the operations-driven cost modeling for retrofit 
process design and process operations management are presented in Part II and Part III. 
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Introduction 

As a consequence of the challenging business environment, Canadian pulp and paper companies have the 
difficult task of defining new business strategies to improve their competitive position over the longer 
term 20. These strategies consist of increasing profitability either through the improvement of operational 
practices or by capital projects. Many pulp and paper companies recognize supply chain management 
(SCM) as one of the most promising solutions to preserve industry value, and to be better able to 
compete with global cost-effective producers on local and international markets 4. In the case of capital 
spending projects, selection of the most profitable strategies for the modification of current 
manufacturing processes (retrofit design) is a critical challenge that must be addressed by the industry in 
order to adapt to the changing business environment and/or benefit from new opportunities during a 
prolonged period of limited capital expenditures. 

The implementation of mill-wide data acquisition systems in the pulp and paper industry has opened the 
door to vast amounts of data from which information about processes and products can be extracted. 
Although this has enhanced ad hoc problem solving in mills 8; 9 and plays an important role in providing 
information to decision makers, a structured framework for advanced operations and design decision 
making support is needed in order to better exploit these data. As discussed by Lail 1S, creating added 
value by systematically looking at the "obvious" - processes, knowledge and data available at the mill -
is the key for successful supply chain projects and, we think, also for process design. 

Even though many initiatives have been undertaken by process engineers, accountants, and information 
managers at mills, there is an important need for the development of best practices to help mills better 
use data for decision making. This paper presents an operations-driven cost model, established through 
collaboration between engineers and accountants, that integrates data across disciplines and mill areas, 
and considers cost accounting subtleties that can help mills to turn data into information aiding the 
decision making process. This paper first discusses the importance of the process perspective for cost 
management in continuous-process manufacturing. The bottom-up approach proposed by this work is 
described, followed by details of the operations-driven cost model. The model structure and data quality 
issues are discussed, as well as the potential for using this approach to add value to mill operations. 

Cost Management in Continuous Process Manufacturing 

It is essential to distinguish between accounting approaches often used at mills, and management-based 
accounting approaches such as the one presented in this paper. At mills, financial accounting can 
typically be characterized by the focus on external reporting (e.g. for shareholders) and on consistent 
representation of manufacturing costs over time. In the case of management accounting, the emphasis is 
to allow the analysis of historical cost data providing useful and relevant information for decision 
making, planning, control and performance evaluation 7. It also recognizes the need to integrate cost 
information with production knowledge for more in-depth analysis and interpretation of the data. 

Continuous process manufacturing has specific characteristics that have been identified and discussed by 
various authors (for the process industry in general3; 21 and specifically for the pulp and paper industry 5; 

17). The direct application of cost management tools to the pulp and paper industry that have been 
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primarily developed in the context of discrete-part manufacturing can be challenging and may not 
provide the expected benefits when applied to continuous manufacturing. It is critical to understand the 
specific manufacturing needs of a given process in order to develop management-based accounting tools 
adapted to a particular manufacturing environment. 

As discussed by Reeve 17; 21, effective cost management systems for continuous process manufacturing 
must consider both the product and process perspectives. He recognizes the importance of process-
related activities that often cannot be easily related to product strategy for the analysis and explanation of 
cost generation in mills. This is an essential distinction to make since, in most cost management 
approaches developed for discrete-part manufacturing, the product is considered to be the primary cause 
of activity generation within the plant. To better understand cost behaviour in pulp and paper mills, it is 
necessary to take into account the perspectives described as follows. 

Product Perspective 

In pulp and paper, similar to many continuous manufacturing processes, we can distinguish between two 
main types of operations: main processing operations (e.g. pulping and papermaking) and converting and 
finishing operations (sheeting, packaging, etc.) 14. For discrete manufacturing, cost driver relationships 
within the plant are typically well explained using a product perspective. On the other hand, in pulp and 
paper, product-related activities are more useful to describe the cost behaviour of operations that are 
downstream of the main processing operations, where large product diversity is created. In fact, from the 
converting and finishing operations to the customers, a product perspective is adequate in order to 
evaluate the effect on cost of product specifications (trim, core, wrapping, labelling, etc.), channels (next-
day delivery, direct shipment, shipment to distribution center) and customers (vendor-managed 
inventory, special contractual arrangements, etc). This is also the main reason why Reeve 21 suggested 
that, for continuous manufacturing, the implementation of traditional activity-based costing concepts 
should focus on the "demand side" of the supply chain. 

Process Perspective 

Particularly for main processing operations, it is often more relevant to consider the process perspective 
in order to be able to explain cost generation. Nevertheless, the process and product perspectives are not 
mutually exclusive and both perspectives may be required to explain some cost items, e.g. although 
transition costs are sequence-dependent - product perspective, batch-level - the explanation of the costs 
incurred requires an in-depth process analysis using a process perspective. 

Production Process - A large part of indirect manufacturing costs at mills are caused by activities 
such as maintenance, that are more related to the production process itself than the product 
manufactured. Since these cost items are normally allocated to products, it does not provide any 
useful insight for cost management and continuous improvement21. Instead, cost driver relationships 
should be identified based on the analysis of process-related aspects such as maintenance and 
operating policies. In addition, the production process perspective is also necessary to understand 
how process activities generate cost within the main processing operations. It provides key 
information about the configuration of the process, the important flows, the type of processes 
involved (mixing, heating, reaction, etc.) and other relevant qualitative and quantitative inputs that 
may be required to characterize the structure of the manufacturing process. 
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Operating Conditions - In discrete manufacturing, it is relatively easy to calculate direct 
manufacturing costs because it is usually possible to measure the level of activity and resource 
consumption for each particular unit, and also because these activities can be traced to the final 
product (via routing and bill-of-material). In continuous processing, operating conditions at each 
step of the process are responsible for resource consumption. Even though they can often be 
measured with some precision, it is often not feasible to keep track of the resources used with the 
principal flow of material. Thus, for simplicity, product homogeneity is typically assumed '2 and the 
costs are calculated based on standard recipes. These specify raw material usage (additives, chips, 
energy, etc.) as well as target operating conditions for producing the final product within the 
required specifications. The resulting cost information does not correspond to reality, and variance 
analysis only provides aggregated information that fails to give the required visibility for decision 
making. Given the variations within the manufacturing process, the real operating conditions are not 
fixed to the standard levels and should be used to analyze direct manufacturing costs. Contrary to 
discrete-part manufacturers, the development of a cost management framework for continuous 
processes should emphasize the use of process variables to characterize cost generation within the 
plant21, particularly for the main processing operations. 

While it may seem natural for process engineers to consider these aspects, they are generally not 
understood or recognized in the cost management literature, and have not yet been commonly applied in 
cost systems that are implemented in the pulp and paper industry. 

The development of new costing models in the 1990s focused on overheads and business processes, and 
little attention was paid to primary activities in complex manufacturing environments. Thus, simplified 
approaches are used for the treatment of direct manufacturing costs and operational activities 2. For the 
pulp and paper industry, this treatment is a critical issue since direct manufacturing costs are charged to 
the product based on a more or less systematic approximation of the process conditions and process-
related activities in the mill. Similar to the discussion on overheads that led to the development of 
activity-based costing in "The hidden factory" 19, the pulp and paper industry uses methods (e.g. standard 
costing) to relate direct manufacturing costs to product, but these methods do not always provide a useful 
explanation about how costs are really generated within the main processing operations. Technological 
challenges as well as the lack of guidelines and systematic methods have constrained the industry from 
addressing this data-intensive challenge. However nowadays with the advent of information management 
systems (IMS), this challenge has become less restrictive. Using systems-oriented and multidisciplinary 
approaches, it is now possible to analyse process and cost data in an integrated manner in order to better 
understand the main processing operations. This would not only provide an improved basis for cost 
management, but would also help with the application of higher-level decision support tools such as 
supply chain optimization or multi-criteria decision-making for retrofit process design. 

Objective 

The primary goal of this study was to develop a framework for creating an operations-driven cost model 
that integrates process and cost information in order to characterize the manufacturing costs of the 
processing operations in pulp and paper mills. Specifically, the three following requirements were 
considered for the elaboration of the cost model: 
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1. It should emphasize a bottom-up thinking where, rather than providing aggregated cost information, 
the information coming from the process can be systematically integrated to better reflect the 
capability of the main processing operations. 

2. Given their importance in pulp and paper mills, the approach should also include a structural 
element to incorporate overhead costs within the model. 

3. The framework should not be problem-specific. An approach should be used in order to represent 
various processes in order to provide a general framework for process operations and process design 
decision making. 

More generally, the aim of this work was to discuss how process systems engineering tools, which 
emphasize visibility of information and structural flexibility, can help to manage, analyze, and interpret 
information to support decision making for process design and operation. 

"Bottom-up" Approach 

The operations-driven business modeling approach9; 11; 16, schematically represented in Figure 1, is based 
on "bottom-up" thinking, consisting of using lower-level process data and detailed process analysis to 
better reflect manufacturing capability for higher-level decision-making. Therefore, the overall approach 
aims first to characterize the manufacturing operations (descriptive) and second, at providing advanced 
decision support (prescriptive). To achieve these goals, four main steps are considered: data acquisition, 
systematic analysis, process and cost modeling, and decision-support modeling. Process and cost data, 
typically provided by information management systems at mills, may come from various sources such as 
process simulations, general ledgers, etc. Many tools and approaches can be used to collect, treat and 
analyze these data, in order to extract the necessary and relevant information for decision making. The 
operations-driven cost model is the central element where cost and process information are captured and 
systematically integrated to characterize the continuous processes. Due to its structure, the cost model 
can be used to support either design or operational decision processes. For example, in the case of 
operations, it can be used to support supply chain optimization whereas in retrofit design, it can be used 
to support a multi-criteria decision making process for evaluating different design options. 
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Figure 2: Relationship between resources, activities, and objects in ABC 

Operations-Driven Cost Model 

Process and cost information must be integrated and linked to the manufacturing processes at the mill 
and ultimately, the cost object. The cost object is defined by the functional unit for which the cost is 
measured. It can be an activity, a product, a process, a service, a division, etc. Activity-Based Costing 
(ABC) is now a well-known method that was developed for modern manufacturing environments with 
the goal of demystifying overhead costs that were traditionally assigned to cost objects using 
inappropriate allocation bases 6. The principle of ABC consists of modeling the usage of resources by 
activities performed, as well as the activities required by the cost object. Although this approach traces 
overhead costs to activities, the relationships used in ABC-based cost systems to link primary resources 
(direct manufacturing costs) to cost objects are often too simplistic (e.g. direct charges) and are 
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inappropriate for consideration in continuous process environments. Nevertheless, the ABC approach 
provides important extensions 13 to traditional costing systems, that are particularly relevant for the 
elaboration of an operations-driven cost model in pulp and paper: 

- Use of activities and processes as the focus of cost systems, 
- Tracing the cost of using the resources, 
- Using a richer set of cost drivers (based on observable measures) to reflect operational complexity. 

By using "bottom-up" process and cost information, resource and process activity drivers can be 
identified and mill-wide correlations can be reflected to characterize cost generation within the mill's 
main processing operations (Figure 2). Therefore, the operations-driven cost model is based on "ABC-
like" principles that incorporate and emphasize the importance of the process perspective as a source of 
costs, which allows production managers to better track and control their costs. As mentioned earlier, 
cost modeling of continuous processes needs to consider both the design of the manufacturing processes 
and the specific operating conditions used to manufacture different products. In this context, the 
following elements must be introduced in the cost model: 

1. The Cost Center corresponds to a collection of physical process units that represent part of the 
manufacturing process. The routing of these cost centers, and the specification of the equipment 
used, is defined by the process design. The level of aggregation of the various cost centers has to be 
determined with respect to the type of decision that is to be made using the overall business model 
approach. 

2. Process Activities refer to the operating conditions at each of the cost centers, e.g. running a pump 
or a heat exchanger, drying pulp or paper, etc. They are characterized by process information 
resulting from a systematic bottom-up analysis approach, e.g. flow rate, consistency, temperature, 
and pressure, or other physically measurable process variables. 

Within the operations-driven cost model, cost centers and process activities are considered together in an 
element called the Process Work Center (PWC). As shown in Figure 3, a mill is represented by a group 
of PWCs that are arranged in series and/or in parallel. An Overhead Work Center is also introduced for 
modeling production overheads and non-manufacturing costs because they must be treated differently 
from a computational standpoint. When the cost model is calculated, the costs flow between the PWCs as 
defined in the model, and accumulate in the Overall Cost Object. This final cost object can for instance 
be the product cost for different operating conditions of a given design or for process design alternatives. 

The operations-driven cost model in this study was developed using the ImpactECS™ software package 
from 3C Software Inc. '. This tool is particularly well adapted to the needs of complex production 
process environments, such as those in the pulp and paper industry, and it has been adopted by several 
leading pulp and paper companies. Its underlying platform, based on a relational database, allows for an 
efficient structure and management of process and cost information flows within the model. Moreover, 
the flexibility of Impact:ECS™ provides the ability to customize the storage of data, the calculation 
execution order, and the structure of the model22; 23. 
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Figure 3: Representation of how Work Centers are structured within the operations-
driven cost model 

Process Work Center 

One of the key elements of the cost model is the structure used to represent main processing operations at 
the mill. A generic framework was developed that permits the PWC to accommodate the cost flow along 
the process, the bottom-up feeding of process information, the need for flexible specific calculations, the 
assignment of overheads, and a standard process-based cost calculation. This structure consists of two 
main sections, i.e., the local factors and the routings (see Figure 4). Local factors are units of information 
that are specific to or characteristic of a PWC, and can be accessed only by operations called for in the 
PWC in which they reside. They can be classified into three groups: Work Center Characterization, 
Specific Information, and Reporting. 

Within the first group, local factors permit the introduction of general information needed to define a 
particular PWC e.g. the name, the reference flow as well as the overall product reference flow. 
Different scenarios can also be considered using binary parameters. 
The role of the second group is to allow the user to interact with the inputs of the specific 
calculations (to be further discussed later). 
The third group of local factors is used to report information. It provides quick access to the main 
results and important outputs when the calculation is done. 

The PWC structure has multiple routings that define a step-by-step approach to the functions that have to 
be performed during cost calculations (Figure 4). This ensures a structured flow and logical treatment of 
information throughout the model. The first routing, Cost Flow In, establishes the calculation order by 
enforcing the precedent PWCs to compile before. It also pulls the previously calculated cost information 
within the current PWC. The second routing, Process Information, loads and stores the information 

Papier 2, Soumis a International Journal of Production Economics, 2008 



193 

coming from the Process Value Table that contains all "bottom-up" data that are used to characterize the 
particular activities that are accomplished in the PWC. It is also possible to add or modify process 
information in order to perform a sensitivity analysis. The main routing, Cost Calculation, dictates how 
the process, overhead, and cost information are structured and how the PWC is calculated. It consists of 
four sections: Initialization, Specific Calculation, Process Cost, and Overhead Assignment (see Figure 
4). Except for specific calculations, the three sections are generic, regardless of the PWC. The fourth and 
the fifth routing, Resources and Current Contribution, are used mainly for reporting purposes. 

Process Work Center - i 

LOCAL FACTORS 

Work Center Characterization 
Specific Information 
Work Center Reporting 

ROUTINGS 

Spucific Calculation 
ProcubK Cost 
0 vet head Assignment 

Cost Flow Current E X « S P 1 » p">c*ss C o s ' F l o w 

-] Out I Contribution j "esources ggjjgPgfcg Information | In 

Figure 4: Representation of a Process Work Center within the cost model 

Resources displays the results for each step of the cost calculation, in an ABC-like fashion where the 
relations between resource consumption, activities performed, and the cost object are shown. Current 
Contribution aggregates all the cost information obtained from the previous and the current PWCs. This 
aggregated information is then available for the routing Cost Flow Out and also for the local factors 
(under Reporting). Finally, Cost Flow Out takes the aggregated cost information and makes it available 
for other subsequent PWCs in the model. 

Cost calculation routing 

Process cost 

Process cost, which is at the heart of the PWC, performs the generic cost calculation using the ABC-like 
approach discussed earlier. This is used to establish engineering-based relationships using mass and 
energy balances, for resource consumption within the mill. Given specified local factors (e.g. tags to 
consider), and since the appropriate cost drivers come from "bottom-up" approach {Process Value Table, 
based on process information), both the production process and the operating conditions are 
systematically considered for cost calculations. Figure 5 illustrates the structure and how the information 
is managed within the Process Cost script that integrates five important elements: the local factors, two 
routings of the PWC (Process Information, and Process Cost), the Tag Table and the Resource Cost 
Table. More precisely, the script consists of the following steps: 

Papier 2, Soumis a International Journal of Production Economics, 2008 



194 

A. Information characterizing the current PWC is extracted from local factors. 

B. Using this information, the script can search within the Process Value Table and the Process 
Information routing for process information linked to resources and reference flows relevant for the 
calculations. 

C. After obtaining the process information, the particular type of resources associated with each 
element classified as a resource needs to be identified. The tag identification number of the element 
is used to acquire the resource identification number from the Tag Table. 

D. Given the type of resource, it is then possible to obtain, from the Resource Cost Table, the unit costs 
for each of the resources considered. 

E. When all the relevant information has been gathered, costs are calculated within the script using an 
ABC-like structure that uses a combination of drivers to relate the resource consumption to the final 
cost object. First, the unit costs are multiplied by the resource driver that determines the 
consumption rate of a particular resource for a given reference flow, which is most closely related to 
the resource (e.g. x kg of chemical per BDMT of chip). Then, using an appropriate combination of 
reference flows, the consumption of the resource is linked to the PWC. It provides the cost of the 
resource consumed given the PWC driver (i.e. reference flow). Finally, using the ratio of the PWC 
driver to the overall product driver (i.e. reference flow), the costs are attached to the final cost 
object. 

F. The results of the different steps for the Process Cost Script are displayed within the Reporting 
section of the local factors and stored in the Resource routing. 

Overhead Assignment 

Some overhead items can be assigned to each of the PWCs based on specific rules. Thus, the main 
purpose of this script is to integrate information needed to provide the required visibility of the portion of 
the overhead that can be traced to the production process. Since there is no overhead calculation done 
locally in the PWCs, Overhead Assignment extracts and integrates the particular cost information that has 
been treated by the OWC. 

Specific Calculations 

The aim of the operations-driven calculation engine is to be as generic as possible in order to be 
applicable to any type of process. At the same time, every manufacturing process is unique. The cost 
model structure needs to have enough flexibility in order to be able to address such specific calculation 
requirements. In fact, the underlying process structure is always valid, but in some situations, it is 
necessary to perform preliminary "side-bar" calculations to fit the standard structure. An example of a 
specific calculation is to transform the units of a flow rate from 1/min to kg/min, or to calculate the mass 
flow rate in BDMT/h using the flow rate in 1/min and the consistency of the flow. In any case, it is 
preferable to use the Impact:ECS™ preformatted user-friendly calculator that allows for easy build-up of 
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a series of simple commands that need to be performed. Using this approach, it is very convenient for 
users to view, understand, and modify calculations. 

Illustrative example 

The operating cost of a reject refiner is calculated using the operations-driven cost modeling approach 
(see Figure 5). First, relevant process information is gathered for the PWC "pulp cleaning". The values 
gathered at five data acquisition points (so-called "tags") are the results of a process data analysis. This 
process information is then stored and classified in the Process Value Table using a systematic method 
based on a traditional process unit representation. Every entry within this table specifies the attached 
PWC, the tag identification number, the process value itself, and the units. For each element within the 
table, we also differentiate between a resource, a process activity driver a PWC driver, or a product 
driver (see the description of tags in Figure 5). Two specific calculations are done to determine the mass 
flow rate to the reject refiner. Then, using the information from the Process Value, Tag and Resource 
Unit Cost tables and the specific calculations, the Process Cost script (as described earlier) calculates the 
cost in $/BDMT for the reject refiner under the given process conditions. The resulting cost information 
is reported in the local factors and added to the cumulated pulp cleaning cost. 

Overheads Work Center 

The Overheads Work Center (OWC) is included to estimate the mill burden, or indirect manufacturing 
and non-manufacturing costs, within the cost model. The structure developed for the OWC (see Figure 6) 
is significantly different from the PWC. Although local factors have a similar function, the main 
differences reside in the structure and utilization of routings. The Overhead Cost routing is the principal 
component of the structure. It is used to manage overhead-related information as well as to structure the 
calculations. First, the accounting period associated with the overheads is set. Then General OH 
Calculation determines an hourly rate for each overhead item as well as the general aggregated overhead 
cost for each category defined in the accounting system of the mill. Using the allocation base information 
available, each item considered is classified into either one of two groups: items that can be specifically 
allocated, using precise information on how resources are used, to a PWC (e.g. supplies, maintenance, 
labour, etc.) and items that are arbitrarily allocated to the final cost object (e.g. insurance, 
administration). 
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Overhead Work Center 
LOCAL FACTORS 

Work Center Characterization 
Specific information 
Work Center Reporting 

ROUTINGS 

C->-.; / U<* 
| Out 

Period 
General OH Calculation 
Cost Pools 
Allocation 
Assignment 

A'ii I'uliy 

| Allocation j 
Overhead 

Cost 

Figure 6: Representation of the Overheads Work Center (OWC) within the cost model 

Cost Pools aggregate the cost items of the first group that have the same allocation base and, within 
Allocation, distributes them among the PWCs, depending on their share of this allocation base. 
Assignment loads the results in the Overhead Table described earlier, which is called by the PWCs. 
Finally, the Arbitrary Allocation routing is responsible for the aggregation of the costs of all items that 
have to be allocated to the final cost object. This information is then transferred directly to the cost object 
using Cost Flow Out. 

Examples of Application Results 

In this section, we present examples of results obtained by the application of the operations-driven cost 
modeling approach in the context of both process design and operations. These results are only briefly 
described and the authors refer respectively to Parts II and III for a more detailed description. 

Process Operations 

The aim of the cost model development is to characterize the direct manufacturing grade costs of a 
BCTJV1P pulp mill in order to support a bottom-up supply chain planning approach where manufacturing 
capability is determined using lower-level process data. Given the supply chain perspective, a relatively 
high-level model was developed by primarily considering the main manufacturing activities i.e. the 
pulping process. Seven PWCs were used to describe the operations and 30 tags were selected from the 
process data historian at the mill to characterize the cost model drivers (resources and activities). The 
corresponding process data, for a period of three months, were treated and stored in a relational database 
and integrated with other relevant mill information (e.g. production schedules). The analysis of the data, 
accomplished using queries, statistics and visualisation tools, allows for the identification of resource 
consumption patterns that are different compared to the standard recipes. The data describing these 
patterns, or so-called process information, are used as inputs to populate the different parameters of the 
cost model. Figure 7 shows the direct manufacturing costs calculated using the operations-driven 
approach, for each production campaign of a given pulp grade. Since fibre supply is an important supply 
chain decision variable, the cost of fibre is not taken into account within this model but rather, this cost is 
optimized within the supply chain problem. As shown, the results of the operations-driven cost model 
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provides an interesting perspective compared to standard and actual costing approaches. Since cost 
drivers are calculated using historical process data and consumption patterns may have some similarities 
with recipes, the operations-driven approach is considered as being in between the standard and actual 
costing approach. Nevertheless, the real advantage of the proposed approach is the use of available 
process data with an ABC-like approach to identify, analyse and interpret the cost implications of various 
consumption patterns within the mill. This is much more consistent with managerial accounting and 
should be used as a basis for performance assessment and continuous cost improvement at the mill. For 
continuous processes, such as a pulp mill, it is essential to consider the process perspective and the 
operations-driven approach, using process and mill data, is the key to better understand the generation of 
costs within the mill and to provide the required visibility of the cost performance of the manufacturing 
operations for supply chain planning. 

£aai6f&S«€&s&: ;: 1 : %e?8fceM'D?jve3G?as!eC&st5 

Figure 7: Application for operations: grade cost analysis for a BCTMP pulp mill 

Retrofit Design 

In this case, the operations-driven approach is applied in the context of a large-scale retrofit design 
problem. The aim is to better quantify cost implications of several retrofit design alternatives for 
increased deinked pulp production and cogeneration at an integrated newsprint mill. For each design 
alternatives the capital costs and mass and energy balances were calculated. These data were used by the 
operations-driven cost model that was developed to evaluate the operating costs and profitability of the 
alternatives. Figure 8 presents the direct and indirect manufacturing costs obtained for the existing mill 
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and each alternative considered. The colors represent the various PWCs considered for the analysis and 
the negative costs indicate either an income (e.g. cogenerated electricity sales) or a transfer (e.g. 
overhead outside the mill). One of the main advantages of using the operations-driven approach for 
retrofit design is the efficient and transparent evaluation of manufacturing costs based on a systematic 
description of the consumption of the resources by the PWCs. For example, in Figure 8, the higher 
manufacturing cost for the paper mill PWC can be traced back, using process information, to higher 
steam prices and thus, increased use of natural gas (as opposed to wood waste). The variation of 
overheads per alternatives, that is small compare to direct costs, are caused by a number of factors such 
as differences in maintenance material, tax credit, etc. This indicates that, even though overheads should 
be taken into account within the overall design process, it may not be an important factor to differentiate 
between the proposed alternatives. Finally, compared to traditional techno-economic studies, the 
operations-driven approach is better able to examine critical design variables and operating variants. 
Important PWCs can be identified and the changes in cost per activity in the PWCs can be assessed 
efficiently. 

• Turbines 
IDIP 

Bolers 
Sludge handling 

s Stock preparation 
ITMP 
• Paper Riff 
• mailing room 
» Chip handing 
• Primary treatment 
1 Secondary treatment 
I Assigned overhead charge 

Option* legend: 
1 : new 60% 1-toop DIP 

new50%2-toopOIP 
new 100% 1-toop DIP 
new 100% 2-toop DIP 
upgrade to 50% 1-toop DIP 

6: upgrade to 50% 2-toop DIP 
A; cogeneratton option A 
B: cogeneration option B 
C : cogeneration option C 

I 
I Alternatives 

Figure 8 : Application for retrofit process design: manufacturing cost per design 
alternatives 

Data Quality and Model Structure 

In order to construct the cost model, different sources and types of information must be considered. The 
relevance of any individual data stream, for the decision making process, tends to fall within the realm of 
judgement. Even though companies recognize the importance of system integration, data often comes 
from a variety of sources with different degrees of reliability, e.g. the accounting system, the process 
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information management system, the laboratory information management system, spreadsheets, etc. The 
integrity and the nature of the data must be carefully assessed before they are used. Moreover, to address 
uncertainty in the data, sensitivity analysis is used to identify the elements that have the greatest impact 
on the model output and thus, require specific attention from the decision maker. 

Even though, the integration and the relational analysis of the process and cost information are key 
elements of the multidisciplinary cost model, a similar approach could be developed using non-relational 
spreadsheets. However, compared to more sophisticated tools like lmpact:ECS™, the flexibility and 
capability of the analysis would be reduced and the opportunity to leverage large amounts of information 
into valuable outputs for decision-support would be more difficult to realize. It would also be more 
challenging to manage the information across many process design alternatives and also, in the 
operational context, to maintain the integrity of the cost model over time. 

Implications of the Operations-Driven Cost Model 

The cost model presented in this paper has the following advantages: 

- The integration of process and cost information, the "bottom-up" calculation engine, and the process-
based aggregation of costs allows for a more in-depth description of continuous processing 
operations. This, along with the use of the ABC-like concepts, provides a tool to better understand 
costs within the complex environments of pulp and paper mills. It increases visibility of the process 
perspective, and traces direct manufacturing costs more precisely than typical cost systems. As shown 
by the application examples, this improved characterization of manufacturing operations provides 
information that can be used in the context of retrofit design and supply chain optimization. 

- The PWC structure, which is the basic element of the operations-driven cost model, provides a 
versatile tool for representing industrial manufacturing processes. It is built to match the common 
definition of a process unit, and specific calculations can accommodate particular cases. Furthermore, 
the structure can be used to represent and analyze different operating conditions (regimes) and design 
alternatives. 

- Compared to typical ABC approaches where observable measures (used to analyze activities) are 
determined by interviews and surveys, the operations-driven approach uses data that are typically 
available at mills. This is a significant advantage since it provides a reliable source of information 
that requires minimum effort to obtain. Also, with the integration of process and cost information, the 
model can serve as a basis for the comparison and the reconciliation of information coming from 
different sources. For example, the grade cost information obtained with this model can be compared 
with actual and standard costs. In the context of process design, it helps to keep process and cost 
information synchronized; this is an improvement of the traditional process design in which the 
process and cost models are typically maintained separately. 

- Since the costs are easily traceable to process unit operations, significant benefits can be achieved if 
the model were to be used and maintained by process/operation engineers who have the ability to 
control or act on costs incurred during production. The work presented in this article tries to define 
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new guidelines for a better use and integration of available cost and process data at pulp and paper 
mills. 

- If continuously used at a mill, the proposed model could be the starting point for addressing 
operational and design problems using the same framework. It provides a more consistent model that 
can be used or adapted for different kinds of questions, instead of building new models for new 
problems. 

Conclusions 

With the advent of information management systems, the pulp and paper industry has the opportunity to 
extract additional value from data by using tools such as the proposed operations-driven cost model, and 
to use the generated information for improved decision making. The principal challenges of this 
approach are not related to information technology itself, but rather to the designed approach integrating 
the following elements: 1) understanding the available tools, 2) understanding the business and 
manufacturing processes, 3) developing new and specific methods, frameworks, and models and 4) 
understanding the needs of the decision making activities. Case studies for the application of the 
operations-driven cost modeling for retrofit process design and supply chain optimization are 
respectively presented in Part II10 and Part 11115. 
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ANNEXE C 
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ABSTRACT 

The implementation of information systems in the pulp and paper industry gave rise to analytical 
initiatives using lower-level process data to extract relevant information for higher-level business 
decision support. This paper shows the application of the operations-driven cost model, presented in Part 
I, to a case study defined at an existing high-yield pulp mill. The approach outlines how to structure and 
analyze critical process data and to develop a cost model suitable for the identification and interpretation 
of the cost implications of various operating regimes. The results indicate that the proposed approach 
better reflects the impact of process-related drivers and provides a perspective that improves the 
understanding of the mill's cost structure. 

KEYWORDS 

OPERATIONS-DRIVEN COST MODELING, PROCESS OPERATIONS MANAGEMENT, 
PROCESS DATA ANALYSIS, DECISION SUPPORT, HIGH-YIELD PULP MILL 

INTRODUCTION 

In the pulp and paper (P&P) industry, information and communication technology (ICT) at the mill and 
corporate levels are an essential element for supporting various functions and activities. However, most 
of the systems implemented today are mainly used to support business operations (transactional ICT, e.g. 
operations at the mills, order fulfillment process, etc.) as opposed to provide analytical capability to 
support decision making processes (e.g. supply chain planning, continuous improvement, etc.) 8. The 
development and implementation of analytical systems in the P&P industry are limited and mostly 
accomplished on an ad hoc basis n . 
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The value of analytical systems does not come from the ICT-related capabilities (such as system 
integration, data consistency, data sharing, speed, security, etc.) but rather from the exploration and the 
utilization of the data provided by the transactional ICT. This often necessitates the use of advanced tools 
for data analysis (e.g. data reconciliation, statistics, data mining, etc.) and decision support (e.g. 
optimization, multi-criteria decision making). There have been significant academic and commercial 
efforts for the development of such tools and thus, the ability to implement these tools (i.e. 
hardware/software) is an important driver for the deployment of analysis initiatives. However, an 
important challenge is the development of practical methods to support these analytical approaches 
which has not been addressed extensively. By providing guidelines on how to structure and analyze the 
critical data, to integrate multidisciplinary aspects and to support decision making using state-of-the-art 
tools, these methods have the potential to better manage the complexity of today's business environment. 
The development of such methods is not trivial and requires problem/application-specific knowledge in 
order to extract relevant information, capture key issues and provide decision support capability that are 
aligned with the business goals. 

This paper demonstrates how process and cost data can be systematically analyzed and integrated using 
the operations-driven cost model presented in Part 120 in order to better characterize the manufacturing 
operations of a high-yield pulp mill. It is divided into six sections: the first part presents a review of the 
current cost modeling techniques, the second part summarizes the case study, the third part explains the 
framework for the analysis of process data, the fourth part provides the details of the application of the 
operations-driven cost model specifically for the case study, the fifth part presents the case study results 
and finally, the last part discusses how the implications of this approach for cost and supply chain 
management. 

LITERATURE REVIEW 

Along with the evolution of the scientific management movement (Taylorism), the concepts of standard 
costing were developed to answer the need for more systematic and reliable accounting information 5. 
The traditional standard costing and variance analysis approach, fully developed early in the last century, 
became the most widely used control system of the 20th century 17. Its goal was to monitor and manage 
the efficiency and the productivity and understand their impact on the bottom-line of manufacturing 
plants. One of the basic steps of the approach consists of determining the standard level of utilization of 
the resources. This is accomplished by analyzing historical resource consumption patterns. Typically, the 
standard level of manufacturing and non-manufacturing overheads is determined by accountants whereas 
the standard levels of resources consumed directly by the production processes are evaluated by 
engineers. Each month, the expected cost that should be incurred by the organization to meet actual 
demand is calculated using the established standard rate of resource consumption. The standard costs are 
then compared to actual costs and can therefore be regarded as a target performance evaluation. The 
actual cost figures correspond to the targets plus the losses/gains due to abnormal events and variations 
in efficiency and productivity. The calculation and analysis of cost variances (i.e. the difference between 
actual and standard costs) are the key element of the cost control procedure of a typical standard cost 
system and management usually focuses on exceptions i.e. they only investigate significant cost 
variances (beyond a certain predetermined threshold, e.g. 5% or 5000$). 

Given the P&P manufacturing environment (capital intensive, commodity products, continuous 
processes and relatively stable specifications), standard costing systems appeared to be the most 
appropriate to understand cost behavior and to control costs. It is the most widely used cost system in 
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this industry. Pulping and papermaking processes consist of the production of various products using the 
same equipment (fixed routing compared to discrete-type industry). Operating conditions (temperature, 
pressure, energy, etc.) and material inputs are adjusted accordingly (fibre mix, type of chemicals, etc.). 
Standard recipes are defined in order to indicate the operating conditions for each product on each 
production line to meet product specifications. These recipes are used within the costing system to 
calculate the expected direct manufacturing costs of producing each product at the mill. 

Besides its simplicity, one of the major advantages of a standard costing system is that it calculates and 
highlights, for each period, unfavorable variances and allows management to concentrate on the areas 
where there are inefficiencies 17; 32. As discussed by Kaplan & Cooper 17, standard costing systems, are 
suitable for financial reporting but are not appropriate for the estimation of costs and for providing 
feedback about process efficiency to support decision making. Some of the important issues discussed in 
the literature are: 

- Cost distortion caused by the inappropriate treatment of factory overheads 9. Indirect manufacturing 
and non-manufacturing costs (engineering, logistics, maintenance, etc,), often considered as fixed or 
period costs, are allocated using volume-based measures that do not provide any useful insight in 
terms of cost behavior. Activity-based costing (ABC) was developed specifically to better represent 
and understand the resources consumed in the so-called "hidden factory" 25, where most of the 
overheads are incurred. ABC systematically exposes the relationships between the cost objects, the 
activities and resource consumption by using a rich set of resource and activity drivers based on 
observable measures, whenever possible. 

- Misrepresentation of the mill's operations in the costing system due to the utilization of inappropriate 
standard levels of resource consumption. It is not uncommon to find organizations using outdated 
standards that obviously lead to distorted cost figures that are not appropriate to support decision 
making. Moreover, these standards do not reflect the reality if they are based either on wrong 
assumptions or on a poor characterization of the mill's production capability. As highlighted by 
Kaplan & Cooper 17, standard costing systems reflect a top-down philosophy in which initially 
engineers determined simple and specific operator tasks. Similarly, for large-scale continuous 
manufacturing, standard recipes represent the ideal operating conditions, set by process engineers, 
which should be targeted by the operating crew. As mentioned, since the focus is only on significant 
cost variances, traditional cost management methods do not explicitly take into consideration 
production processes and process conditions. Instead of systematically analyzing cost drivers, the 
information provided at highly aggregated levels is allocated, top-down, to the detailed levels 28; 3I. 
Given the fact that the availability and integration of powerful information technologies is a relatively 
new phenomenon and given the complexity of P&P operations, this traditional cost approach was 
convenient and thus, became widely accepted within the industry. Nevertheless, it is based on a 
simplified representation of manufacturing processes and thus, insufficient to provide an in-depth 
understanding as to how costs are generated within the mill. 

- Limited capability to support operations management. Given the monthly financial accounting cycle, 
the a posteriori variance analyses are not responsive enough to identify issues and support decision 
making. In addition, the process information is integrated with cost at an aggregation level that is too 
high to provide efficient analysis capability and traceability of the cost along the manufacturing 
process 24; 31. This limitation is particularly important in the P&P context where there is increasing 
pressure to be a global low-cost producers. 
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In order to support decision making in P&P, management strategies must provide a holistic view that 
integrates both process and business 31. A few papers discuss the application of advanced costing 
approaches in continuous process environments 3I; 35. Steen & Steenstand 31 discussed the benefits of 
using a more sophisticated costing system to calculate product cost and support decision making in real
time at the plant floor level. Their approach, which is based on the traditional ABC concepts, is applied 
in the context of the P&P manufacturing environment. Unfortunately, the paper is not explicit about the 
method used and the development of the cost modeling framework itself. Nevertheless, they identified 
important requirements for the successful development of costing systems: reconciliation of process data, 
integration of accounting and manufacturing data, bottom-up aggregation, the ability to trace costs along 
the process, common data structure and, a flexible and configurable system. The work presented in Part 
I, II12; 21 and III addresses all of these particular requirements. 

In most approaches where advanced costing software is used (e.g. 5 and 31) there is a great focus on 
providing the capability to drill down i.e. to define more detailed cost buckets (in terms of time or 
process view). Even though this allows for the analysis of the cost elements for every hour, process steps 
or customer orders (e.g. calculate the cost variances, trigger cost-related alarms, etc.), this approach does 
not provide the appropriate support to better understand the cost implications of the manufacturing 
conditions. Steen and Steenstand 31 mentioned that the cost of activities, since they are performed by 
companies to produce and deliver a product, should be considered as product cost. This focus on the 
product perspective, common in discrete industries, is not appropriate for continuous processes since it 
does not efficiently take into consideration the process perspective. In such a costing framework, the 
direct manufacturing costs are directly allocated to the product, and it does not provide useful 
explanations about how costs are really generated within the main processing operations. As highlighted 
by Reeve, there is a relation between the resources used within the process and the products but this 
alone is not enough to explain the resource consumption at the mill. In a continuous process 
environment, costing systems must incorporate process and product drivers28. Therefore, it is essential to 
use information on the production processes and the operating conditions in order to analyze the direct 
manufacturing costs. 

As indicated by Janssen et al. 10' n , large amounts of process data are available in the information 
management systems (IMS) at P&P mills. There is an opportunity to systematically analyze these data 
and extract information to better reflect the process perspective using an operation-driven cost model 
such as presented in Part I. Even though different tools are available to support users in analyzing and 
making sense out of this large amount of process data, one of the challenges resides in the organization, 
retrieval and extraction of relevant information 7'19. In this context, the concept of knowledge discovery 
in databases (KDD) that focuses on the extraction of higher-level knowledge from large amounts of low-
level data 6, is particularly relevant for the current study. It aims at identifying patterns or information 
that are useful from a decision making standpoint 2; 6; 7. Since the KDD concept refers to the overall 
process of extracting information, it incorporates, as mentioned by Apte 2, a broad range of tools and 
techniques for data warehousing, database management, data analysis and visualization. In the process 
system engineering context, a critical element of advanced data analysis consist of incorporating process 
knowledge and/or creating models to support the interpretation of the data and the extraction of relevant 
information. Given its empirical nature, this is particularly important for the analysis of P&P processes 
and, depending of the problem addressed, a variety of tools can be used ; • . For the purposes of this 
study, we considered the process of data mining for knowledge discovery as defined by the CRISP-DM 
33 as being of particular importance. Moreover, supervised and unsupervised learning techniques were 
used to support advanced process data analysis"'6. 
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Finally, technological challenges as well as the lack of guidelines and systematic methods were certainly 
serious barriers for the development and implementation of appropriate costing approaches, such as the 
proposed operations-driven costing model, for large-scale continuous processes. With the advent of 
information technologies, current cost management may be improved by using a bottom-up cost 
modeling approach, using process data available at the mills. This would help to better reflect the real 
manufacturing operations and also, to better understand cost generation as a function of production 
processes and process conditions. 

OBJECTIVE 

As presented in Part 1, the overall objective of this study was to develop a framework for creating an 
operations-driven cost model that integrates process and cost information in order to characterize the 
manufacturing costs of continuous processes in pulp and paper mills. The main goal of Part III is to 
demonstrate the use and application of this approach in an operational context, using the case study of an 
operating high-yield pulp mill. Subsequently, the specific objectives addressed in this paper are: 

1) to demonstrate how to use process data and develop an operations-driven cost model in order to 
identify, analyse and interpret the cost implications of various consumption patterns within the mill, 

2) to characterize the direct manufacturing grade costs of a high-yield pulp mill using the proposed 
approach, 

3) to identify the benefits of using the operations-driven cost modeling approach, with advanced data 
analysis tools, compared to current costing methods used at mills, 

4) to discuss the implications of the approach in the context of the development of decision support 
tools for supply chain planning. 

CASE STUDY DESCRIPTION 

The case study consists of the fibre supply chain of a high-yield pulp mill including the fibre 
procurement, the manufacturing and the distribution/customer cycles. The mill produces high-yield pulp 
from hardwood chips using a bleached chemi-thermomechanical pulping (BCTMP) process. More 
specifically, the pulping process involves four main production steps: chemical pre-treatment, 
pressurized refining of wood fibres, bleaching of the pulp, and drying/finishing operations. The different 
pulp grades produced are defined by three main characteristics: bulk, brightness and wood species. They 
are obtained by varying the process operating conditions such as the addition rate of chemicals and/or the 
specific refining energy according to standard recipes defined specifically for each production line. The 
final product is sold to customers in the form of baled dried pulp. 

In such a commodity product environment, cost effectiveness is essential to maintain the global 
competitive position of a manufacturing facility. This not only refers to cost-effective manufacturing 
processes, but also to the efficient coordination along the fibre supply chain in order to ensure the overall 
profitability of the operations. It is therefore first necessary to understand the cost structure of the mill in 
order to determine and analyze the manufacturing costs for pulp grade produced. Next, the cost 
information obtained can be used in order to better reflect manufacturing operations at the supply chain 
level, where enterprise-wide optimization approaches seek to maximize the overall profitability. 
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OPERATIONS-DRIVEN COST MODELING METHOD 

1 -Goal definition 

Providing a clear goal definition is the essential starting point of any cost modeling project. It needs to 
specify not only the object for which we want to characterize the cost behavior, i.e. the cost object, but 
also, the related decision making objectives (how and what the model will be used for e.g. continuous 
improvement initiatives, supply chain optimization, etc.). This is a particularly important step since the 
alignment of the goal and the cost modeling strategy is a necessary condition for the development of a 
useful cost model to support decision making. It also provides key guidelines for the identification of 
what are the relevant elements to include within the model and also, the level of detail and accuracy 
required. 

2-Scope definition 

The scope is defined by carrying out a holistic analysis of the cost and process information available at 
the mill. First, the resourcest that should be a priori included within the cost model with respect to the 
formulated objective are identified by looking at the general cost information provided, e.g. the general 
ledger. Second, an overview of the mill should be done in order to have a general idea of how the 
operations relate to the consumption of the identified resources. Using this information, as well as the 
inputs from the process engineers at the mill, the boundaries of the cost modeling project are established. 
These boundaries specify the main manufacturing operations that need to be considered for the 
development of the model and for which the operating conditions will be further analyzed to understand 
the cost behavior of manufacturing processes at the mill. 

3-Description Phase 

The description phase aims at identifying what is required, as opposed to what is available, to develop an 
operations-driven cost model relevant with respect to the predefined goal and scope. This will provide 
the necessary directions for structuring the cost model and for the data acquisition and investigation 
phases. 

3.1- Resource Driver. For each resource categories selected earlier, it is necessary to identify 
what are the corresponding resources drivers in the manufacturing processes within the defined 
boundaries. These drivers are a measure of the resource consumption rate by the process 
activities at the mill. 

3.2- Operations & Process Mapping: Gaining knowledge of how process conditions influence 
the identified resource drivers is the key task of the description phase. Different sources of 
information, e.g. process flow diagrams, can be used to describe the process configuration and 
equipment. Recipes also provide a good basis to gain a preliminary understanding of process 
conditions for each of the grade produced. During this process it is important not to neglect 

A resource refers to an economic clement that is used when performing the process activities within the mill e.g. materials, 
salaries (27). 
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discussion with mill's process engineers that will provide important insight and manufacturing 
know-how. 

3.3- Process Activity Driver: Process activity drivers define the link between process conditions 
and consumption of a given resource (resource driver). More specifically, it identifies what 
information is necessary to characterize the intensity of a process activity within a process work 
center. 

3.4- Process Work Center. Each process work centers (PWC) groups a set of resource and 
process activity drivers, as well as the corresponding process units, for which the operating 
conditions with respect to the cost object are the same. Not surprisingly, this grouping often 
corresponds to the main "function" performed by the manufacturing process e.g. pretreatment, 
refining, etc. When defining the PWC boundaries, and thus the process resolution, it is 
important to ensure that the PWC grouping contributes to better explain the cost generation at 
the mill. In other words, the three levels of drivers used within a PWC, i.e. the resource, process 
activity and PWC levels must clearly capture the cost behavior of the selected manufacturing 
operations (Figure 1). 
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Figure 1: Description phase and relationship between the levels of the drivers used 
within a PffC. 
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4- Data Selection & Acquisition 
The approach is data intensive and requires the integration of various sources and types of information. 
However, the most valuable results are not obtained when all available process data are considered, but 
rather, when the process analysis and cost modeling efforts are focused on clearly identified objectives 
and consequently, the relevant stream of information identified in the description phase. Thus, the first 
task consists of the determination of the process data available to provide quantitative measures of the 
drivers identified. Typically, they can be downloaded from the process information management systems 
at the mill. Since the key idea is to incorporate "process knowledge", other types of information besides 
the available process data should be used in order to describe current operations at the mill. If data are 
not available to describe the necessary drivers or if the quality of the data is not sufficient (see the 
investigation phase), alternative sources of information should be used to complete the set of process 
data required for cost modeling. They can come, for instance, from mass and energy calculations, 
empirical estimates, rule-of-thumb, etc. As long as these estimates are based on sound "process 
knowledge", the results provided by the cost model should be approximately correct and any potential 
error will eventually be revealed by using the operations-driven approach over time (similarly to the case 
of time-driven ABC 15). Finally, various contextual data (e.g. production schedules) also need to be 
selected and integrated in the cost analysis. They will not only provide the information necessary to 
describe the PWC but also serve to analyze process data. 

5- Investigation Phase 
5.1- Data Treatment and Preparation: Depending of the mill's IMS, all contextual and process 
data obtained during the previous step need to be prepared and formatted in order to be put into 
a relational database. Also, different types of errors may be present in the process data, e.g. 
abnormalities, random errors and gross errors 3. The amount of effort invested in treating the 
process data should be consistent with the defined goal and the resulting uncertainty at the 
decision making level. A quality assessment should be carried out based on process knowledge 
and ideally with process engineers at the mill, in order to verify that the data quality is sufficient 
in the context of the cost modeling project. Anomalies and unknown data may be treated with 
data filtering. More advanced data treatment techniques, such as data reconciliation 4, may be 
necessary by the goal definition or for other reasons,. In the case of contextual data, since 
multiple sources of information are often used, it is recommended to verify the consistency of 
the data obtained e.g. the production schedule may be verified by using grade quality data at the 
finishing line. 

5.2- Data Integration: This step integrates all process and contextual data within a centralized 
data structure. A relational database provides a particularly suitable tool where all information is 
grouped together in a logical way. The data are stored in multiple tables linked together by 
relations and the resulting structured set of tables forms the database. Using queries, these 
relations can be exploited which greatly facilitates the analysis of the data. For instance, 
contextual data can be used to classify the process data describing the drivers. This creates 
refined subsets of data based on mill knowledge (e.g. grade produced, operating crew, etc.) that 
can be analyzed in detail. Moreover, the resulting relational framework is easily scalable and 
can be expanded as required for data analysis. It also facilitates the management of large 
quantities of data and ensures their integrity and consistency across the entire database. 
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5.3- Data Analysis: Instead of summarizing the process performance data on a monthly basis, 
this task consists of characterizing resource consumption and operating conditions in order to 
better understand the cost generation at the mill. Given the effort required, the activities 
performed must be aligned with the cost modeling goal and, in this context, the user's process 
knowledge is a key factor for the identification of relevant operating regimes that will be 
interpreted on the basis of cost. The data analysis process is iterative and involves the grouping 
of the data, the execution of data analysis and the interpretation and retrieval of identified 
patterns. Most often, a combination of approaches and techniques is required to extract relevant 
process information. The analysis can be performed using queries and basic statistics. Although 
it requires the direct involvement of the user to create subsets of data, these tools, that integrate 
various operations (such as basic statistics, logical operations, calculation, sorting, etc.) and 
queries in a multi-layered structure, can performed complex data manipulations to assist the 
search of relevant information. In this context, visualization tools are also very useful to 
interpret the patterns identified and to direct new searches. Moreover, advanced techniques, 
such as steady-state detection4 and data mining, can also be used for in-depth analysis of 
process data. Although these tools are more automatic, they allow, with the appropriate inputs 
from the user, to extract information from large multidimensional process dataset and thus, to 
characterize the operating regimes at the mill. Finally, this step will provide key process 
information that will be used as inputs to the operations-driven cost model to better assess the 
cost implications of manufacturing conditions at the mill. 

6- Cost Model Development 

The cost model must be developed according to the framework presented in detail in Part 1 that 
incorporates and emphasizes the importance of the process perspective for identifying the source of costs 
of main processing operations. The principle behind the operations-driven cost model is to integrate 
process and cost information, based on ABC-like principles, to better reflect on cost the capability of the 
manufacturing processes. One of the key elements of the approach is the structure used to systematically 
consider both the production process and the operating conditions of the main processing operations. The 
generic framework developed to represent the PWCs and allow for the modeling of the cost flow along 
the process, the bottom-up feeding of the process information, the incorporation of flexible specific 
calculation, the assignment of overheads and the standard process-based cost calculation. Given that all 
the relevant information has been gathered from the investigation phase, the cost script uses a 
combination of resource, process activity and PWC drivers to relate the resource consumption to the final 
cost object. In fact, when the cost model is executed, the information provided (for instance in the 
Process Value Table and Local Factors) are structured and logically treated to calculate the costs per 
PWCs and accumulate in the Overall Cost Object (Figure 2). 

7- Interpretation and Reporting 
The cost results obtained by the operations-driven approach must be interpreted in light of the initial goal 
established. Steps 5, 6 and 7 are used iteratively in order to readjust the data analysis strategy if 
necessary or simply to perform a more in-depth analysis to provide more detailed cost results. In this 
context, visualization tools are also often useful in order to provide a more comprehensive view of the 
key results obtained. Again, since process understanding is a key factor, it is important at this point to 
interact with the mill personnel who may provide a clear interpretation of the cost model results. When 
the results obtained are satisfying, the last task consists of reporting and documentation. The aim is to 
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provide the required visibility for decision support purposes. The main benefits of this approach do not 
come from the cost reporting itself but rather from using the results for decision support. 

APPLICATION OF THE METHOD 

The methodology presented in the previous section was applied to the case study. Table 1 summarizes 
the important elements considered, for each identified steps. Also, Figure 2 illustrates how the 
operations-driven cost model, presented in Part 1, was adapted for the analysis of the pulp mill 
manufacturing grade costs. 
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Table 1: Methodology Steps Applied to the Test Case 
t.Gota 

• To characterize the direct manufacturing grade costs (cost object) at the pulp mill in order to support a bottom-up SC planning approach (decision support 
objective) where manufacturing capability is determined using lower-level process data. 

2. Scope 
• Given the SC context, a relatively high-level model was developed that considers the main manufacturing activities at the nriB i.e. flieputpingprocess. 
• Four resource categories were considered: chemicals, variable electricity, natural gas and packaging materials. 
• Since fibre supply is an important SC decision variable, the cost of fibre is not taken into account within this model but rather, optimized within the SC 

problem. 
• The cost of supporting activities, such as wastewater treatment, as well as manufacturing and non-manufacturing overheads were considered as facility-level 

charges, in S'hour. Since these charges are only considered at. the SC level in order to take into account file cost of utilization of the mill processes, a high level 
of detail was not required. 

3. Description Phase 

3.1 Resource 
I Driver 

• In total, 21 resources drivers were established. 
• For example, the specific energy of each refiners and conffos™ are considered as resource drivers. On the other hand, the electricity 

generally consumed by the building or by the various pumps within the process is not considered specifically, but included within 
facility-level charges. 

3.2 Operations & 
Process Mapping 

• The process mapping was accomplished by analyzing the process flow diagrams of the mill. 
• The preliminary information about the operations was obtained by file analysis of the recipes, available for each grade. 
• General process information was obtained by doing many interviews with the mill personnel. 

3.3 Process 
Activity Driver 

• In total, 10 process activity drivers were established. 
• For example, the production rate of the reject refiner was the appropriate process activity driver to link the reject refining intensity with 

the consumption of electricity. 

3.4 Process Work 
Centre Driver 

* Seven PWCsfvitxe used to describe ibe operations of the case study: pre-ireatment refining, cleaning, first bleaching stage, second 
bleaching stage, drying and finishing. 

* Each iTFChas its corresponding driver. 
* Depending on the PWC structure, the PWCdriver was, in certain cases. She same as the defined process activity driver. 

4. Data Selection & Acquisition 
Process data selection was done by looking at the DCS as well as at the PI ProcessBook™ used at the mill. A total of 30 tags were downloaded from the 
OsiSofi PI™system in older to characterize the cost model drivers. For each tag, the data were obtained for a period 3 months and with a time discretization of 
one data every minute. 
Other contextual data were downloaded from the different IMS in place a! fee mill (e.g. spreadsheets, Prqficy™, etc.). For example, production information 
such as the amount repulp, cull, off-spec and saleable production were obtained on a daily basis. Other event-based information such as the production 
schedules, production shutdowns and transitions were also incorporated. 
Gives the lack of certain necessary process data, "secondary" information was also used. For example, the PWC drivers for each bleaching stage were 
estimated based on the evaluation of the fibre yield at each step of the manufacturing process. 



Table 1: Methodology Steps Applied to the Test Case (Cont'd) 
5. Im'estigation Phase 

5.1 Data 
Treatment & 
PrepwiSion 

Based on the quality assessment, a few process data •were removed from the data set and replaced by calculation or estimates (e.g. 
production rate at the first and second bleaching stage). 
Data were prepared in order to be put in the relational database. The duplicates were removed and the consistency of the data type across 
the data fields was ensured by removing the comments (such as "shutdown") from number data fields. 
The process data were filtered, using the Hampel techniqueli, in order to correct the abnormal values within the data set. Given the large 
amount of data, the filter was implemented directly in the relational database and the process data associated to each tag were treated 
sequentially 

5.2 Data 
Integration 

• The relational database management system was implemented in M> Access™. 
• All the contextual and process data were loaded in tables that reside in or link to the main centralized structure. As represented in Figure 

2, this overall multi-layered structure was elaborated to support the investigation phase. As much as possible, it separates the dafa storage 
from data manipulation and also, keeps the different level of data, sophistication (rawprocess data, treated data, process information). 

>.3 Data Jnalysis 

The first step consisted of characterizing the drivers for the various production run of each pulp grade. 
- The segmentation of the process dataset & the analysis of identified patterns were mainly based on contextual information. 
- The emphasis was on normal operating conditions (i.e. shutdowns periods and exceptional process operations are excluded). 
- The tools used So identify the patterns consisted of queries directly in the relational database, visualization and baste statistical 

analysis. 
The second step consisted of using advanced data analysis algorithms to identity and characterize similarities in the operating conditions 
of a given pulp grade. 

- The data mining software Pepitomx was used for the analysis. 
- A clustering technique was been used to automatically find similarities in the operations of a given pulp grade. 
- Decision trees were also used to determine what were attributes that influenced the most the clusters established (i.e. operating 

regimes). 
5. Cost Model Development 

The operations-driven cost model described in Pan I was implemented in Impact: ECS™'. 
The principal elements of the cost model used are represented schematically in Figure 2. Seven PWCs (identified in step 3.4) as well an OlFC were included in 
the model. The Process Value Table integrates the process information, or toe identified operating regimes, determined in step 5.3. Some specific calculations 
were necessary e.g. to determine the production rate of each conflos|in the PWC W - Pulp Cleaning. The model calculation was executed for each cost object 
(i.e. each grade) and each time, all the runs are simultaneously treated. _ _ _ =___ 

6. Interpretation and Reporting 
• The results of flie operations-driven cost modeling approach as well as the actual and standard costing used by the. mill, during 1he corresponding time horizon 

are presented. Cost waterfall visualization is used to show the overall implications of the costs generated at each PWC, for different run of a given grade. 
• Classification trees were used to support the interpretation of cost results. 
• The implications of using this model to support SC planning are discussed. 
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Figure 2: Schematic representation of the application of the operations-driven approach 
for the case study 
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RESULTS AND DISCUSSION 

In this section, the advantages of the proposed "bottom-up" approach for the characterization of the 
direct manufacturing costs are demonstrated. First, the aim is to show that a different cost view, that 
better reflects the manufacturing processes can be provided when cost models are supported by the 
analysis of historical process data at the mill. Second, some results, differing in the degree of 
sophistication during the investigation phase, are given in order to show the benefits of using the 
operations-driven approach to better account for the defined PWCs and to understand the cost 
implications of various operating conditions at the mill. This is accomplished by presenting the results 
obtained by the application of the operations-driven cost modeling approach in the case study situated at 
a real mill. For confidentiality purposes, all the results shown have been normalized. 

A New Perspective Compared to Common Practices 

This section shows that the proposed approach is providing a new perspective compared to well-
established accounting practices at the mill (standard and actual costing). As mentioned by Kaplan & 
Cooper16, one cost system isn't enough and the purpose here is not to compare the three views, but rather 
to show that they provide different information with various degrees of relevance related to operational 
decision making. 

Using event-driven information (i.e. production plan) subsets of the original process were created and 
analyzed independently in order to determine the drivers for the various production runs of each pulp 
grade. Figure 3 shows the direct manufacturing costs for one of the pulp grades produced at the mill. The 
results, obtained using the operations-driven approach, are broken down by run (production campaign). It 
also shows the actual grade costs broken down by month and standard costs provided by the mill's cost 
accounting system for the corresponding time horizon. All the costs presented have been normalized 
using the total standard grade costs. Each bar shows the break-down of the costs per resource category 
(as per the mill's accounting system). The width of the bars is a measure for the length of each run 
considered in the calculation. 

Standard costs, adjusted to reflect grade recipes, indicate how resources should have been used for the 
manufacturing of each pulp grade. However, as shown in Figure 3, these conditions may not reflect the 
reality of the operations. In this particular case, the standard seems easy to make and this pulp grade is 
believed to be more expensive to manufacture. In the case of the actual costs, they are calculated using 
the data available from the monthly financial statement of the mill (October, November and December 
2003). These high-level aggregated cost data are typically pushed to each pulp grade using a volume-
based approach for the calculation of the actual costs and adjustments are made to ensure a consistent 
representation between the mill production data and the financial statement. Even though it represents 
the real money spent for supplying the resources, this type of cost information does not provide enough 
visibility for cost management. For example, although the actual costs for November are the greatest, the 
most cost effective run was during this particular month (see Figure 3). 

Contrary to traditional costing approaches that may no provide the most appropriate cost benchmarks, 
the operations-driven approach has the advantage to be easily interpretable and may facilitate the cost 
management process at the mill. It could also be used as a basis for performance assessment and 
continuous cost improvement that would not focus on financial reporting and would be done at the mill 
level by process engineers. In this context, the investigation phase and cost calculations give more useful 
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feedback and information on the cost of current manufacturing operations at the mill. For example, the 
cost-effective run #5, which has a sufficient duration and production rate, could be used as an operational 
benchmark for this pulp grade. In this case, instead of calculating the actual cost according to the 
monthly financial cycle, the operations-driven approach could provide updated results each time a run is 
completed. This would allow users to efficiently identify and eventually act on the process-related 
drivers in order to improve the cost performance of the mill. It would also be possible to better 
understand the limitations and key factors to achieve maximum cost performance. 

Atta^GfftSetGsSS : V ' ' 0effai3esS"Dfl¥ft?&*deCexas 

Figure 3: Direct manufacturing cost of one of the mill's pulp grade 
Moreover, since the two commonly used cost systems do not systematically look at process-related 
drivers, the cost information obtained has limited value in terms of cost control and operational decision 
making support. Figure 3 clearly shows significant cost variations across the different production runs of 
the same grade, which points out the importance of having a tool that emphasizes the process 
perspective. Contrary to actual costing that focuses on the resources supplied to the mill, the operations-
driven cost model focuses on the utilization of the resources by the manufacturing process activities. This 
does not imply that the costs determined using the operations-driven model are "more" precise than the 
actual costs but rather, that the new information provided will improve the visibility of the cost incurred 
in continuous process manufacturing (cost structure of the mill) and understanding the cost implications 
of the operating regimes. The accuracy of the operations-driven cost model is obviously a function of the 
level of detail included in the model. By enlarging the scope, considering a more detailed set of drivers 
and increasing the level of effort invested in cost modeling, the operations-driven cost model should 
provide results that are closer to the actual cost determined at the mill. 
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Visibility of the Direct Costs Incurred in Continuous Processes 
The following three sub-sections demonstrate that the operations-driven cost model is a tool that 
provides a greater detailed process perspective in order to improve the visibility of the manufacturing 
costs and, more importantly, to interpret these direct costs based on a data-driven characterization of the 
operations. 

Process View 

Visibility refers to the capability to provide a holistic view of the process in order to understand the cost 
structure of the mill's operations. Given its process view and bottom-up approach, the operations-driven 
cost model is particularly adapted to address this issue. Similar to a mass balance, the model aggregates 
the cost along the process in order to determine the total direct manufacturing costs. Also, by taking 
advantage of the process data available at the mill, the proposed cost model is not focusing on cost 
measurement, but rather, on the measurement and characterization of how the resources and process 
activities are consumed by the manufacturing operations, for a given cost object (e.g. production run of a 
given grade). 

r 
3 4 5 6 

Process Work Centers 

Figure 4: Contribution of each PWC to the direct manufacturing costs 

Figure 4 shows the cost waterfall of Run 8 (first introduced in Figure 3), broken down by PWC. The 
results are normalized based on the total cost of run 8. The bars show, for each PWC, the variation of the 
cost across the different runs of the same grade. For example, the normalized cost of PWC #2 - Chip 
Refining is 29.5 and it has a maximum cost of 37.2 (associated to run 4) and a minimum cost of 28.2 
(associated to run 7). 
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In continuous process industries, it is often assumed that the product is homogeneous and thus, that it 
incurs the same direct manufacturing costs for every ton of a given grade going out of the mill. However, 
given the current state of information technology, the available process information should be 
incorporated in cost analysis and the cost implications of the variations in the manufacturing processes 
should be recognized and systematically addressed. Figure 4 shows that for the same pulp grade there are 
significant cost variations for each PWC and it is clear that the assumption of homogeneity with respect 
to cost is far from being valid. Moreover, although the total aggregated manufacturing costs may look 
approximately the same for some runs (e.g. see run 1, 2, 3, 8 in Figure 3), this does not mean that the cost 
effectiveness of each PWC taken individually is similar. Therefore, the product view is not sufficient to 
explain the generation of costs at a mill. The contribution of each PWC, due to the specific operating 
conditions that affect the cost incurred, should be monitored in order to have a better control over the 
total manufacturing cost of a given pulp grade. This type of cost analysis, for each individual PWC, 
should also be integrated in the continuous cost benchmarking process discussed earlier. This process 
view is the starting point for assessing the impact of manufacturing conditions on the mill's bottom-line. 

Process Conditions 
With the operations-driven approach, cost modeling is more focused on the cost of using the resources 
and thus, on the dynamics of each PWC at the mill. Since it is possible to measure and trace the cost 
drivers using the process data, process conditions can be analyzed as a source of cost. The results 
presented here show how this facilitates the understanding of the cost implications of key operating 
conditions. 
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Figure 5: Cost analysis of a particular PWC 
Figure 5 presents the direct manufacturing costs calculated for PWC #1- Chip Pretreatment (same pulp 
grade as in Figure 3). The results, broken down by run, are normalized using the total standard cost and 
the total calculated costs are provided at the bottom of the graph. The color shows the details about the 
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resources considered in this particular PWC. Sodium sulphite 1 and 2 refer to different injection points 
within the process. We can observe that there is a significant difference in the pretreatment costs 
compared to the standard and, based on the analysis of the process data it was possible to determine that 
the utilization of the resources was, for the six first runs, below the standard. 

The operations-driven approach helps not only to identify the costs (i.e. see the difference between runs 1 
to 6 and runs 7 and 8) but more importantly, to understand the impact of specific operating conditions, by 
analyzing the drivers that are based on lower-level process data. In this case, the abnormal cost 
generation rates observed are due to the non-availability of an important piece of the equipment, the 
impregnator, and consequently, no caustic was used and only a small amount of sodium sulfite was 
added to the preheater. In the case of Run 7 and 8, the pretreatment conditions were back to normal 
which explains the increased resource consumption intensity i.e. caustic was added and a greater amount 
of sodium sulfite was used. 

Operating Regimes 

So far, it has been shown that the bottom-up cost analysis provides important information to support the 
cost management and decision processes at the mill. Nevertheless, these analyses are based on the 
manufacturing plan (production runs) and thus, are event-driven. Given the proposed approach, it is also 
possible, with an additional degree of analysis sophistication, to better characterize the utilization of the 
resources and thus, to fully exploit the ABC-like cost model. In this study, although various approaches 
could be used (e.g. steady-state detection 4), the benefits of advances process analysis capability to 
support the operations-driven cost modeling are demonstrated using data mining techniques. 

Each object* considered for the advanced analysis consisted of an hour of operations of the three months 
time horizon, for the same pulp grade (first introduced in Figure 3). All objects were characterized by a 
collection of attributes that corresponded to the average process data for a specified set of tags that 
focused specifically on four PfVCs: Chip Pretreatment, Chip Refining, Pulp Bleaching #1 and Pulp 
Bleaching #2. After iterations, a total of 13 tags were considered as mining attributes. Since the data 
across these different PWCs needed to be consistent time wise, lags were introduced in order to have a 
better temporal match between the various attributes. These lags were determined based on process 
understanding. The sensitivity analyses that were carried out indicated that the results, for no lag or 
different lags, were not significantly affected. Clustering, or unsupervised learning, is used in order to 
create subsets of elements from an initially large data set that have similar characteristics. In clustering, 
the main underlying principle consists of maximizing the internal homogeneity within each cluster and 
the external separation, or heterogeneity, between the different clusters 34. Again, several techniques 
exist that each use different metrics and approaches and, for this study, the K-Means clustering algorithm 
has been used. 

Using the Pepito™ software 26, four clusters, or operating regimes have been identified. Since clustering 
has been applied on a multidimensional data set, it can be difficult to explain the regimes and validate 
that the results bring new valuable information from a process engineering standpoint. One possible way 

In data mining, an object view is necessary to apply the algorithms. Each object (e.g. a time stamp) is characterized by a set of 
attributes. The value of these attributes (e.g. temperature) defined the state of each object considered. 
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to better understand the operational patterns (or clusters) obtained is to use another data mining 
technique, the decision tree.6 In fact, since the attributes describing each object are known precisely and 
also to which cluster each object belongs to, it is possible to use a decision tree to classify each object 
into one of the discrete and predefined clusters. Again, using Pepito™, the set of objects earlier defined 
was sequentially partitioned, using the most discriminate attributes, until all subsets of objects were 
homogeneous. The results obtained indicate that the specific energy at the primary and secondary 
refiners were the most significant variables to consider in order to explain the regimes. Using this result, 
Figure 6 shows the scatter plot of all the objects considered. The two main identified attributes, the 
specific energy for primary and secondary refining, are respectively on the Y and X-axis. The dotted 
arrow indicates the general evolution of the operating regimes during the time horizon considered. The 
four clusters are shown by imaging the convex hull of all the objects that belong to a given regimes. 
These hulls are clearly distinguishable which this is due to the fact that the two attributes represented 
here are important parameters to explain the classification of the objects within each cluster. There are 
also a few areas where these convex hulls overlap. This is because other attributes (multidimensional 
dataset) have also been considered for clustering and are particularly important at the border of a convex 
hull (such as for cluster C) where the specific energy alone does not provide enough information for the 
classification of the objects. Figure 7 also indicates the runs associated to each regime. This association 
was done on the basis of the percentage of objects of a given run that belong to each of the regimes. 
These percentages are greater or equal to 50% for all runs, except for those of regime C. In this latter 
case, the percentages of run 5 and 6 are respectively 38% and 47% which is the highest across each run. 
Cluster C can be seen as a transition zone between cluster B and D, which explains the dispersion of the 
objects at this level. 
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Figure 6: Interpretation of identified operating regimes based on the results of a 
classification tree 
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For each operating regimes, the cost driver information was extracted from their associated objects, 
characterized by process data. Then, this information was uploaded to the relational framework and 
treated in order to be integrated with the cost model. Since the specific refining energy was the key 
element to explain the identified regimes, the operations-driven cost model was specifically executed in 
order to compute the cost of the PWC #2 - Chip Refining. The cost results, based on the process 
information obtained by advanced data analysis, are shown in Figure 7. The bars represent the cost 
calculated for each run while the horizontal lines indicate the cost association to each regime. Also, all 
the results have been normalized using the lowest cost cluster value (i.e. cluster D). The determination of 
process-related drivers based on operating regimes is essential to understand how resources are used and 
how the costs are generated at the mill. It is important to note that, compare to an approach based on 
steady-state detection, the results here include and are influence by the dynamic regimes of the 
manufacturing operations. Nevertheless, this broader view, based on the regimes identified using data 
mining, allows assessing the cost effectiveness of the different areas of operations. As we can see, 
contrary to the event-driven approaches, the identification of operating regimes is more consistent with 
the operations in the sense that a run can only provide limited insight on the particular operating 
conditions for each pulp grade produced. 
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Figure 7: Operations-driven cost modeling results based on the operational patterns 

IMPLICATIONS 

Cost Management Level 

In addition to the analytical capability allowing for the extraction of relevant information to support 
decision making, the operations-driven cost model provides a systematic framework that enable a 
multidisciplinary approach to cost management at the mill. In fact, another important benefit from this 
approach, that integrates process and cost data, consists in the increased visibility provided to engineers 
and accountants that typically have limited insights into, respectively, cost management activities and 
manufacturing operating conditions. Instead of relying on high-level and aggregated cost and process 
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data, the integration of problem specific knowledge improves the traceability of the cost within the mill's 
processes and provides more adequate feedback for operations management. 

The following example demonstrates how the integration of process and cost data, combined with the 
used of advance process data analysis tools, is useful for supporting the interpretation of the results 
obtained using the operations-driven cost model. In fact, the cost implications of the operating regimes 
presented in Figure 8 can be further analyzed by looking more specifically at the energy-related aspects. 
For this, the sum of the specific energy applied at the primary and secondary refiners was first calculated. 
Based on the resulting distribution of the objects, the total energy was discretized in four categories 
(classes): Low, Medium Low, Medium High and High. Then, a new classification tree was created, to 
explain the categories, based on the attributes earlier mentioned, excluding the energy-related attributes. 

A simplified (pruned) representation of the tree that was obtained is shown in Figure 9. Within each 
node, the different shades of grey represent the four classes aforementioned. Also, under each node, the 
best attribute (and the rule) used to classify the objects is indicated. The first observation that can be 
made is that almost all the Low and most of the Medium Low objects are explained by Tag_1047, which 
refers to the NaOH added in the chip chemical pretreatment (the first circled branch in the graph). The 
corresponding rule indicates that normal pretreatment operations (see the discussion in the previous 
section) are correlated to cost-effective refining operations. Therefore it is clear why run 7 and 8 belongs 
to the most cost effective cluster of operation in Figure 7. This tree also indicates that a significant 
amount of objects classified as Medium Low can be found in the situation where the pretreatment 
operations do not follow normal recipe conditions. This suggests that, when the impregnator is not 
available (i.e. the chemical pretreatment cannot be done according to the operating specifications), there 
exist operating conditions for which the impact on the energy cost-effectiveness can be minimized. For 
example, for the leaves specified on the graph (see circles #2, and #3), the set of corresponding rules 
obtained provides relevant indications for operations management, to maintain the cost-effectiveness of 
the operations. 
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• 100% probability of laving Um medium low 
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low/)nediuui~low refiner energy 

Figure 8: Cost results interpretation supported by a classification tree 

Supply Chain Planning Level 

Enterprise-wide optimization is recognized by large-scale continuous industries as one of the key 
elements to achieve operational excellence. It consists of holistic approaches that aim at the optimization 
(planning, scheduling and control) of the supply chain (SC) with a strong emphasis on the manufacturing 
operations 8 i.e. that focus on incorporating chemical engineering knowledge to better represent the 
process capability at the supply chain level. These approaches, mainly developed within the process 
systems engineering community S; 14; 29; 30 , are particularly relevant in the context of the P&P industry that 
faces challenge with the implementation of supply chain management practices that were initially 
designed for discrete-type industries. Indeed, the P&P production processes need to be thoroughly 
understood, and the mill and enterprise levels intergraded, for successful optimization of the SC 22. 
Similar to the state-of-the-art property-based approaches for SC planning of low-margin facilities (e.g. 
refining, petrochemicals) 30, P&P could better represent manufacturing processes and conditions at the 
SC level using data-driven approaches, instead of process models based on "first principles". In fact, 
given its empirical nature and the convergence of plant floor-level and enterprise-level IMS, the 
proposed operations-driven modeling approach would be particularly suitable for supporting enterprise-
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wide optimization. As demonstrated, the operations-driven cost model, that uses the data available in 
these systems, has the potential to reflect the current operations at the mill and thus, to provide more 
useful information for SC planning compared to standard recipe-based approaches. The authors think 
that this integration of the mill and SC levels is a key element that will help P&P companies in becoming 
true-low cost producers. Therefore, future research by the authors will focus on two main aspects: first, 
the development of a multi-scale SC planning framework to support short- and mid-term coordination of 
the fibre supply chain at the mill; and second, the demonstration of the advantages of integrating the 
operations-driven approach (descriptive model) within the multi-scale SC planning framework 
(prescriptive model) to better represent the manufacturing processes. 

CONCLUSIONS 

Information systems have been widely implemented in the pulp and paper industry and they support a 
variety of business functions that range from process control at the mill level to supply chain 
management at the enterprise level. The companies have now the capability to capture and store large 
amounts of data from which new and relevant information can be extracted for decision making. The on
line acquisition of process data is a common practice in mills and the utilization of these lower-level data 
for higher-level business-driven applications such as cost management or supply chain management is an 
emerging area that would benefit from the development of practical analytical methodologies. The 
originality of the work presented consists of the integration, in a bottom-up fashion, of historical-based 
process information with cost information in order to characterize the generation of direct manufacturing 
costs in main continuous operations such as in the pulp and paper industry. Instead of linking the 
resources consumed directly to the cost objects, the proposed methodology, inspired by ABC, uses 
process data analysis to identify and characterize the resource, process activity and PWC drivers of the 
operations-driven cost model. Also, advanced data analysis tools allow for the identification and 
interpretation of relevant operating regimes for cost analysis. The advantages of this approach have been 
demonstrated with a case study that was defined at an existing high-yield pulp mill. In addition to 
provide a better understanding of the mill's cost structure and an improved visibility for both process 
engineers and accountants, the operations-driven approach could be used as a basis for characterizing 
manufacturing processes for multi-scale supply chain planning. Finally, the authors think that these 
benefits, at the mill and enterprise-levels, may help in improving the competitive position of pulp and 
paper mills. 
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ABSTRACT 

The Canadian pulp and paper industry generally recognizes supply chain management as key element to 
ensure the cost effectiveness of overall operations and competitiveness in the regional and global 
marketplace '"2. This paper describes a multi-scale supply chain planning framework for the case of the 
fibre supply chain of a high-yield mill. The presentation of this work has been divided into two parts. 
Part A introduces the proposed framework that supports flexible capacity management in the pulp and 
paper industry and that takes into account the intrinsic particularities of the managerial decisions 
involved. It incorporates a higher level supply chain model suitable for tactical planning to find the 
optimal balance of fibre supply and demand throughout the year, and a lower level model for operational 
planning that maximizes short-term profitability given the supply chain capability and supply and 
demand orders. The formulation of the optimization models for each level as well as the detailed results 
of the implementation of this model for a test case are presented and discussed in detail in Part B. The 
implementation of such a supply chain decision-support model has the potential to significantly improve 
the competitiveness of pulp and paper mills. 

Keywords: Supply Chain Planning, Mixed Integer Programming, Integrated Multi-Scale 
Approach, On-Line Planning, Pulp and Paper 

INTRODUCTION 
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Enterprise-wide capability management is increasingly essential to ensure the competitiveness of 
companies. Strong global competition, increasingly demanding customers, shareholder expectations and 
environmental and social responsibility are some of the important factors that have motivated the process 
industries to improve their intra- and inter-company coordination, and consequently their supply chain 
efficiency and responsiveness. The fields of process systems engineering and process integration have 
increasingly focused on supply chain and decision support research in order to help process industries 
better address the planning and logistics of manufacturing operations. Grossmann 3 classifies process 
industries in two categories that require tailored supply chain approaches: "value preservation" industries 
that produce commodity products and are capital intensive, and "value growth" industries that produce 
new products, have intensive product-related R&D, and are capable of rapid market development. The 
North-American pulp and paper industry is classified in the first category, and should adopt supply chain 
management practices that essentially aim at improving supply chain efficiency, i.e. reduced product 
chain costs, in order to remain profitable and better ensure their longer-term sustainability. 

In its broad sense, supply chain management consists of the design, coordination, and management of 
business units and flows (information, material and cash) with the aim of maximizing global profitability 
and competitiveness 4'5. Depending on the time horizon considered and the importance of the decisions 
to be made, three supply chain decision levels are typically distinguished: (a) the strategic level, (b) the 
tactical level and (c) the operational level. The strategic level usually consists of decisions that relate to 
the structure of the supply chain, and typically considers a time horizon of many years. It involves large 
investment and has a significant impact on the long-term supply chain capability. The facility location 
problem and the implementation of an enterprise-resource planning (ERP) system are examples of 
decisions treated at the strategic supply chain level. Decisions at the tactical level include the elaboration 
of management policies that govern short-term decisions while taking into account the fixed supply chain 
structure. The time horizon typically ranges from a few months to a year. Setting the appropriate safety 
stock policies or determining which manufacturing plant should supply which markets are examples of 
decisions made at the tactical level. Finally, decisions at the operational level aim to schedule specific 
activities, and provide detailed instructions for the execution and control of operations. The scheduling of 
production and the generation of delivery lists are examples of decisions at this level. This paper presents 
a multi-scale supply chain planning framework suitable for the pulp and paper industry, at the tactical 
and operational levels. 

An important area of supply chain management concerns support of the decision-making process at 
different decision levels, and for different cycles of the supply chain. Accordingly, Shah 6 classified the 
supply chain problems as having three general types: (a) supply chain network design, (b) supply chain 
simulation and policy analysis, and (c) supply chain planning and scheduling. The work presented here 
concerns the last category of problem. Supply chain planning and scheduling consist of determining the 
optimal way of using the available resources (production, inventory, etc.) within a fixed supply chain 
design, in order to maximize the profitability given the external business situation. A mathematical 
programming approach is typically used to formulate planning and scheduling models, and to provide 
support to decision processes. 

This work is presented in two parts. First, Part A introduces supply chain practices and research in the 
pulp and paper industry, describes the industrial case study and the planning processes at the pulp mill 
and finally, explains the multi-scale planning framework. Then, Part B provides a review of planning and 
scheduling approaches, presents the formulation of the proposed multi-scale model, and demonstrates the 
application of the framework for the selected case study. 
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THE PULP AND PAPER INDUSTRY SUPPLY CHAIN 

The pulp and paper industry is one of the most important industrial sectors in Canada. The availability of 
good quality fibre, existing manufacturing infrastructures across the country, pulp and paper know-how, 
proximity to the US market with favorable exchange rates, and competitive energy costs have ensured 
the competitiveness of this industry sector for many years. However nowadays, pulp and paper 
companies are facing challenging times. In North America today, mature and in some cases declining 
domestic markets, continued overcapacity and low cost global competition is seriously affecting this 
industry sector's ability to provide good financial returns 7. Moreover, with the construction of new high 
performing world-scale manufacturing facilities in emerging pulp and paper producer nations, the 
leadership position of the industry's manufacturing infrastructure in terms of technology and production 
capacity is no longer ensured ]. Limited fibre availability is increasingly critical. For example, Eastern 
Canada must deal with one of the highest fibre costs in the world8. Nevertheless, with the many mergers 
and acquisitions over the last decade, the industry is increasingly less fragmented and despite the buying 
power of large customers, it is now possible to better control industry-wide capacity. 

Industry leaders and other stakeholders acknowledge that the competitive position of the North American 
pulp and paper industry is seriously threatened. To ensure sustainable returns to shareholders and 
identify business and technology opportunities, three main business strategies are currently considered 9: 
go for survival in commodities, buy/build in emerging markets, and diversify core business with 
marketing and technological partners. This large-scale commodity product and capital intensive industry, 
which has historically focused on the incremental improvement of pulp and paper manufacturing 
technologies to provide a better return, must embrace significant structural changes to again prosper. 
Whatever the business strategies selected, the application of supply chain management concepts will 
certainly play an increasingly important role within the industry '•2. 

SUPPLY CHAIN PRACTICES 

While supply chain management concepts have been successfully applied in many other manufacturing 
industries, the pulp and paper industry has been relatively slow to adopt these new management ideas. 
One of the main challenges for their application is related to the understanding of how supply chain 
practices can be efficiently applied within the particular context of the pulp and paper manufacturing 
environment. Only recently, the industry has invested and put significant effort in this area. For instance, 
most of the companies have now implemented state-of-the-art enterprise resource planning (ERP) 
systems that help them better manage the order fulfillment process, and provide enterprise-wide data to 
support decision-making. It is increasingly recognized that supply chain management capability is a key 
element to protect leadership in domestic markets and/or to support growth in the global market place. 

Perhaps unfortunately, especially at the mill level, pulp and paper producers are good "operators". Given 
the capital intensiveness of the industry, the management of the supply chain has tended to be based on 
capacity-focused decision-making. One of the main production objectives is simply production 
maximization in order to minimize costs per unit (including the fixed costs). Lail 10 provides a good 
review of the implications of the capacity focus paradigm for the different parts of the pulp and paper 
supply chain. The procurement and the management of raw material inventory in the procurement cycle 
are often considered of secondary importance and capacity management is of primary importance. 
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Decisions are made to ensure the continuity of the operations, even if the production schedule must be 
modified at short notice. In the manufacturing cycle, the operations manager must ensure that the overall 
equipment efficiency (OEE) is maximized. Thus, the aim of all the different functions at the mill, e.g. 
production planning, maintenance management, utilities management, waste-water treatment, etc., is 
primarily to support the goal of maximum production rate. Total tonnage is reported daily as the main 
key performance indicator (KPI). In the case of the demand cycle, the main objective is to ensure that 
enough orders are provided to the mill and, in some cases, even if the margins are not profitable. 
Moreover, because capacity-related decisions predominate, the different planning functions along the 
supply chain are generally not integrated, which results in poor enterprise-wide coordination (even if 
pulp and paper companies are often vertically integrated). Finally, it is clear that the pulp and paper 
industry would benefit from using a decision-making approach that integrates the manufacturing cycle 
within the supply chain, and provides the required visibility for enterprise-wide optimization. 

SUPPLY CHAIN RESEARCH 

Given the particularities of pulp and paper manufacturing processes and the limited and recent interest of 
companies in supply chain research, the literature on supply chain in the pulp and paper industry is 
limited. Specifically, there are a few papers on supply chain planning at the tactical and operational 
levels. Moreover, most of these papers focus on paper production and distribution (such as n , 1 2 and 13 or 
on forest logistics (such as 14, 15 and 16). Two papers from the Norwegian School of Economics and 
Business Administration (NHH) have been published that are particularly relevant to this study. The first 
17 describes the operations of a Swedish pulp producer and the tools used for supply chain optimization. 
An interesting element provided by the authors is the mapping of the particular planning activities 
involved for an integrated pulp company, at each of the supply chain decision levels. Also, five case 
studies are presented in order to illustrate the potential for supply chain management concepts and supply 
chain optimization to improve the overall performance of a pulp company. For the case study company, 
the planning process is accomplished at different levels, similar to the approach used in this study. A 
higher level (yearly) plan based on forecasts is used in order to produce a rough production schedule. 
Then, a lower level (three-month) planning process provides detailed schedules ensuring that the 
deliveries are met, and that production and supply is balanced. The study underlines that coordination of 
the fibre flow along the supply chain is very important to ensure the profitability of the company, and 
that this requires the development of decision support tools to provide the necessary visibility across the 
chain. Details of this case study and the formulation of the models are presented in Bredstrom & al.18. In 
this second paper, the integrated system consists of the fibre procurement cycle, the manufacturing cycle 
(including three kraft pulp mills) and the distribution/demand cycle. The goal of the study was to build 
models and optimization methods for short-range supply chain planning, and to evaluate how these can 
support planners. The time horizon considered was three months, and daily supply chain decisions were 
made. Two different alternative mixed-integer formulations were proposed. The first consisted of a 
column generation approach, where each mill production plan is represented by a variable. The second 
approach used an explicit optimization formulation solved by the branch & bound method. In order to 
reduce the number of constraints considered (and thus the required computational effort), a method was 
employed for the aggregation of time periods corresponding to less immediate decisions. This work 
generally demonstrated that mathematical programming approaches for supply planning provide better 
results than solutions generated manually. 

There are significant opportunities for the application of mathematical programming approaches to 
support supply chain planning and scheduling in the pulp and paper industry. The integrated planning of 
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the procurement, manufacturing and demand cycles is desirable to achieve good supply chain 
coordination, and is an important issue for market pulp mills. To date, approaches described do not 
systematically consider the integration of different decision levels, e.g. tactical and operational. This is 
an important issue that must be addressed to ensure consistency in decision-making and visibility across 
the supply chain. The improvement of supply chain decision support tools could be achieved by better 
integrating models with decision processes at each level. An online approach could help decision-makers 
to better respond to uncertainties and new information, which characterize the dynamic decision 
processes. 

OBJECTIVE 

The main objective of this study was to develop a supply chain planning framework that supports 
flexible capacity management in the pulp and paper industry. In order to provide a decision support tool 
suitable for on-line implementation, the approach must account for the different supply chain decision 
levels and the dynamic nature of the decision processes involved. Finally, the proposed planning 
framework was demonstrated using a case study context of an operating high-yield pulp mill. 

CASE STUDY 

HIGH-YIELD PULP MILL 

The operations modeled consisted of the fibre procurement, manufacturing and distribution/customer 
cycles of a high-yield pulp mill. The aim of the case study, established with the key logistics and 
operations managers at the company, was to provide a tool to support tactical and operational decision
making for the management of the supply chain, given different pulp demand and fibre supply situations. 
Since the focus of the study was the alignment of fibre supply opportunities, production capacity and 
pulp requirements, the analysis was limited to the fibre supply chain of the pulp mill (i.e. aspects of the 
supply chain such as chemical procurement and production, energy supply chain, etc. were excluded). 

The operations considered are presented in Figure 1. The fibre procurement cycle includes different fibre 
supply opportunities either in the form of wood chips or wood logs. For different types of pulp produced 
at the mill, different species ("e") of hardwood fibre had to be supplied in different proportions. Given 
the geographical location of the mill, two main regions of supply are considered, each of which includes 
a mix of internal suppliers, external suppliers and swap supply. Internal suppliers consist mainly of 
sawmills that produce wood chips as a by-product from their normal operations. Even though the 
sawmills are owned by the same company, they are operated independently (and focused on maximizing 
profitability from lumber products), and their coordination with the pulp mill can be challenging. 
External suppliers refer to chip and log supplies that are purchased on the market from different suppliers 
such as land owners, private sawmills, etc. Finally, swap supply refers to arrangements made with 
competitors in order to exchange fibre supply, primarily with the goal of reducing transportation costs. 
For each source of fibre, and for each type (chips or logs and wood species), there are various costs and 
short- and long-term availabilities that must be taken into account during the fibre procurement planning 
process. Wood logs delivered to the mill are stored on-site, and separated by wood species. Since the 
pulp mill can only process wood chips, chipping equipment is used to transform logs into wood chips. 
All the wood chips on-site, coming directly from suppliers and/or from the chipping process, are stored 
in outside piles. There can be one or more piles of chips per wood species. The pulp mill includes two 
similar production lines that produce high-yield pulp grades from hardwood chips. More specifically, the 
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manufacturing operations consist of a bleached chemi-thermomechanical pulping (BCTMP) process 
involving four main production steps: chemical pre-treatment, pressurized refining of wood fibres, 
bleaching of the pulp, and drying/finishing operations. The final product is sold to customers in the form 
of baled dried pulp. Different characteristics define the pulp grade ("g") produced: bulk, brightness and 
wood species. These characteristics can be modified by varying the process operating conditions, such as 
the type and the addition rate of chemicals and/or the specific refining energy applied to the wood fibres. 
The appropriate operating conditions are provided by standard recipes ( V ) , defined for each pulp grade 
and production line. A transition occurs when the recipe is changed on a given production line in order to 
produce a different pulp grade. Sequence-dependent grade transitions are an important aspect considered 
for production planning. Typically, in order to minimize the cost of a transition, the operators will try to 
modify only one of the three grade properties (bulk, brightness or wood species) in any given transition. 
In the distribution/customer cycle, it is necessary to differentiate between internal and the external 
product demand. In the first case, pulp is mainly produced by one of the two production lines and is used 
by a paperboard mill, located on-site. In this case, a pipeline transports the diluted pulp to the adjacent 
process and there is no need for pulp drying/finishing. In the second case, pulp is produced for external 
demand which must be dried, and the pulp bales stored on site. 

Fibre Procurement Cycie 

Figure 1: Fibre supply chain of the high-yield pulp mill 

CURRENT PLANNING AND SCHEDULING DECISION PROCESSES 

For planning and scheduling decision activities it is important to address, in an integrated way, the three 
cycles presented in Figure 1. The decision processes within each cycle are generally under the 
responsibility of different managers within the company and thus, the supply chain has the potential to be 
operated in "silos", i.e. with limited integration. Apart from monthly meetings, each business unit has 
very limited visibility across the supply chain in terms of information, actions and objectives. Under this 
context, it is difficult to systematically assess the impact of planning decisions in one unit on other 
business units, and to identify the important trade-offs and global opportunities for improved overall 
profitability. This is a common situation for many pulp and paper mills and it has been recognized that 
this leads to poor overall synchronization and sub-optimization of the supply chain 19. 

Fibre procurement cycle 

Fibre supply planning is an important element for the success of any pulp and paper supply chain. In 
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Eastern Canada fibre supply alone represents up to 30% of the total costs of the final product. In 
addition, the quality of the fibre is an important aspect to take into account, since it influences not only 
the quality of the final product but also the manufacturing costs. In this study, it is assumed that all 
suppliers are capable of providing fibre of satisfactory quality. The extended supply chain (including 
forestry and wood products related operations) and the strategic fibre supply aspects are not considered 
in this study. Rather, the critical issue of fibre supply and demand alignment at the mill is addressed, at 
the operational and tactical levels. 

Fibre procurement planning is a dynamic decision-making process that must be executed at different 
frequencies and for different decision levels. The higher decision level typically consists of the 
elaboration of a yearly plan that is revised each month. This longer-term planning process is important 
because the lead times associated with fibre procurement are significantly longer than the lead times 
necessary to satisfy customer demands. At this level, the decision-maker needs to identify the most cost-
effective fibre opportunities throughout the year while taking into account product demand, the supply 
chain capability, and the undesirable build-up of inventory. The data inputs considered for this decision 
level are usually available on a monthly basis, and include forecasted supply and demand, as well as 
expected production capacity and inventory levels in the coming months. Varying seasonal availability 
of fibre must also be taken into account. The outcomes of this decision process provide guidelines in 
terms of raw material inventory planning and supplier selection, based on incremental costs and expected 
availability. These are reported on a monthly or quarterly basis to the manager of the pulp mill, to 
discuss the alignment of fibre procurement and pulp production. 

At a lower decision level, fibre procurement planning consists of getting the chips and logs on-site from 
the right suppliers and at the right time for pulp production. The time horizon considered typically ranges 
from a few weeks up to 2-3 months, and the data inputs available to the decision-maker are updated at 
least every week. A number of shorter-term practical issues must be taken into account. The most 
relevant data used for decision-making are actual purchase orders (i.e. committed delivery of chips or 
logs on site), planned supplier capacity per week and per wood species, estimation of current inventories, 
chipping capacity and planned production schedules (the chip consumption is calculated using standard 
recipes). The objective of this dynamic decision process is to minimize fibre costs by choosing the 
optimal mix of fibre (logs and chips) from suppliers and to avoid, whenever possible, fibre supply at the 
highest end of the incremental cost curve. In order to consider upcoming pulp mill production schedules 
and changes in planned fibre deliveries, the plan must be revisited every week. 

Given the capacity-focus management paradigm (discussed earlier), the emphasis is on keeping the 
manufacturing operations running and often, raw material management is viewed as being of secondary 
importance 10 and not taken into account when planning for production. This usually results in a situation 
where the mill carries on excessive inventory of chips and logs in order to ensure the continuity of the 
pulp mill operations. This approach provides a simple procurement planning framework, even if it is not 
the optimal supply chain practice. This practice, focusing solely on the local optimization of production, 
is no longer acceptable in the Eastern Canadian context where high fibre cost and limited fibre 
availability have a critical impact on overall profitability. By simultaneously looking at the procurement, 
production and product demand cycles of the supply chain, it may be possible to improve the 
synchronization of fibre supply and demand and potentially benefit from more supply opportunities i.e. 
provide more "degrees of freedom" to procurement managers to ensure more cost-effective fibre supply 
for the mill. 
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Manufacturing Cycle 

A common practice in the pulp and paper industry consists of maximizing the overall equipment 
efficiency (OEE) or in other words, the effective utilization of available capacity. This involves three 
important aspects. First, the maximum available time for production must be ensured by minimizing 
downtime losses. In the case of this particular pulp mill, this is accomplished by the implementation of 
good maintenance practices in order to ensure the optimal balance between time losses for planned 
maintenance shutdowns and time losses because of equipment breakdowns at the mill. The second aspect 
is the maximization of the production rate. Typically, the pulp mill will be operated at maximum 
capacity, and reduction in production rate will only occur in the context of production problems or for 
other external reasons such as energy management (in deregulated energy markets). The last element to 
consider is to ensure that the pulp produced always meets quality specifications i.e. saleable products. In 
terms of planning, this is addressed by minimizing the number of transitions between the different 
grades, and by making incremental process changes for new grades when possible. Different orders for 
the same pulp grade are generally grouped together in production campaigns. Conservative decisions are 
made to achieve the longest possible production campaign, considering to a certain extent the order 
quantities and timing. Campaign sequences and lengths can also be predefined and modified during the 
planning process in order to accommodate committed orders from customers. The fewer the transitions 
on a given pulp production line, the less will be the production of off-spec product. 

More specifically, there are two main decision processes involved for the planning of the manufacturing 
operations. The first is campaign planning, which consists of the determination of the appropriate timing 
and sequencing of production campaigns on each production line of the pulp mill. It is a weekly decision 
process that generally considers a time horizon of approximately 2-3 months. In addition to data inputs 
concerning inventory levels and production capability of the mill, the decision-maker has access to two 
different types of product demand data: confirmed orders, which are already committed to a customer by 
a given date, and current orders that may vary both in quantity and time. Given uncertainty in the 
demand (especially for current orders) and in production (e.g equipment failure, incremental capacity 
reduction, off-spec production, etc.), campaign planning is a dynamic decision process that requires 
frequent adjustments of the production plan. Typically, the output of this decision process consists of a 3-
month production plan that provides a relatively precise view of what the production will be in the first 
few weeks of the time horizon, and more general indications about the production of each grade in later 
months. Ideally, this production plan is used by other business units for their own planning purposes. The 
second decision process, which refers to order scheduling, may or may not be systematically integrated 
with campaign planning. The primary goal is to determine the allocation of confirmed and current 
customer orders to production campaigns. In addition to ensuring that completion dates for confirmed 
orders are respected, it also provides preliminary ideas of how upcoming current orders fit within the 
production plan. At this lower planning level, the scheduling process can be repeated on a daily basis in 
order to produce the final schedule of what will be produced, and for which customer. Even though there 
is a reduction of uncertainty at the day-to-day level, the opportunity to optimize profit is smaller since the 
types of decisions made will not have a significant impact on resource consumption in the mill and 
across the supply chain. 

Two main assumptions are often made when planning, as follows: 
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o First, production campaigns should be defined with the goal of minimizing the total number of 
transitions. 

o Second, given the capital intensity of the mill, the production processes should be utilized at 
maximum capacity. 

The traditional planning approach based on this capacity-focus paradigm assumes that the optimal 
profitability of the supply chain occurs at optimal capacity utilization. To improve financial performance, 
the supply chain context must be considered in an integrated way in order to determine when production 
planning requires a more flexible approach to capacity management. The implementation of an 
integrated production planning approach that includes the fibre procurement and product demand cycles 
may systematically consider trade-offs within the supply chain. Such a decision support tool would not 
only help in the identification of the appropriate planning strategy, but also help achieve optimal 
management of the overall supply chain. 

Distribution/Demand Cycle 

The decision processes involved in determining the best way to manage capacity in order to meet product 
demand are complex and need to consider such factors as available production capacity, inventories, 
forecasted demand and expected margins. The ability to find the optimally balanced supply chain, in the 
particular context of an unfavorable market place, i.e. low demand and low price, has a significant 
impact on the company's ability to remain profitable in a difficult business environment. Typically, two 
different strategies are used when this situation occurs: inventory build-up and temporary capacity 
shutdowns. The first strategy is consistent with the capacity-focus paradigm and ensures high utilization 
of production capacity. It assumes that the inventory will be sold later during the year at a profitable 
price or at least, at a price that will minimize losses. Although capacity utilization is high, this approach 
involves significant risks related to the uncertainty of the evolution of demand in the longer term. This is 
especially true when the customers are forward-buying at a reduced price and building-up significant 
inventory of product. Furthermore, since this approach implies an accumulation of working capital, it 
may affect the financial flexibility of the company by decreasing its available cash flow. The second 
strategy, which consists of reducing total production capacity when the market is not favorable, 
represents a difficult decision to make, for social reasons and since it is counter-intuitive in the pulp and 
paper context. It is important to assess the real cost of idle assets, and to evaluate the trade-offs between 
this and expected margin scenarios. Reduction in production capacity is accomplished by a temporary 
shutdown (generally a few weeks) of the manufacturing processes at the mill. The rest of the time, the 
mill is operated at maximum production capacity. 

INTEGRATED MULTI-SCALE PLANNING 

Planning of fibre procurement, manufacturing and demand cycles is a complex decision-making process 
that is critical for the financial success of pulp producers. The decisions made should not be based on 
traditional managerial heuristics, but rather on supply chain profitability. The aim of the proposed 
planning framework is to take into account the intrinsic particularities of the managerial decisions 
involved in the supply chain planning in a pulp mill. As described earlier, the decision processes have 
different goals and thus, need to consider a different scope and time horizon. Based on the case study 
presented, two important levels were identified within the overall planning process, required to maximize 
the profitability of the fibre supply chain. In terms of managerial structure, it is critical that different 
decision-makers are responsible for different decision levels, each of whom have management expertise 
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and intimate knowledge of different parts of the supply chain. Therefore, a planning approach should 
provide an overall structure that guides the decision-makers at each of the decision levels in an integrated 
manner, to ensure visibility across the supply chain and across different management levels. In this 
context, integrated hierarchical planning approaches are particularly useful to describe corporate decision 
and business processes, and to provide decision support required for planning and scheduling"°. 

It is necessary to consider that the decision processes are repeated with different timing and frequency in 
order to account for changing situations and unexpected events. When planning decisions are made, not 
all relevant information is available to the decision-maker who must consider a mix of historical, current 
and forecasted data. Over time, new information becomes available to the decision-maker that can be 
used to adjust and improve the production plan. Also the decision-maker constantly faces new events 
(such as order modifications, supply issues, unexpected shutdown, etc.) and needs to react to the new 
situation and determine the best plan considering the degrees of freedom (i.e. the decisions that have 
been made and can not be changed). Online planning approaches are required to systematically account 
for the dynamic nature of real-world decision environment and to provide reliable planning and 
scheduling decision support. 

MULTI-SCALE SC 
PLANNING FRAMEWORK 

LEVEL 1 - Tactical Planning 
Balance Fibre Supply and Requirements 

MANAGING SYSTEM 
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Figure 2: Representation of the online multi-scale planning approach and its integration within the 
organizational structure. 

The organizational structure and the proposed online multi-scale planning framework is summarized 
schematically in Figure 2. The integrated hierarchical approach ensures the consistency between 
different supply chain decision levels; the higher level (Level 1 above) is suitable for tactical planning, 
and the lower level (Level 2 above) for operational planning. The management paradigm, as discussed 
by 21, can be used to describe each planning level. The proposed management paradigm includes three 
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important elements in Figure 2: the managed system, the information system and the managing system. 
The managed system consists of the elements at the supply chain that are relevant to consider, for the 
goal and scope of each planning level. In other words, the level of detail must be consistent with the 
decision level and include the aspects of the supply chain which the manager has control over. The 
second element of the management paradigm refers to the enterprise and mill information systems that 
help to acquire and manage the data. Various types of data, coming from both internal (e.g. inventory 
levels) and external (e.g. customer orders) sources, are available to describe the state of the managed 
system. Using systematic methods and tools, it is possible to analyze these data and provide valuable 
information for decision-making. Finally, given the data inputs available, the managing system aims at 
making decisions that will guide the managed system to maximum performance. 

The proposed online multi-scale planning framework is a tool that provides decision support for the 
managing systems at each decision level and also, considers the overall organizational structure 
described by the management paradigm. An aggregated capacity planning model is formulated at the 
higher level in order to determine the long-term optimal fibre supply and demand balance. At the lower 
level, a campaign planning and order scheduling model is used to maximize the profitability of the pulp 
mill supply chain given manufacturing capability and supply and demand orders. The integration 
between the models is ensured by two types of information flow. First, from bottom to top, it should be 
ensured via the information systems, that the data inputs used by the higher level model are consistent 
with the up-to-date detailed information available at the lower level. Second, from top to bottom, 
selected results obtained from the higher level model are provided to the lower level in order that a 
longer-term perspective is accounted for. 

The planning models at Levels 1 and 2 (Figure 2) are formulated as mixed-integer linear programming 
problems with a discrete time representation. They allow flexibility for the modeling of different 
planning and scheduling aspects, however a large number of binary variables and constraints need to be 
defined. This combinatorial problem, classified as an NP-hard problem (i.e. that can not be solved in 
polynomial time), is difficult to solve and typically involves a lot of computational effort. It is well 
recognized that one of the challenging aspects of optimization-based approaches for the formulation of 
planning and scheduling problems is to find the best trade-off between model complexity (i.e. keep the 
size of the model within reasonable limits) and model accuracy (i.e. represent key issues relevant for 
decision-making). In fact, according to 20,22, simplification, approximation or aggregation strategies are 
often a necessary approach to solve industrial planning and scheduling problems efficiently. 
Consequently, in addition to providing a framework consistent with the business processes and decision 
levels involved in the planning of the pulp mill, the proposed approach separates the overall problem into 
(i) a detailed model with a smaller time horizon and (ii) an aggregated model with a longer time horizon, 
thereby constituting an optimization approach that ensures that the problem can be solved within a 
reasonable amount of time. 

LEVEL 1- AGGREGATED CAPACITY PLANNING 

The aggregated capacity planning model provides tactical supply chain decision support and is primarily 
used by fibre procurement managers. It considers a time horizon of one year, uses a time step of one 
month, and is reviewed on a monthly basis. Since the scope of the Level 1 problem consider a longer 
time horizon, a more simple representation of the managed system can be used. The higher level model 
is essentially a time aggregation of the lower level problem, in which the principal constraints considered 
are capacity, continuity (mass balances), and assignment constraints defined for each month. The cost 
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structure used is simplified, specifically concerning inventory and batch-level costs, but the most 
important cost elements are still considered within the formulation. In order to ensure that the inventory 
cost always has a lower bound, a method has been developed to calculate the minimum average 
inventory level possible for a given aggregated period. Even though the formulated model is simple 
enough to reduce overall mathematical complexity, it provides sufficient detail to support tactical 
decisions. For the first three months of the time horizon, precise information about supply and demand 
orders are available from Level 2 via the information system. This type of order information is not 
defined on a monthly basis, but rather has time windows that can potentially span across multiple one-
month time periods. Therefore, a different representation is used to describe the demand across these 
aggregated periods. 

Finally, the result provided by the Level 1 model consists of a long-term fibre management plan that 
corresponds to the optimal balance of fibre supply and demand along the supply chain of the pulp mill. 
The capacity at the pulp mill is optimized in order to maximize long-term profitability, considering the 
expected product demand trends and expected margins. The optimal capacity management plan is given 
by the total number of days of production for each pulp grade and each production line. The optimal 
fibre supply and inventory management plan is also determined as a function of the requirement at the 
mill, and the evolution of fibre supply cost and availability throughout the year. 

LEVEL 2- CAMPAIGN PLANNING AND ORDER SCHEDULING 

A campaign planning and order scheduling model is used in Level 2 for operational planning. It provides 
decision support for the production planner at the mill, and aims at finding the optimal production 
campaign and allocation of orders. At this level, the time horizon considered is shorter - three months -
and the time step is one day. Contrary to the higher level, precise data inputs are employed for decision
making. Supply and demand orders are used instead of forecasted information to determine the 
production plan. Although known orders are considered, there is uncertainty in the data used for 
decision-making. Not all orders are known for the entire time horizon and they become, as mentioned 
earlier, gradually available. We distinguish two types of customer orders. First, "current orders" are 
known but are still subject to modifications in terms of pulp grade, quantity and/or time window 
requested. The second type, "confirmed orders", are considered to be fixed (i.e. there is no uncertainty). 
In order to be consistent with the decision process that takes into account new and modified data inputs 
to generate the appropriate plan, the Level 2 model is used on a weekly basis. Each week, the state of the 
managed system is updated, new order information is incorporated and the time horizon considered is 
advanced by one week. 

The decisions that need to be made at this level require a more exact representation of the managed 
system. In fact, detailed capacity and assignment constraints are used respectively to represent the 
limitations of the resources available and the decisions that need to be made such as the production of a 
given recipe during a particular time period. In addition, constraints are also introduced to represent 
logical conditions within the operations such as sequence-dependent transitions. The inventory mass 
balances, from one period to the other, are ensured by continuity constraints defined for each day. Also, 
the timing of opportunities such as the time window requested by a customer for a given order, are also 
taken into account. These detailed constraints, defined for each day, ensure that the manufacturing 
capability is well represented. Although this increases the modeling complexity, it is compensated by the 
reduction in the length of the time horizon considered (only three months). 
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Given the resolution considered, more data inputs are also necessary to define the state of the managed 
system and especially, the manufacturing processes. Ideally, the information required results from a 
systematic process analysis that ensures a reliable characterization of the manufacturing operations. 
Similarly, the cost structure used should be transparent and consistent with the process analysis. The 
relevant cost drivers need to be identified and their representation within the model should be supported 
by a good understanding of how they are affected by the decisions made. 

The results provided by the model in Level 2 maximize the profitability of the pulp mill supply chain, 
given the supply and demand orders available. More specifically, it allows the mill to determine the most 
cost-efficient sequence of production, to identify low incremental cost fibre suppliers and to select high 
margin customer orders. Also, the model provides the optimal allocation of the selected orders within the 
production campaigns, and can be used to suggest or negotiate, in the case of current orders, the 
appropriate timing with the customer. 

INTEGRATION OF THE DECISION LEVELS 

The integration of Level 1 with Level 2 is of considerable importance because campaign planning and 
order scheduling cannot be done with confidence without taking into account both short- and long-term 
inputs. Any short-term capacity planning decision (such as reduction of production capacity or a 
temporary shutdown) made using data inputs based on actual orders, has to also take into account the 
expected demand in the following months. The right decisions must be taken in order to maximize 
current profitability, while not compromising the ability to maximize profitability in the future. With 
proper integration, the higher level provides indications that allow the lower level model to indirectly 
account for future supply and demand trends, without having to extend the time horizon of Level 2. In 
order to explain the integration strategy and the flows of information between the levels, it is necessary 
to explain the sequential steps required when using the full-scale integrated model. 
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Figure 3: Application of the multi-scale framework for a given month; integration of level 1 and level 2 
models. 

Figure 3 illustrates the application of the multi-scale framework. The first step consists of running the 
aggregated model, with forecasted data inputs, for the months Ml to Ml 2. In order to ensure the highest 
consistency possible between the first three months of Level 1 and the corresponding months at the lower 
level, the current state of the managed system and the forecasted data used for Ml to M3 needs to be 
based on precise information available at Level 2 (e.g. orders, shutdowns, etc). If the short-term supply 
chain capability or business environment are misrepresented, then the indications provided by the higher 
level model will not be reliable and will in turn introduce distortion in the lower level model. Then, the 
second step consists of running the Level 2 model for weeks WK1 to WK12 given the supply and demand 
orders available and the detailed data inputs that describe the current state of the system. For each week 
of the current month (Step 3, 4 & 5), the level 2 model is run with up-to-date data inputs. Since WK12 
remains the final week each time the model is run, the time horizon considered shrinks from 12 to 9 
weeks. This approach is used in order to ensure the consistency between the detailed model and the 
availability and resolution of the information coming from the higher level model. 

Three types of information are integrated from Level 1 into Level 2. First, the inventory levels (for pulp, 
chips and logs) at the end of the third month (M3) are used as inventory targets at the end of the time 
horizon for each run at Level 2. Since these inventory targets are determined based on yearly data inputs 
at the aggregated level, they enforce the detailed level to be consistent with the expected long-term 
product supply and demand forecast. The second type of information that is integrated is the number of 
days of production per month for each pulp grade, and for each production line. Given that customer 
orders are not known fully in advance, the orders associated with the second and the third month may not 
correspond to the forecasted demand. Therefore, the number of days of production determined in Level 1 
is used to enforce the production of each grade. Assuming that precise product demand information is 
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available for the first four weeks of the planning horizon at Level 2 (i.e. the orders are known), it does 
not make sense to enforce this condition and thus these constraints are only applied for the second and 
third months. 

Under certain conditions, it can be demonstrated that mathematically, the aggregated model formulated 
is a relaxation of the detailed planning problem. In addition to providing a certain level of confidence in 
the consistency between the models, it is ensured that the optimal value of the objective function of the 
aggregated model will always provide a valid upper bound (for a profit maximization problem) to the 
profit calculated at the lower level. Therefore, the third type of information that is integrated is the value 
of the objective function of the Level 1 model, calculated for the three first months. This additional 
information may be used to solve the Level 2 model more efficiently. 

RESULTS & IMPLICATIONS 

The formulation of the optimization models for each level as well as the results of the implementation of 
this model for a test case are presented and discussed in detail in Part B of this paper. The case used to 
test the application of the multi-scale framework was constructed based on data from an industrial 
partner. Moreover, variations of this initial test case were also analyzed in order to further characterize 
the proposed model. Over the range of scenarios considered, the developed multi-scale planning 
framework provides feasible and good quality solutions at both the higher and lower levels. At the higher 
level, since the supply chain capability is less constrained and the representation of some cost elements is 
simplified, the results are to a certain extent optimistic when compared to the lower level. Nevertheless, 
the level 1 model provides good results in terms of balancing the yearly fibre flow along the supply 
chain. Given the flow of information between the two levels, the results demonstrated that the lower 
level model takes into account the longer-term issues when making shorter-term decisions. Figure 4a, for 
example, indicates the optimal pulp inventory required in order to realize the most benefits from the 
strong pulp demand of periods 4, 5, 6 & 7. In this particular case, the pulp inventory levels of the third 
time period are one of the most important indications provided by the higher-level to the lower-level 
model. This may lead to a situation where the short-term plan at level 2 provides a diminished profit (e.g. 
the total supply of fibre is greater than what would be strictly required by looking only at the short-term 
perspective) that would result in a maximization of the overall long-term profit. Finally, the results also 
demonstrate, in Figure 4b, the advantage of the synchronization of the approach with the dynamic 
decision process. The online multi-scale framework allowed us to systematically adapt the plan as new 
information became available. 
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b) Evolution of the campaign plan as new demand information becomes gradually available. 

Figure 4: Example of results of the multi-scale on-line supply chain planning approach 

The multi-scale supply chain planning framework presented in this paper has the following advantages: 

o Despite the availability of supply and demand inputs, supply chain planning in the pulp and paper 
industry must consider uncertainty and the dynamic nature of the manufacturing processes. Various 
production incidents must be addressed each day by the operating crew (such as unplanned 
shutdowns, deviation from production plan, environmental limitations, etc.)- Unfortunately, there are 
relatively few tools available to assist them in making the correct scheduling decisions following 
these events. Since the proposed decision-support tool integrates manufacturing processes at the 
supply chain level, it provides a systematic way to determine how these incidents should be 
managed in the supply chain context. For example, how should the mill react (i.e. find the optimal 
modification of the planning) following an unplanned shutdown that occurs at the end of a 
production campaign? Should maintenance activities be performed, and then the current campaign 
completed after start-up, or should they re-initiate the campaign as soon as possible? What are the 
implications for each option, from fibre supply through to pulp demand? 

o New decision support tools for planning must take into account managerial structure and provide 
visibility across the supply chain. The proposed approach ensures consistency, not only along the 
supply chain, but also between the different hierarchical decision levels. This "bi-directional" 
integration takes into account the impact of local decisions on the overall supply chain and the 
interactions between long-term and short-term decisions. This is a key issue in pulp and paper mills, 
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and will help to break-down "silos" between different business units, as well as between the mill and 
corporate management. 

o The overall supply chain planning problem has been separated into two parts consistent with the 
different decision levels. Each model should be under the responsibility of the manager at each level. 
Given the data intensiveness of the proposed approach, this ensures the quality of the data used and 
also, that the models can easily be maintained. Moreover, it ensures that the users of the models 
have the knowledge and the expertise required to analyze and validate the results obtained, at each 
level. 

o The proposed models integrate fibre supply, pulp demand and a representation of the manufacturing 
processes. They have the flexibility to adjust production rates and to consider for example the 
impact of temporary mill shutdowns. Given the historical capacity focus of the pulp and paper 
industry, common industrial heuristics should be verified with the proposed integrated approach for 
different supply and demand contexts, in order to identify when capacity-focus or flexible capacity 
management strategies should be followed. 

o An interesting extension to this work could be to integrate the multi-mill perspective in order to 
benefit from even more degrees of freedom, especially in terms of manufacturing capacity, that may 
lead to greater supply chain profitability. For instance, in the situation where the overall capacity 
should be reduced, the extended model would also have to determine which mill should reduce 
capacity to maximize the overall profits. It is expected that a multi-mill model, as examined by 
Bredstrom & al. 18, will lead to additional challenges in terms of computational efforts required to 
solve the problem and thus, necessitate modification of solution algorithms developed in this study. 

o Since product demand and manufacturing capability are not considered fixed within the models, 
there are more degrees of freedom to optimize short- and long-term fibre procurement. Although the 
proposed decision support tool has the flexibility to adjust the capacity of the pulp mill, it considers 
a fixed set of recipe-type manufacturing conditions. Further improvements of the supply chain 
profitability could be achieved if the operating conditions (not just the capacity) of the 
manufacturing process could be optimized in order to further accommodate supply opportunities. A 
property-based approach has been used for instance in the petroleum industry 6, however would 
necessitate in-depth understanding of manufacturing process capability. Given the empirical nature 
of pulp and paper manufacturing processes (i.e. they are difficult to characterize using first principle 
models such as the case in the petroleum industry), an operations data-driven approach23'25, based 
on the analysis of process data available from online process information management systems, 
would be particularly suitable to support such an approach. 

CONCLUSIONS 

The Canadian pulp and paper industry generally recognizes that the management of the supply chain is a 
key element to ensure the cost effectiveness of overall operations and thus, competitiveness in the 
regional and global marketplace. However limited information is available to help the industry 
understand advanced issues related to supply chain planning, especially at the tactical and operational 
levels. This paper describes a multi-scale supply chain planning framework for the case of the fibre 
supply chain of a BCTMP mill. It incorporates a higher level decision-making supply chain model 
suitable for tactical planning to find the optimal balance of fibre supply and demand throughout the year, 
and a lower level decision-making model for operational planning that maximizes short-term profitability 
given the supply chain capability and supply and demand orders. The framework is designed to 
synchronize the use of the models with critical dynamic decision processes. Given that the overall 
planning problem has been addressed with a hierarchical structure, with adapted models for each level, 
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the optimization can be performed in a reasonable computational time. The proposed decision-support 
tool integrates manufacturing processes at the tactical and operational supply chain levels, and provides a 
systematic way to balance the fibre demand across the production processes, and determine important 
issues such as how production incidents should be managed in the supply chain context. Implementation 
of such a supply chain decision-support model has the potential to significantly improve the 
competitiveness of pulp and paper mills. 
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ABSTRACT 

The Canadian pulp and paper industry generally recognizes supply chain management as key 
element to ensure the cost effectiveness of overall operations and competitiveness in the regional and 
global marketplace. The presentation of this work has been divided into two parts. Part A introduces the 
multi-scale supply chain planning framework, for the case of the fibre supply chain of a high-yield mill, 
that supports flexible capacity management and takes into account the intrinsic particularities of the 
managerial decisions involved. Part B describes the optimization models for each decision level, 
formulated as mixed-integer linear programs with a discrete time representation, and the appropriate 
integration strategy. The models are run with a receding time horizon where each time, the state of the 
managed system is updated and new information is incorporated. By systematically analyzing the 
formulations, it is demonstrated that the higher level model is a relaxation of the lower level. Finally, the 
detailed results of the implementation of this framework for a test case are presented to show the value of 
the multi-scale on-line approach for a real-world application in the pulp and paper industry. 

Keywords: Supply Chain Planning, Mixed Integer Programming, Integrated Multi-Scale 
Approach, On-Line Planning, Pulp and Paper 

INTRODUCTION 

Pulp and paper is a large-scale commodity product and capital intensive industry. In North 
America, this industry sector is facing difficult times, in particular due to mature and in some cases 
declining domestic markets, continued overcapacity and low cost global competition. In response to this 
situation, this industry, which has historically focused on the incremental improvement of manufacturing 
technologies to provide a better return, must embrace significant structural changes to again prosper. 
Within the industry, the application of supply chain management concepts is increasingly recognized as a 
key element to protect leadership in domestic markets and/or to support growth in the global market 
place. 
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For large process industries such as pulp and paper, a tighter integration of operations at the 
plant level is required in order to fully address the enterprise and supply chain optimization . Since 
decision making at the enterprise and plant levels tend to be uncoupled, the identification of enterprise-
wide trade-offs and the coordination of the various business functions and activities is often challenging. 
Figure 1 illustrates the combined process control hierarchy and supply chain decision levels. In process 
industries, each level has a significant impact on the overall success and profitability of process 
operations. Decision support tools need to take into account the bi-directional communication between 
the levels; the higher levels set goals for the lower levels and the lower levels communicate constraints 
and performance information to the higher levels. 

The integration of information and the elaboration of decision support tools to manage the 
complex trade-offs across the various supply chain subsystems and decision levels, are key elements of 
enterprise-wide optimization 2. Given the implementation of enterprise resource planning and plant-wide 
information management systems, a vast amount of valuable business and process information is now 
available to support decision making. Since the development of sophisticated and tailored analysis 
methods and tools is still required in the pulp and paper industry, the potential value of using this 
information for better business process analysis and supply chain optimization is not yet fully realized3. 
Given the importance of the manufacturing cycle for continuous process industries, improved 
performance of supply chain operations could be achieved with the development of practical and 
"bottom-up" decisions support tools, i.e. to better represent manufacturing processes at the supply chain 
level using process data and knowledge. 

For convenience, the presentation of the work is done is two parts. The pulp and paper supply 
chain context, the high-yield pulp mill case study, including a discussion on the planning and scheduling 
decision processes, and the description of the proposed multi-scale supply chain planning framework 
have been presented in Part A. This paper (Part B) contains four main sections: the first part provides a 
review of supply chain planning and scheduling in process industries, the second part summarizes the 
case study considered and the proposed multi-scale framework, the third part presents the mathematical 
formulation of the overall problem as well as the integration of the two levels and the characterization of 
the aggregation and finally, the fourth part discusses the results obtained for the test case. 
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Figure 1: Control and SC decision levels (adapted from 4 and 5) 

SUPPLY CHAIN PLANNING AND SCHEDULING 

Planning and scheduling is an important activity for short- and medium-term enterprise-wide 
management. The goal is to determine the optimal way of using the available resources within a fixed 
supply chain configuration in order to maximize the performance given the external business situation 6. 
Earlier reviews 6"9 showed that a vast amount of literature is devoted to planning and scheduling for the 
process industry. Since they provide a holistic view of the trade-offs that need to be considered, 
mathematical programming techniques are widely use to formulate and solve planning and scheduling 
problems, and to elaborate decision support tools. One of the main advantages of these techniques is that 
for convex problems the optimal solution, or at least bounds on the optimal solution, can be obtained; for 
complex large-scale problems, it may nevertheless be challenging to find a feasible solution in a 
reasonable time 10. 

Typically, planning is an enterprise-level function that aims at coordinating activities across the 
supply chain (procurement, manufacturing, demand cycles) and also, at setting the appropriate operating 
performance targets " . I t often considers aggregated data inputs (e.g. demand forecasts per major 
product family) and a time horizon that ranges from a few months up to a year. Planning models are 
usually formulated as M1P problems that can be solved efficiently using state-of-the-art commercial 
solvers 9. At the plant level, scheduling is concerned primarily with the timing and volume of activities 
that need to be performed to meet performance objectives ". At this level, although the scope considered 
is more limited (i.e. the time horizon ranges from a day up to 2-3 months), significantly more details are 
considered in the formulation e.g. the time is measured in smaller units, demand is precisely defined and 
a more exact representation of the manufacturing processes is used ]~. Given that the complexity of 
scheduling problems can be challenging, a combination of optimization models and logic expert systems 
are sometimes used for real world applications 9' B. It is important to note that, since planning and 
scheduling often overlap in organizations, the difference between these activities is not always clear. 
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All planning and scheduling formulations can be classified according to their model 
representation of time, i.e. discrete-time or continuous-time models. The former refers to models where 
the time horizon is uniformly divided into time intervals of equal duration and where events occur at the 
boundaries of these time intervals 8. This approach allows flexibility for the modeling of different 
planning and scheduling aspects. However, especially when the time horizon and/or the problem size 
increases, a large number of binary variables and constraints need to be defined which leads to large 
combinatorial problems that are difficult to solve 10. In the case of continuous-time models, events can 
occur at any point in the continuous time domain, which usually results in more complicated model 
structures but also in much smaller problems that require less computational effort8. As highlighted by 
l0'14 , it is not trivial to decide which time representation will perform better in a given context and there 
is no general agreement on which approach is more suitable for planning and scheduling in the process 
industry. 

Since the management at the enterprise (planning) and plant levels (scheduling) are closely 
related, it is necessary to systematically incorporate them in order to efficiently address the overall 
supply chain planning problem. Proper integration between these levels is required to ensure the 
consistency of the decision making processes and the interactions between these levels. In the context of 
enterprise-wide optimization, the integration of planning and scheduling is one of the main challenges in 
developing analytical tools to support decision making and ensuring coordination across decision levels 

In most cases, it is very difficult to solve full-scale planning and scheduling problems using a 
single detailed integrated model covering both decision levels. Therefore, to overcome this complexity, 
there is a need for optimization and formulation strategies to solve integrated problems with 
computational time of practical interest. Three commonly used strategies have been presented by". First, 
decomposition algorithms that represent the original problem by a master problem and a sub problem 
have been used for difficult large-scale problems (e.g. 15). The second strategy consists of the 
aggregation of later time periods. In this case, the total time horizon is divided in two time blocks: a first 
period where the detailed scheduling is done and a second period for planning that covers the remaining 
of the time horizon. Since the state of the scheduling model at the end of the first period is equal to state 
of the planning model at the beginning of the second, the continuity of the overall problem is ensured 
(e.g. 16). Finally, the rolling horizon approach is used to treat integrated problems that are otherwise too 
large to solve in a reasonable computational time. Again, a detailed time block and an aggregated time 
block are defined. The procedure consists of a sequence of iterations where, each time the scheduling and 
aggregated problems are solved, some variables of the detailed time block are fixed to their optimal 
values for subsequent iterations. As more and more periods are fixed, the size of the aggregated time 
block decreases. The iterations are repeated until the schedule is obtained for the whole time horizon 
(e.g. 17). 

Even though there is a significant amount of literature on planning and scheduling, the 
integration of different problems or the integration of the same problem across different decision levels 
are less often discussed 18. Also, similarly to the case of spatial integration where simultaneous 
optimization approaches often lead to centralized systems 2, "monolithic" optimization approaches for 
the integration of planning and scheduling (temporal integration) can lead to centralized frameworks 
across the decision levels. This does not acknowledge the typical hierarchical nature of decision making 
in organizations. Planning and scheduling is typically performed in two sequential phases 12 and each 
level of decision making implies different sets of specific issues, e.g. particular goal, scope, decision 
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making frequencies, type of data inputs and type of management. Hax and Meal19 argue that hierarchical 
systems are more desirable than detailed integrated approaches (even if the computational capability 
would have been sufficient at that time) because they provide support and involve the managers at each 
decision level. Even recently, given their consistency with the common hierarchical nature of decision 
making processes, the advantage of integrated multi-scale approaches for supply chain planning and 
scheduling problems is widely recognized 20. Some of the important characteristics of a hierarchical 
decision making framework are: 1) it ensures coordination across the decision levels, 2) it provides 
decision support consistent with the scope and goal at each level and, 3) it allows the managers 
responsible at each level to include valuable business insights and to validate the inputs and outputs of 
the models. 

According to ,4 , most planning and scheduling approaches found in the literature can be 
classified as "offline" where it is considered that all the data of a problem are given i.e. the decision 
maker has full knowledge of the future. This type of problem, which assumes that external conditions 
are predictable and stable, is often addressed with deterministic formulations 10. In real-world 
applications, the planner needs to make decisions before all the data are available and also, to react to 
unexpected events, such as equipment failures, new and changing customer orders, variation and 
disruption in raw material supplies, etc., and change and improve the plan/schedule as new information 
becomes available. In practice, conservative operations management is commonly used to mitigate the 
impact of unexpected events. Even if they are still considered to be in the early stages of their 
development 10, stochastic formulations (e.g. 2I) can be used in planning and scheduling to treat these 
uncertainties more systematically. 

An interesting alternative, particularly adapted for continuous and dynamic decision processes, 
consists of on-line approaches that aim at improving the quality of the plan/schedule over time. Instead 
of considering stochastic uncertainties for a totally defined input instance over the time horizon, the on
line procedure consists of solving the models periodically (with a frequency consistent with the decision 
making processes) based on past events and current data and without all the information about the future 
9. As mentioned by Stobbe et al. 10, the human planner or scheduler who compensates the lack of 
information with knowledge and experience, should be supported (and not replaced) by planning and 
scheduling tools. 

Nowadays, with the significant improvement of computational and information management 
(transactional ICT) capabilities, it is reasonable and desirable to develop decision support tools based on 
tightly integrated and interacting modules 2 '14 '22. On-line multi-scale approaches can provide decision 
support for supply chain planning and scheduling and also consider the overall organizational structure 
(different decision levels) and the dynamic nature of the decision making processes involved. The 
literature on the development of such multi-scale on-line procedures is not extensive and we think there 
is still significant research work to accomplish, especially in the context of applying these concepts to 
practical real-world problems. 

The work presented by Stefansson et al. 14 considers an on-line multi-scale framework for the 
planning and scheduling of a real-world pharmaceutical manufacturer with critical continuous and 
dynamic decision processes. Within this framework, the three hierarchical levels differ in terms of scope, 
data availability and time horizon. At the top level, the model optimizes a campaign plan for long-term 
planning purposes. Then, at the middle level, the model simultaneously revises the campaign plan 
generated at the higher level and allocates current orders (that are subject to change) within the 
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campaigns. Finally, at the lower level, the model is used for the detailed scheduling of production tasks 
and is based on confirmed customer orders. To cope with the continuous dynamic decision processes, 
each level is run with a receding time horizon and at different frequencies (adapted for each decision 
level). For each run, the state of the model is updated and using the up-to-date data inputs available, the 
model is optimized to find the appropriate plan or schedule. Given this receding time horizon, only the 
beginning of the optimized schedule/plan is implemented and each time the horizon is shifted forward, 
the plan for later time periods is improved with the newly available information. Although this approach 
is not optimal (if we consider the ideal case where the whole input instance is known with certainty), it 
should provide a close to optimal solution. Moreover, Stefansson et al. '4 demonstrated that it can 
provide good results for practical real-world problems. 

OBJECTIVE 

As presented in Part A, the overall objective of this study was to develop a supply chain 
planning approach that supports flexible capacity management in the pulp and paper industry. The 
proposed multi-scale planning framework that considers a receding time horizon is suitable for on-line 
implementation and acknowledges the decision levels and the dynamic nature of the decision processes 
involved. Subsequently, the specific objectives addressed in Part B are 1) to formulate the aggregated 
capacity model (higher level) and the campaign planning and order scheduling model (lower level), 2) to 
determine the appropriate integration strategy and identify the required flow of information between the 
models and 3) to characterize the higher and lower level model formulations with respect to the feasible 
regions and profit functions. 

CASE STUDY 

The case study considered (described in detail in Part A) consists of the fibre supply chain of a 
high-yield pulp mill including the fibre procurement, the manufacturing and the distribution/customer 
cycles. Given the high fibre supply cost in Eastern Canada, raw material inventory planning and supplier 
selection based on incremental costs and expected availability play an important role to ensure the 
overall cost effectiveness. Incremental costs and short- and long-term availabilities for each source of 
fibre (wood species, chips or logs) are the key elements taken into account during the fibre procurement 
planning process. The manufacturing operations at the mill consist of a bleached chemi-
thermomechanical pulping (BCTMP) process. Different pulp grades can be produced by varying the 
process operating conditions according to standard recipes defined specifically for each production line. 
In the case of the internal customer, diluted pulp is directly provided to the adjacent paperboard process. 
For external customers, the final product is sold in the form of baled dried pulp. For each cycle, 
continuous and dynamic decision making processes must be executed at different frequencies and for 
different decision levels. The integrated planning of these cycles is desirable in order to achieve good 
supply chain coordination, and is an important issue for market pulp mills. 

MULTI-SCALE PLANNING FRAMEWORK 

An overview of the approach is provided in this section and the authors refer the reader to Part 
A for more details about the decision processes involved, the organizational structure and how they relate 
to the proposed framework. The online multi-scale planning framework is a tool that provides decision 
support for the optimization of the fibre supply chain of a high-yield pulp mill (Figure 2). The overall 
structure is intended to guide the decision makers at each of the decision levels in an integrated manner 
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to ensure visibility across the supply chain and across the different management levels. It also takes into 
account the dynamic nature of the decision processes involved in the supply chain planning of the pulp 
mill. It recognizes that new information becomes available over time and thus, that the decision 
processes need to be repeated with different timing and frequency in order to adjust and improve the 
production plan. 

MULTI-SCALE SC 
PLANNING FRAMEWORK 

LEVEL 1 - Tactical Planning 
Balance Fibre Supply and Requirements 

MANAGING SYSTEM 
Decision-Support Tool: 

Aggregated Capacity 
Planning Model 

DecisiOft 
Long^Temi Supply Chain Fibre Plan 

Frequency 
1 Month 

integration 
Decisions Made 

I at Higher Level 
Datalnputs 

jState^Forecasted Demand & Supply 

State, Supply & Demand Orders 

Data Inputs 

{ MANAGING SYSTEM 

J Decision-Support fnnl 

•A 
| Campaign Planning & 
[Order Scheduling Model] 

MANAGED SYSTEM 

Supply / 

L°™"££X*z£r"" 

W—!§¥i fib 

Simplified Process j^. .Ji 
Representation/V^ 

Forecasted 
External 

- Customer 
{*• •Demand 

Forecasted 

Customer 
Demand 

Data Acquisition 
Performance & Business Trends 

Performance & Up-To-Date Info. 

_ Data[Acquisition ] | 

MANAGED SYSTEM 

Frequency 
1 Week 
Decision j 

Production Campaign & Order Allocation 

Shon*r Tim* tforiion: 11 wki 

supply "y^+^^&m m 

Process 
Representation 

Incorporates 
More Details 

LEVEL 2 • Operational Planning 
Maximize Profitability Given SC Capability and Supply & Demand Opportunities 

Figure 2: Representation of the online multi-scale planning approach and its integration within the 
organizational structure (as presented in Part A). 

At the higher level, an aggregated capacity planning model provides tactical decision support 
primarily for fibre procurement managers at the corporate headquarter. The goal is to determine a long-
term fibre management plan that corresponds to the optimal balance of fibre supply and demand along 
the supply chain of the pulp mill. Since new forecasted data inputs are available each month, the current 
state of the managed system is updated and the model is run on a monthly basis. It considers a receding 
time horizon of one year and uses a time step of one month. The results provided by the model are an 
optimal capacity management plan given by the total number of days of production for each pulp grade 
on each production line in each time period, and an optimal fibre supply and inventory management plan, 
determined as a function of the expected evolution of fibre supply and pulp demand throughout the year. 

At the lower level, an operational planning model is used to support the production managers at 
the mill. The aim is to maximize the profitability of the pulp mill by determining the optimal production 
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campaign and allocation of orders given the manufacturing capability. At this level, supply and demand 
orders are used instead of forecasted information and the model is run on a weekly basis in order to 
account for unexpected situations and data inputs that are changing or only gradually available. Each 
time, the state of the managed system is updated and new order information is incorporated. A receding 
time horizon of three months and a time step of one day are considered. The results provided consist of 
the optimal sequence of production, the identification of low incremental cost fibre suppliers, the 
selection of high margin customer orders and the optimal allocation of the selected orders within the 
production campaigns. 

Finally, the integration between the models is ensured by two types of information flow. First, 
from bottom to top, the consistency of the data inputs used at the higher level, with the up-to-date 
detailed information available at the lower level, is ensured via the corporate and mill information 
systems. Second, from top to bottom, selected results obtained from the higher level model are 
systematically provided to the lower level in order for the latter to consider the decisions made at the 
higher level (e.g. regarding raw material availability) and therefore to take into account the long-term 
perspective. 

FORMULATION 

LEVEL 1- AGGREGATED CAPACITY PLANNING 

Since the scope of the aggregated capacity planning problem considers a longer time horizon, a 
more simple representation of the managed system is used. The formulated model, inspired by the 
production planning stage in 16 , is simple enough to reduce overall mathematical complexity, yet it 
provides sufficient detail to support tactical decision making. It can be described as follows: given the 
initial and final material inventory levels and inventory holding costs, the forecasted fibre supply 
capacities and costs, the fibre handling and pulp production capability at the mill, the forecasted pulp 
demand, net sales revenue and the manufacturing costs, find the monthly selection of fibre suppliers, 
flow of material along the supply chain, material inventory levels, production of each pulp grade and 
demand satisfied that maximize the total profit over the 12-month time horizon. The model consists 
essentially of an aggregation of the lower level problem in which capacity, continuity (mass balances), 
and assignment are the main constraints considered for each month. The level 1 model is formulated as a 
mixed-integer linear programming problem with a discrete time representation. 

Variables 

Continuous Variables (all continuous variables > 0) 
iCyt* Aggregated flow of logs to the chipper during period t, for all wood specie e 
Billeel, Quantity of logs (for all wood species e) in inventory at time t" 
ab,,^,* Aggregated flow of logs to the mill (for all wood species e) from supplier fb 

during time t 
acCifcJ* Aggregated flow of chips to the mill (for all wood species e) from supplier fc 

during time t 
Supply,,,* Quantity of chips (for all wood species e) in inventory at time t 
ConsumpEeit* Aggregated flow of chips, for all wood species e, from the piles to the production 

line / during time / 
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PprodgXdj* 

PprodExternalgji» 

fog.** 

hSg.ct* 

DemScgJ* 
InvGradg,,* 

•Z/./» 

ATimeu* 
BaselnvGradg, * 

InvGradEffg,* 
InvGradA reagi, * 

BaselnvBillec,,* 

lnvBilleEffcl* 
lnvBilleAreaet* 

BaseInvChipet* 

InvChipEffe,,* 
lnvChipAreaeJ* 

*z* 

Quantity of pulp g produced on production line / for the dh day of production 
during period t 
Quantity of pulp g available for external customers and produced on production 
line / during period t 
Aggregated flow of pulp g shipped to customer c at time t - corresponding to the 
forecasted demand inputs (months 4-12) 
Aggregated flow of pulp g shipped to customer c at time t - corresponding to the 
shaped demand inputs (months 1-3) 
Shaped demand of pulp g from customer c at time t 
Quantity of pulp g in inventory at time t 
Number of pulp grades produced on line / during period t 
Minimum possible number of transitions on line / during period t 
Total production time available on line / during period t 
Base inventory level that needs to be carried out if the total demand of pulp g is 
lower than the total inventory at the beginning of the period / 
Equivalent inventory level of pulp g at the end of period t 
Area under the curve of the production profile of pulp g during period t that 
ensures the minimum possible average inventory level 
Percentage of extreme point a that is used in the linear interpolation to determine 
the minimum average inventory level of pulp g possible during period t 
Base inventory level that needs to be carried out if the total requirement of logs e 
is lower than the total inventory at the beginning of the period /* 
Equivalent inventory level of logs e at the end of period t 
Area under the curve of the consumption profile of logs e possible during period 
t that ensures the minimum possible average inventory level 
Percentage of extreme point a that is used in the linear interpolation to determine 
the minimum average inventory level of logs e possible during period t 
Base inventory level that needs to be carried out if the total requirement of chips 
e is lower than the total inventory at the beginning of the period /* 
Equivalent inventory level of chips e at the end of period t 
Area under the curve of the consumption profile of chips e possible during period 
/ that ensures the minimum possible average inventory level 
Percentage of extreme point a that is used in the linear interpolation to determine 
the minimum average inventory level of chips e possible during period t 

Binary Variables 
W, g.l.d,t» 

Xg,l.t» 

CtP"'P 

Q1O8.V 

Equal to 1 if pulp g is produced on line / for a a*h day during the period t, 
otherwise equal to 0 
Equal to 1 if pulp g is produced on line / at least one time during the period t, 
otherwise equal to 0 
Equal to 1 if segment b is selected for the linear interpolation to determine the 
minimum inventory level of pulp g possible during the period t", otherwise equal 
toO 
Equal to 1 if segment b is selected for the linear interpolation to determine the 
minimum inventory level of logs e possible during the period / , otherwise equal 
toO 
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ilff^ Equal to 1 if segment b is selected for the linear interpolation to determine the 
minimum inventory level of chips e possible during the period / , otherwise equal 
toO 

Objective Function 

The objective function is to maximize the total profit over the time horizon (1). The revenues 
consist of the expected net sales for each aggregated period from external and internal customers. In the 
latter case, since we choose not to differentiate between the manufacturing cost structure of pulp 
produced for internal and external purposes, the costs avoided during the production of pulp are added to 
the revenues generated. In terms of fibre supply cost, three main elements were considered: the delivered 
cost of logs bought from the suppliers, the chipping costs and the delivered cost of chips bought from the 
suppliers. Furthermore, the cost structure of the manufacturing cycle is represented using unit-level, 
batch-level and facility-level costs. Unit-level cost refers to direct manufacturing costs such as chemicals 
and energy which are specific for each grade produced and each production line at the mill. Batch-level 
cost, or transition cost, is the cost of changing the recipe produced on a given production line. In level 1, 
a simplified representation of batch-level cost is used (i.e. we only compute the minimum transition cost 
possible given the production on each line) in order to ensure that important aggregation properties are 
respected (see Section Characterization of the Aggregation). Also, since capacity decisions are made, it 
is relevant to incorporate facility-level cost within the model in order to consider the important issue of 
equipment utilization. Furthermore, we need to differentiate between daily costs, the indirect costs that 
can be avoided if there is a temporary shutdown at the mill and the fixed period costs that are considered 
to be fixed whatever the planning decisions are. Finally, the last items considered in the objective 
function are the inventory holding costs for chips, logs and pulp. These costs have been calculated using 
the minimum average inventory levels possible for each aggregated period. This ensures that the 
inventory cost calculated at the higher level is a lower bound to the inventory cost in the lower level 
model. 
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(1) 

Constraints 

/7Z>re procurement constraints 

The inequalities (2) and (3) respectively ensure for each wood specie e that the quantity of chips 
from supplier fc and logs from supplier jb respects the expected capacity of each supplier during period 

aCe,f,,t*^CaPFCe,f,.,r* V e > / c ' * 

abeJbt*^CaPFB
eJh,,* VeJbS 

(2) 

(3) 

Also, the total aggregated flow of chips, from all the suppliers to the mill, must not exceed the monthly 
chip delivery capacity, for each period t (4). It represents the overall chip handling capacity at the mill 
due to the limitations in terms of unloading the incoming trucks (at the dumper) and putting the chips on 
the right pile. Similarly, the total aggregated flow of logs from the suppliers to the mill must respect a 
monthly log delivery capacity, for each period t (5). 

HHace,f,.r ^LCMax W* 
e L 

(4) 
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Y5LaKhj*-LBMax yt* (5) 

Given the particular pulping process at the mill, it is not possible to use logs directly for pulp production; 
all the logs used must first be transformed into chips. The production of chips is limited by the chipping 
capacity on-site (6). The yield of this process is represented by Nchipper,, and corresponds mainly to the 
bark that is being removed. 

S Ve,r' NChippere j < CChipper \ft (6) 

The mass balance on the inventory of logs e from period (/ -1) to period t is ensured by (7) where the 
initial inventory of logs at the beginning of the time horizon, the consumption of logs by the chipping 
process and the delivery of logs from the suppliers are considered. Similarly, (8) ensures the continuity 
of chip inventory and ^ConsumpEe!t* corresponds to the total amount of chips e consumed by the 

/ 
pulp mill. The inventory of chips e and logs e carried on-site are limited by the inequalities (9) and (10). 
Finally, the targeted chip and log inventory levels at the end of the time horizon is specified by the 
decision maker and taken into account by the equations (11) and (12). 

Billelnitet* + Billee ̂ t*-i) + /,aK,fhj* ~'ej* = Billee)* Ve,? 
h 

2_,aceJrj*
 +Vty 'NChippere)+ Supplylnit et* + Supply ei ('*-!),.>, 

fc 

— 2,ConsumpEej,* = Supplye/t Ve,t* 

(7) 

(8) 

Billeer<MctxLogInve\Je/ (9) 

Supplye,, <MaxChipInveVe,t (10) 

Billeel* = lnvBilleFinale Ve, t* = \T* I (11) 

Supply'el* = InvChipFinal\ Ve,/* = 7"* (12) 

Pulp manufacturing constraints 

The consumption of chips e on production line / during period t is represented by (13). In this 
equation, FConv is a conversion factor, NProd,., is the yield of the pulping process if recipe r is selected, 
Pprodgid,* is the production of pulp g and Rini.r,e, the proportion of chips e required to produce pulp g 
according to recipe r. 
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ConsumpEell, =FConvYY V p ™ W •*'" ' •" Vej/ (13) 
«/ r M NprodrJ j 

If pulp g is produced on line / for a ^ day during period t* (i.e. Wg,/,̂ * equal to 1), then the amount of 
pulp produced given by (14) must be lower than the maximum possible production rate for the recipe r 
on production line /. 

Pprodgj^<WgJ^-^Rout^r Vg,US ( M ) 
r\rg 

Constraint (15) ensures that, during the first aggregated time period, the production-related decisions 
take into account what is produced before the time horizon considered as well as the minimum campaign 
length for each recipe and production line. Also, for each aggregated period, (16) ensures the conditions 
that pulp g can only be produced on line / for a dh day if it was produced for a (d-l)>h day. By applying 
this constraint, we enforce the assignments to be grouped together, which provides a more efficient 
formulation. If a recipe can not be produced on a given production line (i.e. Routrj = 0), then inequality 
(17) makes sure that the production of the corresponding pulp g is not possible for this particular line. 
(18) and (20) respectively allow to determine if the grade g is produced at least one time on line / during 
period /* and to calculate the minimum number of transitions on line / during t'. Finally, (19) ensures that 
X&iit* is equal to 0 if there is no recipe to produce pulp g on a given production line (i.e. Rout^ = 0). 

HlLWgJ,d,t* > ( Imin, . v- TemPrer.j) • RecPre,7 

g\rS d (15) 
Vr',/ =1,1 and (7e/MPre,.v -Lxmx\rU < 0) 

Wgjj+U* < WgJtdf, Vg,l,d/ > 1 (16) 

1 1 ^ , / ^ z ^ r vg,i 
d t* r\rg 

(17) 

x«**J-p[-W (18) 

ZxgJJ. < 2 > < - vg,/ (19) 
'* &g 

zi,t*=2iXg,i,t*-]-^l>t (20) 
g 

Also, constraint (22) is necessary to ensure that the maximum total number of days of production on line 
/ during period t does not exceed the time available on the production line during this period. The total 
time available on production line / for a given aggregated period is determined by the equation (21) that 
considers the time lost for planned maintenance shutdowns. 
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A Timet,» = Q - TimeLossPj ,* V7, t (21) 

Y^LWg,i.d,t* ^ ATime,r V / / ^2) 
g d 

Demand constraints 

Given the configuration of the production processes at the mill, a certain amount of pulp 
produced on the first production line is used to satisfy the internal demand of a paperboard mill on-site. 
Since the production of another manufacturing facility relies on the availability of this pulp, the demand 
must be satisfied at all time (23). Furthermore, given that the internal demand must be satisfied when 
required (through a pipeline) and can not be grouped, (24) ensures that the number of days of production 
for this line during an aggregated period is at least equal to the expected number of days for which the 
internal demand is greater than zero. On the other hand, all the production on the second production line 
is available for external customers (25). 

^Pprodgldt*-PprodExternal gj,* = Demandlnternalg ,* \fg,l = l,t (23) 
d 

Y,wg,hd,,*>DTBLg^Vg,l = \S ( 2 4 ) 
d 

^Pprodgijj* = PprodExternalgl,» \/g,l = 2,t 
d 

(25) 

The equation for the continuity of pulp inventory is given by (26) where the variables nLgct* and 

hSgcl* represent the quantity of pulp that is sent to customer c during time period t. They correspond 

respectively to the case of forecasted demand inputs (months 4 to 12) and shaped demand inputs (months 
1 to 3). The inventory of pulp on-site is limited by the total maximum storage capacity in the warehouse 
(27). Also, the targeted pulp inventory levels at the end of the time horizon are specified by the decision 
maker and taken into account by (28). 

InvPatelnit „ ,* + InvGrad„ (,*_]), + ]T PprodExternal j,» 

v-1 ( \ * (26) 
-1_,{hLg,cj* + hSg,c,i*)= lnvGradgi* \/g,t 

c 

^InvGrad t* < MaxPulpInv \/g,t ^i) 
g 

InvGradgt* -InvPateFinalg \fg,t* = \T*\ (28) 

In the case of the forecasted demand inputs, (29) ensures that all the pulp sent to the customer is smaller 
or equal to the forecasted demand (and DemandL r» = 0 for / < 3) . 

Papier 5, Sownis a AlChE Journal, 2008 



261 

hL cj* < DemandLc j , \/c,g,t (29) 

For the shaped demand inputs, proper order quantities (Demands ca) are available and the demand for a 

given month, DemSc ,*, is a variable that is bounded (or shaped) using the parameter F£)ewc ,*. 

Ideally, Demands' and FDemcg1* should be determined based on the detailed data inputs available at 

the Level 2 and correspond to the three first months of the time horizon. Constraint (30) shapes the 

monthly demand by setting different values for FDemcgt* (since FDemcgt* = 0 V? > 3 , 

hSgcJ* =0 V( >3). In the extreme case where FDemcgt, = 1 V7*<3, there is no restriction and the 

demand can be satisfied any time within the three first months. Constraint (31) ensures that the sum of 
the determined demand for each month (DemSc ,*) is equal to the total quantity of each expected order. 

Finally, (32) enforces that the total quantity of pulp g shipped to customer c during period /* is not 
greater than the calculated demand for this period. 

DemScgf, < FDemcgt* • Demandscg\/c,g,t* (30) 

2 DemSgct* = Demandscg Vc, g (3 j) 
t* 

hSgcJt<DemScgJ*\/c,g/ (32) 

Minimum possible average chip inventory level 

In order to ensure the conditions for perfect aggregation (see Section Characterization of the 
Aggregation), it is necessary that the chip inventory cost is calculated based on the minimum average 
chip inventory level possible given the consumption rate and the initial and final inventory levels of an 
aggregated period t*. This will ensure that the average inventory levels calculated in the level 1 model are 
always less than or equal to the average inventory levels of the lower level problem. This particular 
situation is schematically represented in Figure 3. The detailed explanation and the generalization of the 
approach used to determine this minimum possible inventory level are presented in ~3. 
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Figure 3: Determination of the minimum average chip inventory level for a given aggregated time period 

First, if the demand of chips e during period / is less than the inventory at the beginning of the period, 
then a base inventory level will have to be present for all the duration of this period. This is considered 
using the inequality (33). Given that the variable BaselnvChip^, is greater or equal than 0 and that there 
is a cost of carrying inventory, BaselnvChip cl* is equal to the difference between the initial inventory 
and the demand, if this difference is positive, and 0 otherwise. 

Supplye ,»_u + Supplylnite)* - ̂  ConsumpEe It* < BaselnvChip e,, Ve, t (33) 

The equivalent inventory level used to calculate the minimum area corresponding to the maximum 
consumption rate profile is given by the equation (34). If the base inventory is equal to 0, then the 
equivalent inventory level is the same as the inventory level at the beginning of the period /*. 

InvChipEffeJ* = Supplyet<,_, > + Supplylnitet% - BaselnvChipet* \fe,t (34) 

The equality (35) is used to determine the interval that will be used to compute the area below the 
consumption profile. The different extreme points of the intervals represent various starting inventory 
levels that are equivalent to a certain number of days at maximum consumption rate (and up to |D| days). 

In the following equation, MaxyRout^ •Rinl rej refers to the maximum chip consumption possible i.e. 

the largest product of the production rate and input proportion of chips for each line and wood specie. 

lnvChipEffet* = X K!T,,* • (fl - 0- X[Max(Rout™r • Rin,^ )] \/e,t (35) 
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The area of the equivalent triangle used to determine the average inventory level required is calculated 
by a linear interpolation between two consumption triangles defined at each extreme point of a given 
internal (36). Since we assume instantaneous replenishment of chips (worst case possible), only 

BaseInvChipe,« 
InvChipArea ,. and are necessary to calculate the minimum possible average chip 

inventory level that is used in the objective function. 

InvChipArea et* = 

*£V 
(«-i)2-rf Max(Rout^x •Rinll.e)] 

Ve,t 
(36) 

The equalities (37) and (38) ensure that only one interval is selected and that the linear combination of 
the extreme points does not exceed 1, respectively. Also, constraint (39) is used to activate the two 
appropriate extreme points ^ff,» given the segment Clf'/,, chosen. Finally, (40) ensures that any values 

of Ac fr* are percentages. 

b 

a 

0 < A ^ , < 1 Va,e,t 

(37) 

(38) 

(39) 

(40) 

Minimum possible average log inventory level 

The minimum possible average log inventory levels for each aggregated period are determined 
using a similar approach than for the chips. 

Billeel*^lr + Billelnitel,-ie/, < BaseInvBillee ,* \/e,t 

lnvBilleEffe,t = Billee,,*_!, + Billelnite ,* - BaseInvBillee ,* \/e,t 

(41) 

(42) 
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InvBilleEffcf =^T 

JnvBilIeAreael* = ^ 

<i,* •(«-!)• 
CChipper 

NChippert 

Ve,/ (43) 

(f l- ir 

<?y 

CChipper 

NChippert e J Ve,/ 

0 < ^ , , < 1 Va,e,/ 

(44) 

(45) 

(46) 

(47) 

(48) 

Minimum possible average pulp inventory level 

In the case of pulp, since it is a material produced by the manufacturing processes, slight 
modifications must be made to the approach used for chips and logs. First of all, the equivalent inventory 
level must be calculated by looking at the difference between the inventory level at the end of the period 
/ and the base inventory (50). Also, in constraint (51) the different extreme points of the intervals 
represent various final inventory levels that are equivalent to a certain number of days at maximum 
production rate (and up to |D| days). Finally, in order to calculate the minimum possible average 
inventory level, it is also assumed that the pulp is instantaneously consumed at the beginning of the 
period (worse case possible) and thus, only the production profile needs to be considered. 

InvGradgj*_\ + InvPatelnit ,* - ]T \hL .,» + hS' ,* j < BaselnvGrade ,* Vg, / (49) 
c 

InvGradeEfgt* = InvGradg)* - BaselnvGradegt* Vg,/ (50) 

InvGradeEffgj* = £ AF%-(a-l)-YRoutMax Vg,/ (51) 
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InvGradeArea a t* = V 
a 

5 X * . = 1 Vg/ (53) 

l n g . = i vg / (54) 

*S-* I <̂ * + Zn f f i - v«>g>>* (55) 
b=a,a< \a\ b=a-\^a>\ 

0 < A £ * . < 1 Va,*,/ (56) 

LEVEL 2- CAMPAIGN PLANNING AND ORDER SCHEDULING 

At the lower level, the decisions that need to be made require a more exact representation of the 
managed system. The campaign planning and order scheduling model, inspired by the Model B presented 
by 24, includes detailed daily constraints that ensure that the manufacturing capability of the mill is well 
reflected at the supply chain level. Although this increases the modeling complexity, it is compensated 
by the reduction in the length of the time horizon considered (only three months). It can be described as 
follows: given the initial and targeted final material inventory levels and inventory holding costs, the 
actual detailed fibre supply capacities and costs, the daily fibre handling capacity, the detailed pulp 
production capability at the mill including, for example, minimum and maximum capacities and 
sequence dependent transitions, the actual customer order quantities, time windows, net sales revenues, 
and the manufacturing costs including explicitly the transition costs, find the appropriate production 
campaigns and transitions on each production line as well as the daily selection/timing of fibre supply, 
flow of materials along the supply chain, material inventory levels, pulp production rate, and 
shipping/timing of customer orders that maximize the total profit over the 12-week time horizon. The 
level 2 model is also formulated as a mixed-integer linear programming problem with a discrete time 
representation. 

Variables 

Continuous Variables (all continuous variables > 0) 
4,/ Flow of logs to the chipper during period /, for all wood species e 
BilleL,j Quantity of logs (for all wood species e) in inventory at time t 
abe>fl,it Flow of logs to the mill (for all woods specie e) from supplier fb during time t 
acC:fcJ Flow of chips to the mill (for all woods specie e) from supplier fc during time / 
SupplyeA Quantity of chips (for all wood species e) in inventory at time t 
ConsumpEfj, Flow of chips, for all wood species e, from the piles to the production line / during 

time t 
Pprodgu Quantity of pulp g produced on production line / during period t 

<£• 
(a-\)2-YRoutMax 

Vg,t (52) 
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PprodExternalgi, Quantity of pulp g, produced on production line /, available for external customers 
during period t 

hgcJ Quantity of pulp g shipped for customer order c at time / 
InvGradg,, Quantity of pulp g in inventory at time t 

Binary Variables 
arSi Equal to 1 if recipe r is selected on line / during /, otherwise equal to 0 
br•,,./_, Equal to 1 if a transition from recipe r' to recipe r is required on line / during the 

period t, otherwise equal to 0 
vrj?l Equal to 1 if there is production on line / of recipe r during r, otherwise equal to 0 
urjj Equal to 1 if there is no production on line / of recipe r during t, otherwise equal 

toO 

Objective Function 

In the lower level model, the objective function which maximizes the total profit over the time 
horizon is defined similarly to the level 1 model presented earlier. Most of the cost items that were 
discussed are also considered in (57) but are defined with a higher level of detail. First, the revenues 
generated from external demand are calculated only based on the satisfied customer orders. The revenues 
associated with the internal demand are determined using the amount of pulp that is transferred each day 
to the paperboard mill. In terms of fibre supply, the costs specific for each supply period are used and the 
chipping cost is based on the daily production. As in the level 1 model, three types of manufacturing 
costs are considered. First, unit-level costs are calculated based on the daily production on each of the 
pulp lines. In the best case, since decisions will be made on potential margins realized, these 
manufacturing costs should be determined using an integrated process and cost model taking into 
account the particularities of the operations. In the worst case, standard recipe and costing approaches 
can be used. Second, since it is important to systematically take into account the trade-offs between the 
flexibility of the operations (i.e. a higher number of production campaigns) and the batch-level costs 
when determining the optimal campaign plan, the transition costs are explicitly represented at the lower 
level. Consequently, the sequence dependent nature is taken into account and the cost used are 
determined by the mill based on the amount of scrap and off-spec pulp produced for each type of 
transition. At the facility level, daily and fixed costs are also considered in level 2. Finally, inventory 
holding costs for chips, logs and pulp are calculated based on the average inventory level for each period 
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maxPr ofltLl = 

H I Revenuc gh ., + H \Pemandlntemal , • (Re venulnt , + CDlnterne jj 
t e g I g 

- I S I ' W ^ c t / , , - I I S Scs,,,,,.*,,,,,,, 
t i g 1 I r rV*r 

t±TAfp t<TAfp 

" S S IIflC..,/ tJ
C* t,/C,f-I I 'EHabc.,fbJCahc,/l,./,-ll'LC0S'Ch'Pc'ej 

p fzTAo fc e p t>TAof fit e 1 r 

CZZicab^-CapFB^J) 
P /!• 

CInvBe 

ClnvCe 

P />> 

{ S I (Ccice,)cp • CapFCe_ /CiP 
p ft-

HC^FC,,A , ; , 
/' A 

- I \ClnvPs 

l ( R e 

venu,. „ • Demand,. „ I) 
I Demand c. 

I [(fl/7/tV, + B/tfe,., , + Billelnit e, )/l[ 

' J 
I ^Supply c, + Supply ̂ ^ + Supplylnile,)/2 *] 

t 

^ [(/«vGrac/ , + InvGrad r_j ̂  + InvPatelnit } J/2 *J 

(57) 

- I l [ C 7 2 V l v , „ , , J - I C 7 F 

Constraints 

Fiber procurement constraints 

The constraint (58) ensures that the flow of chips from the supplier^/c to the mill is less or equal 
than the capacity of the supplier during this period for each supply period determined by TAop and TAfp. 
Each of these supply periods are defined such as their corresponding time windows (typically weeks) are 
always included within a month (i.e. they do not span across multiple months). Using the same approach, 
the constraint (59) can be defined for the flow of logs to the mill. 

1<TAfp 

Z aCeJl.t^
CaPFCe,fc,p VeJoP 

t>TAo„ 
(58) 

t<TAf 

z 
t>TAo 

'-. p 

Z abeJb'-CaPFBe,fh,p Ve>fb'P (59) 

Similarly to the level 1 model, (60), (61) and (62) account for the daily capacity for chip delivery, log 
delivery and the chipping process, respectively. The mass balances for the inventories of logs and chips, 
from period (t-l) to period t, are calculated by the constraints (63) and (64) and defined for each specific 
time step /. Finally, constraints (65) and (66) ensure that the maximum possible inventory levels on-site, 
for logs and chips, are respected. 
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H a c e r, > -LCMax v? 

H ^ jb,/ -L B M a x v 

]T (iel * NChippere) < CChipper Vf 
e 

Billelnitet + Billee^_^ + ^ a b e j t - iet = Billeel Ve,/ 
h 

I ac<-, /,..' + ('<v * NChippere)+ Supplylnite, + Supply, (r_l)yi 

/ < • 

- I ConsumpEe 11 = Supplye t Ve, / 
/ 

Billeet < MaxLogInve Ve,/ 

Supplyel <MaxChipInve Ve,/ 

(60) 

(61) 

(62) 

(63) 

(64) 

(65) 

(66) 

Pa//? manufacturing constraints 

The daily amount of pulp produced if recipe r is selected on line / is given by (67). The 
maximum production rate, Rout^, is typically the nominal capacity of the pulping process and Rout^j" 

is the minimum production rate possible given the equipment and process configuration. One of the 
important aspects to consider at the lower level is lost production. Within (67), the impact of short 
shutdowns (less than a day - StopS!t) on pulp production is explicitly incorporated. Long shutdowns are 

also considered via the variable v,.;_„ and constraints (69) and (70). Also, given the choices made in terms 
of sequencing the production campaigns, the impact of transitions must be considered. The time of each 
particular type of transition, 6tyr, is used in order to calculate the reduction in available daily 

production. 

I 
r\rg 

vrjr Rout™*-

^ PprodgJJ < 

I 
r\rg 

n * Max 

vrirRoutrJ 

( ]-5 t o pV4J 

( » - * * % ) ; 

r\rgr\r'&r 

Rout?? • 

-II 
r\rgr\r'±r 

Router 

&l,r'.r ' K'.rJJ J 

I 24 JJ 

(8,,<.r-K',r.lA 

{ 24 JJ 

(67) 

VgJj 

The constraint (68) calculates the consumption of chips e on production line / during period /. It 
considers the yield of the pulping process, the proportion of chips required to produce pulp given a recipe 
r and the production of pulp g. Even though in reality fibres are consumed during transitions, it is very 
difficult to evaluate the proportion of all chips e consumed during a transition. Thus, only the fibre 
consumption tailored to the production of pulp is taken into account in (68). This assumption is 
reasonable as long as the total estimated amount of chips consumed during all transitions over the time 
horizon are negligible when compared to the total consumption for normal pulp production. Moreover, 
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the overall fibre cost incurred for each type of transition and determined by the mill is incorporated in the 
objective function in the batch-level costs CBt r.,.. 

ConsumpE^ = FConv• ̂  I ^ " ^ U '^'^ \ Ve,l,t (68) 
•Rin, 

The constraint (69) ensures that only one recipe r is selected on line / during t if there is no 
(one-day) shutdown on this production line during this particular day. If recipe r is selected, then pulp 
can be produced (i.e. vr>u = 1) or not produced (i.e. u,-i, = 1) on the production line(70). In the case where 

Max , a recipe r is not defined for a particular production line (i.e. Routr / equal to 0), then no production can 

occur (71). 

Har,l,,+St°PLl,t = 1 V/>' (69) 

a
r,!,, =VrJ,t + llr,l,t ^f>V'j (70) 

XvrJ,t< Rout"?* Vr,/ (71) 

If there is a change in the recipe produced on a production line between time (t-\) and /, then a 
transition needs to take place at time t (72). Furthermore, the constraints (73) and (74) enforce that no 
transition from recipe r' is possible if this recipe was not produced at time (t-\) and similarly, that no 
transition to recipe r is possible if this particular recipe is not produced during t. Since each type of 
transition requires a given amount of time 0l r, , it is necessary to ensure that the time available during a 

day is sufficient to allow for a given transition (75). 

ar,I,l + ar\l,,-\ ~ 1 ^ br\r,l,l V ^ ' r ' * r , l , t * \ (72) 

6r.r,,,, < arV,,_, Vr,r'*r,/,<*1 (73) 

ft,.,,,/,,< arJJ Vr,r'*r,l,t (74) 

StopS,, +9,...,. 
br;rJ,,±2-( " U

IA '•'•• ) Vr.rW,/,/ (75) 

In order to allow the decision maker to have some control over the minimum length of 
production campaigns for each type of recipe r on each line /, the constraint (76) needs to be introduced. 
If a transition to recipe r happens at time / on line /, then it forces the production of this particular recipe 
for a minimum number of periods corresponding to the specified value Lminrj given by the planner. 

r</+/.iTun,. ,-1 

LmmrJ Y.KVJJ ^ Z > W V W (76) 
r\r'*r r>t 
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Also, an important element to consider in order to provide practically feasible production plans 
is the recipe that is being produced, on each production lines, before the time horizon considered by the 
model. Two situations are possible. First, if the duration of the production campaign that is being 
produced is smaller than the minimum length specified (i.e. TemPre,.^ -Z,minr./ <0) , then it is 

necessary to ensure the continuity of this campaign in the beginning of the time horizon considered in the 
planning problem (77). In the case where the campaign is longer than the minimum length (i.e. 
TemVre,.'! -Lmin r .7 > 0), then a transition is possible during the first time period (t = 1). This second 

situation is addressed with the constraint (78). 

(Lmin,../-remPre/../)-RecPre,../ :£ T!v;/r 
r>, " (77) 

\tr,r'=rj,t = \ and (TeinVre^/ -Lmin,.., <0) 

a,.,, +RecPre,../ -\<b,,rll \/r,r'± r,l,t = 1 and (TemPre,..,-Imin,.v > 0) (78) 

Demand constraints 

As in the level 1 model, both internal and external demands need to be considered in the lower 
level model. Equation (79) ensures that the daily internal demand of pulp is satisfied from the first 
production line and equation (80) ensures that all the production on the second line is available for 
external customers. 

Pprodgjl - PprodExternal Jjt = Demandlnternal , Vg,/ = 1,? (79) 

Pprodgjj = PprodExternal glt \/g,l = 2,t (80) 

Equality (81) is used to enforce the continuity of pulp inventories from period (t-1) to t and (82) limits 
the total inventory level to the maximum warehousing capacity on-site. 

InvPatelnit , + InvGrad'g<(t-i) +^ProdExternal j t -£hg<Cit = InvGrad , Vg,? /gi\ 
/ c 

^InvGradg, < MaxPulplnv V7 /gj) 
g 

Furthermore, the total amount of pulp g shipped for customer order c must be less or equal than the 
quantity specified for this particular order (83). In addition, the pulp shipped must respect the time 
window specified for each order (Toc and Tfc) and it is not possible to ship the pulp before or after this 
specified period (84) (85). 

Y^hgcl< Demandcg Vc,g (83) 
t>Toc 
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/<Jb,.-l 

2X,C,, =0 V c ' £ aw<:/ Toc*1 (84) 

,<|r| 
2X,c>=0 vc,g w r/c*|r| (85) 

INTEGRATION OF LEVEL 1 AND LEVEL 2 

As discussed in Part A, the integration strategy and the flows of information between the models is 
essential to ensure consistency between the decision levels and to ensure that the campaign planning and 
order scheduling problem incorporates the long-term issues that may arise in the future. Given the 
sequential steps required when using the full-scale integrated model, the higher level model is always run 
before any run at the lower level. Also, three types of information provided by level 1 are used for the 
integration: the inventory levels (for pulp, chip and log), the number of days of production and the value 
of the objective function. This information can be determined directly by looking at the optimal results of 
the aggregated capacity planning model: 

o TargetBillee = Bille°^,=3; 

o TargetChipc, = Supply°^,=i; 

o TargetPulpg = InvGracff^ ; 

o LIMinDayProdgio =^W°p/d ,*<3 , where t* in the level 2 is equivalent to o in the level 1; 
d 

o UpperBound = Pr ofitL 1op', defined only for /* < 3. 

In order to integrate this information, the following constraints need to be incorporated in the 
formulation of the campaign planning and order scheduling problem (level 2). First, the inventory levels 
prescribed by the level 1 model are transferred to the level 2 model and are used as inventory targets at 
the end of the time horizon (constraints (86), (87) and (88)). Since these inventory targets are determined 
based on yearly data inputs at the aggregated level, they enforce the lower level model to be consistent 
with the long-term supply and demand plan. 

Billeet > T arg etBillee Ve, t = \T\ (86) 

Supply eJ > T arg etChipe V<?, t = \T\ (87) 

lnvGradgl >TargetPulpg Vg,/ = |r| (gg) 

At the higher level, it is possible to determine the number of days of production for each pulp 
grade on each production line for each aggregated period. This is the second type of information 
integrated and it is accomplished using the constraint (89). Since it is assumed that all the required 
customer orders are available for the first month of the planning horizon in level 2, (89) only 
incorporates the time period corresponding to the second and third months. In fact, as discussed in Part 
A, it is possible that not all the precise order information associated with the second and the third months 
are available and thus, that the demand for these months does not correspond to the expected value at the 
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aggregated level. Therefore, by using the available order inputs and the constraint (89) to enforce the 
production of each grade according to the expected demand determined at the aggregated level, it is 
possible to determine a preliminary campaign plan in the coming months. 

t<o*Q 

UMwDay?rodgU < £ ^v,,,, , Vg,/,2 < o < 3 ( 8 9 ) 
r\rgl>(o*0)+(l-Q) 

Finally, since it can be demonstrated that the formulated aggregated model is a relaxation of the 
detailed planning problem (see section Characterization of the Aggregation), the optimal value of the 
objective function of the aggregated model, calculated for the three first months, is used as a valid upper 
bound (for a profit maximization problem) for the profit determined in level 2 (90). This additional 
information may reduces the computational effort required to solve the lower level model. 

Pr ofitLl < UpperBound (90) 

CHARACTERIZATION OF THE AGGREGATION 

The analysis of aggregation and disaggregation properties is a very important element to address 
in multi-scale planning. In fact, it is necessary to ensure maximum consistency between the levels and 
understand the limitations in terms of optimality and feasibility, if a detailed solution is aggregated at the 
higher level or inversely, if an aggregated solution is disaggregated at the lower level. As mentioned 
before, compared to the campaign planning & order scheduling model, the formulation of the aggregated 
capacity planning model is simplified. Essentially, the higher level formulation is a time aggregation 
that does not incorporate the detailed data inputs and the specific constraints of the lower level. 
Therefore, given this simplified representation, it is obviously not possible to guarantee that a solution 
provided by the higher level model is, when disaggregated, optimal or feasible at the detailed level. 

Nevertheless, it is possible to identify the sufficient conditions to respect in order to guarantee 
the feasibility, at the aggregated level, of any feasible solutions obtained at the lower level. This refers to 
the conditions for so-called "perfect aggregation" 25. In additions of the analysis of the feasible region, it 
is also necessary to characterize the optimality at both levels i.e. to identify the conditions that ensure 
that the higher level model always provides an upper bound, for a maximization problem, to the profit 
computed at the lower level. If these two characteristics can be ensured, the aggregated capacity planning 
problem is a relaxation of the campaign planning & order scheduling problem. More formally, the level 1 
problem (92) is a relaxation of the original level 2 problem (91) if the conditions (93) and (94) are 
satisfied 26. The first stipulate that the feasible region of the lower level is included within the feasible 
region of the higher level and the second, that the value of the objective function at the higher level is 
greater than or equal to the value of the objective function at the lower level, for any set of feasible 
solutions x at the lower level. 

z = maxi ?TofitL2(x):x£XL2 c^R" \ (91) 

z R = m a x | ?rofitL\(x):x£XLl<^R" I (92) 
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XL2 c Xu (93) 

ProfitL\(x)>¥rofitL2(x) \/xaXL1 (94) 

In order to demonstrate these conditions and thus, that the level 1 model is a relaxation of the 
level 2, the first step consists of expressing the constraints and the objective function of the aggregated 
formulation as a function of the variables and the parameters of the detailed model. Then, since the 
general mathematical formulation of the aggregated level is mostly obtained by performing valid 
mathematical manipulations on the equality and inequality constraints of the detailed formulation, it is 
possible to systematically analyze and characterize each relevant constraint and the objective function. 
For this analysis, the same time horizon was assumed in order to ensure the consistency between the 
models. 

Analysis of the constraints 

In general, any solution of the lower level is feasible within the aggregated formulation if it 
maintains nonnegative inventory levels, does not exceed capacity limits and respects the assignments 
constraints 25. More specifically, when the constraints are systematically compared, we need to ensure 
that the constraints of the detailed problem are more restrictive than the corresponding constraints of the 
relaxed problem. Given the formulation of the level 1 and level 2 models, three types of analysis can be 
done: capacity, continuity and assignment constraints. The table 1 shows all the relevant constraints that 
need to be considered in this analysis and classifies them according to the three different types 
aforementioned. As one can observe, not all the constraints in the aggregated level need to be verified. 
For instance, the constraints elaborated for the minimum possible average inventory levels do not need to 
be considered since they will not influence the feasibility, at the higher level, of any solution provided at 
the lower level. Similarly, the differences in the equality constraints (e.g. for the chip consumption in the 
pulp mill) do not need to be considered; it is only necessary to check if the resulting inventory balances 
and the production rates at the pulp mill are feasible at the aggregated level. Finally, the next sections 
present how the demonstrations can be accomplished for each type and also, further discuss some 
specific cases that need to be addressed. 

Table 1: Level 2 constraints that are specifically analyzed to demonstrate the relaxation 

Type .1; Capacity 

Type B: Continuity 

Type C: Assignment 

Relevant Constraints to Verify in the Higher Level 

(2). (3), (4). (5), (6). (9), (10), (14), (27). (29). (30). (32) 

(7), (8), (26) 

(15), (17), (22), (24) 
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Type A: Capacity Constraints 

For example, in the aggregated formulation, the monthly chip delivery capacity is ensured by 
(4), for each aggregated period ?*(for better understanding, we changed the notation from LCMax to 
LCMaxA; the value is still the same). Rewriting this constraint as a function of the variables and the 
parameters of the detailed level, we obtain (95) where o stands for the aggregated periods (corresponding 
to the time horizon at the lower level), Q represents the length of an aggregated period and LCMax 
corresponds to the daily chip delivery capacity specified in the lower level model. Basically, the 
constraint at the aggregated level can be obtained by summing the lower level constraint over time. 

^£jacef^<LCMax'A "it* m 

r<o*Q t<o*Q 

I YLaccfr^ ^LCMaxVo (95) 
1>o*Q+(\-Q) e / . l>o*Q+(l~Q) 

ZZac*,/,.,/-ICMx* v ' (60) 

We can observe that if the constraint (60) is satisfied for all time period t than the constraint (95) is 
necessary satisfied for all aggregated periods and thus (95) is a redundant valid inequality. In other 
words, all the solutions of the lower level model that respect (60) will also respect the corresponding 
capacity limitation at in the aggregated level. In fact, for all Type A constraints, it is possible to 
demonstrate that the level 1 valid inequalities are dominated by a positive linear combination of 
corresponding level 2 valid inequalities. Therefore, the feasible space of level 2, defined by Type A 
constraints, must be included within the feasible space of level 1. 

The constraints that relate to the demand cycle are a special case of Type A constraints that 
require further discussion. As mentioned earlier, the constraints considered at the lower level explicitly 
take into account the time window specified for each order whereas, at the aggregated level, constraint 
(30) shapes the monthly demand based on the detailed data inputs available at the level 2. By combining 
the constraint (31) and (32) and by rewriting them in term of the variables and the parameters of the 
detailed level we can obtain (96). When comparing (83) with (96) (that both ensure that the maximum 
order quantity is respected) we can see that the latter is a redundant inequality constraint since the sum of 
h&CA is taken over all the time periods of each month instead of using the particular starting and ending 
dates of the specified order time windows. 

Moreover, it is also necessary to check if the constraint (32), specifically defined for each 
aggregated time period, is dominated by the lower level constraints. For this, we need to recall that the 
goal of the shaping method used is to, based on the details inputs coming from the lower level, determine 
the value of DemSc&t* that is the closest as possible to the sum of hgCil calculated for each month at the 
lower level (DemSCigJ* can be considered as an upper bound to hgcJ*). Thus, the sum ofhga calculated at 
the lower level, according to the time windows, is necessarily smaller or equal to the value of DemSCig.,* 
that would be determined at the higher level (right part of (97), (98), (99)). Given (84) and (85) and since 
the sum of hgct at the lower level is more strict than DemScg,*, equations (97), (98) and (99) hold and 
ensure that the constraints at the aggregated level are never violated for any solutions of the detailed 
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model. Also, the analysis of the constraint (29), at the aggregated level, can be considered as a specific 
case where only one parameter FDemcg, is equal to 1 and all the others are equal to 0. Finally, since the 
demand constraints defined at the higher level are dominated by the ones at the lower level, the feasible 
region at level 2 is included in the feasible region of level 1. 

DemSc ,» < FDemc ,* • Demandsc ^c,g,t (30) 

E DemS„ .,» = Demands' a \fc,g (31) 

hSg^,*<DemScgt«\/c,g,t (32) 

hLgc,* < DemandLcg,» \fc,g,t (29) 

Z lLhg,cj^Demandc,g Vc,g (96) 
o t>o*Q+(\~Q) 

t<o*Q t<o*Q 

Y,hg,c,t = X ^ W ^DemScgi*\/c,g,o 
t>o*Q+(\~Q) :>Toc (97) 

where [(o • Q + (1 - QJ) < Toc < (o • Q)] and [Tfc > {o • Q)] 

t<o*Q t<Tf. 

Hhg.c,t = Yjhg,cj <DemScg/*\fc,g,o 
t>o*Q+0-Q) t>Toc (98) 

where [Toc >{O-Q + ( 1 - Q))] and [Tfc < (o • Q)} 

l<o*Q t<Tfr 

Hhg,c,i = llhg,cj ^ DemScgl*Vc,g,o 
l>o*Q+(\~Q) 1>o*Q+{\-Q) (99) 

where [Toc <(o-Q + (l-Q))] and [Tfc <{O-Q)] 

l<Tj\. 

^hgct<Demandcg \/c,g (83) 
r>Toe 

l<Toe-\ 

]>X, C , ' = 0 Vc># and Toc*1 (84) 

>AA 
2>g,c,,=0 Vc,g and Tfc*\T\ (85) 

(>r/;.+i 

Type B: Continuity Constraints 

For example, in the aggregated formulation, the mass balance on the inventory of logs is 
ensured by (7), for each aggregated period t. The expression (100) can be obtained by rewriting this 
constraint as a function of the variables and the parameters of the detailed level (by summing over time) 
and by considering that no shortages should be allowed in order to have a feasible solution at the 
aggregated level. 
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Billelnite1* +Billee(t*^)^ +X°^,/•,,/* ~'e,t* = Billeet* \/e,t ^ 
h 

t<o*Q t<o*Q 

BiUeInite^Q,{0^x+BmeeJ=Q,{0^x>i+ £ Y.aKfh,t- 2 X / + Billee,t=o*Q V e ' ° (100) 
t>o*Q+(\-Q) f„ t>o*Q+(\-Q) 

Billelnitel + Bille^,^ + ]£ abtjfhJ - ieJ = Billee, W,t ( 6 3 ) 

Since (63) ensures that the mass balances on the inventory are respected for each time step / at the 
detailed level, it is sufficient to ensure that the overall aggregated mass balance is also respected. Thus, 
(100) is also a redundant inequality constraint and the feasible space of the Level 2 model, defined by 
Type B constraints, must be included within the feasible space of the Level 1 model. 

Type C: Assignment Constraints 

In level 1, (24) enforces the minimum number of production days on line 1=1, given the internal 
demand. By using the variable v ; / , at the lower level, we can obtain the corresponding inequality (101). 
In the level 2 formulation, this is taken into account by equation (79) that ensures that the production 
Pprodgi, is greater than 0 (and thus, that vr, t>r is equal to 1) for all time step t where 

Demandelnternegl > 0 . Consequently, if DTBg]o is consistent with DemandlnternalgJ, we can see that 

(101) is always respected if a solution of the detailed model is respecting (79) and thus, that the feasible 
region defined at level 2 is included in the feasible region defined by the level 1. 

ZJVgiJf ~ ulDg,U* VS'1 = V (24) 
d 

YvrVg,u^DTBgjM Vg,l = \,o V" 
t>o*QH\-Q) *) 

Pprodgj, - PprodExternalgj t = Demandlnternal', Vg,/ = 1,7 (79) 

Also, for both levels, if a recipe r is not defined for a particular production line (i.e. Rout^ equal to 0), 

then no production can occur ((17) and (71)). (102) can be obtained by rewriting (17) as a function of the 
variables and parameters at the lower level. By comparison, we can see that (71) dominates (102) since 
this condition is enforced for each time step rather than in an aggregated manner. 

ZZ^w^I*™^^,/ (17) 
d t* r\rg 

t<o*Q 

I Ivr),.g,;;,<2><<K \/g,i (102) 
0 t>o*Q+(\~Q) r\rg 

2X, , , < Router Vr,/ (71) 
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Finally, it is also required to ensure that the constraint (22) at the aggregated level is respected for any 
solution of the detailed model. The inequality (103) can be obtained by expressing (22) as a function of 
the lower level variables and parameters. Given (69) and (70) (where v r l l is forced to be equal to 0 if 
StopLM is equal to 1), we can observe that the aggregated constraint (103) is always respected, for any 
solution of the level 2 model. Again, since this condition is satisfied, the feasible region defined by the 
level 2 constraint is included in the feasible region defined by the Level 1 constraint. 

ATimejj* =Q-TimeLossPlt* V/,/ (21) 

HJlWgJ,dr^ATimeir v / / (22) 
g d 

l<o*Q t<o*Q 

S ZVr|^-2- ZSt°PLU V / ' ° (103) 
g l>o*Q+(\-Q) t>o*Q+(\-Q) 

J^arJJ+StopLu=l V/,/ (69) 

arj,<=vrjj+urjj Vr^'t (7°) 

Analysis of the Objective Function 

The second step consists in analyzing if the level 1 is an upper bound to level 2. In order to do 
that, the objective function of level 1 is expressed as a function of the variables and parameters of the 
detailed level (104). Then, the analysis can be performed directly by comparison of the terms in the 
objective function of the two levels. 
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maxPro/M.1 = 

t<a'Q r<<m , 

S S S S ^-evenlli,ghg,cj + S S "^[Demandlntemalg, • (Re venulntgl + CDIntern 

- S S I HPprodtjsCUtJ - S S ^ C S , z , . „ 
<> J / r>o*y+(l-£>) » ' 

HTAfr t<TAfr 

-SSS S S<Kw«Cflf<-,A-.„-SSS S S^- . / * .^ , /^ 
„ .A- c ;) />rj„„ „ /;, ,• p i ,>r^0/, 

/(WD TAfp<i}'Q AND TAff<o'Q 

t<o*Q 

" I S SCos/Ow/; „/,,,. 
o <• l><i'Q-Hi-Q) 

Q • ClnvBL, 

QCJnvCe-

IlK»yV«^J' 
p ft 

-^\Q-ClnvPg 

YSLCCIPFB ctb.p 
P fi> 

/ • ./'• 

YZCupFC^p 
p fa 

£ [Re venuc • Demandc ) | 

Z BaselnvBille,,,, 
lnvBilleAreaei 

Q 

(104) 

^ BaselnvChip(, 0 + 
InvChipAre a 

e 

]T Demand\. 
•^ j BaseGradeC hipe „ + 

lnvGradeArea c 

e 

-SS C7Z>, S SVs,/,r -S SC7F 

By inspection, it is clear that for any solutions of the detailed model the terms of the aggregated profit 
function are mostly equal to the terms of the detailed formulation. This is the case for the external 
revenues, the unit-level costs, the procurement costs (logs, chips and chipper) and the facility-level costs. 
Nevertheless, three elements require further analysis: internal revenues, inventory costs and transition 
(batch-level) costs. First, it is important to mention that the price for internal demand, RevenuIntgJ, is 
updated on a monthly basis at the lower level. Since this is consistent with the higher level, the second 
term of the objective function (104) is equivalent to the value calculated at the lower level, for all 
feasible solutions considered. Second, the calculations of inventory costs for both levels are equivalent 
except for the terms that evaluate the average inventory level (it is important to note that in (104), 
ClnvBe, CInvQ, and ClnvPg refer to the daily percentage define in the lower level problem). In order to 
respect the condition (94), the average inventory level at the detailed level should always be greater than 
the average inventory at the aggregated level i.e the inventory cost in the aggregated formulation is a 
lower bound to the inventory cost calculated in the detailed model. Given the proposed approach used to 
determine the minimum possible average inventory level, we can ensure that the average inventory levels 
in level 1 are always less than or equal to the average inventory levels in the level 2 ((105), (106) and 
(107)). 
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I 
f lnvBilleArecte 0 ^ 
BaseIm<Billee 0 H — 

o \ Q J 

^[(Bille^+Bille^^^ + BilleInitet)/2] Ve 
(105) 

^ J BaseInvChipeo + 
lnvChipAreae 0 

Q 

Z iSuPPlye,i + Supptyej-i,^ + Supplying )/2\ Ve 
(106) 

]>J BaseGradeChipeo 
InvGradeArea„ 

]T ^InvGrad t + InvGrad ,_, + InvPatelnitgt j /2j Vg 
(107) 

Third, since the transitions and daily production recipes selected are not explicitly represented, it is not 
possible to compute the exact batch-level costs at the aggregated level. Thus, we need at least to ensure 
the cost calculated at the aggregated level is a lower bound to the exact batch-level costs at the lower 
level. In order to do this, the first step consists of the determination of the minimum number of 
transitions possible, z/o, on a given line. In the aggregated model, this can be done with the constraints 
(18) and (20) that correspond to (108) and (109) when expressed as a function of the variables for the 
detailed level. Then, using the calculated value of z/o and the minimum cost for a transition on each 
production line, ACBt, it is possible to provide a lower bound to the transition cost calculated at the 
lower levels (110). 

XgJ,o ^ 

l<oq 

HVr\rg,l,t 
t>oqH\-q) 

Q 
Vg,/,o 

g 

o i 1 I r r',r^r 

(108) 

(109) 

(110) 

Implications of the Aggregation Property 

By a systematic analysis of the key constraints and the objective functions of the aggregated and 
detailed model, we demonstrated that the conditions (93) and (94) are respected. In other words, the level 
1 model is a relaxation of the level 2 model. This particular property of the aggregated formulation has 
the following implications: 
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• The optimal profit of the aggregated formulation will always provide a valid upper bound to the 
optimal profit function of the lower level, for the corresponding problem i.e. zR > z ((92),(91)). 
Therefore, zR can be used to accelerate the resolution of the level 2 model. As mentioned earlier, 
this information, provided by the results of the aggregated capacity model, is systematically 
integrated to the campaign planning & order scheduling model (see Section Integration of Level 
land Level 2). 

• Since the feasible region of the aggregated formulation incorporates the feasible region at the 
lower level, we know that if the aggregated capacity planning problem is infeasible than the 
detailed planning problem is also infeasible. 

• It ensures a certain level of consistency that is particularly important considering the fact that 
two models are integrated. Also, it provides more confidence in the results obtained with the 
multi-scale decision support tools. 

However, it is important to recognize that this aggregation property does not prevent the fact that a 
feasible solution at the aggregated level can correspond to an infeasible solution at the detailed level. In 
that particular case, it is necessary to identify the violated constraints in the lower level, analyze the 
corresponding solution at the aggregated level and determine the appropriate strategy to resolve this 
problem. Finally, it is relevant to note that this demonstration has been done in the particular context of a 
temporal aggregation. In other context, for example the aggregation of products and recipes, a similar 
demonstration may be challenging to accomplish. 

RESULTS AND DISCUSSION 

The goal of this section is to demonstrate the advantages of multi-scale supply chain planning 
by implementing the proposed framework for a test case of a real-world application in the pulp and paper 
industry. Four main aspects of this approach, previously discussed in Part A and Part B, are specifically 
addressed in the following sub-sections: 

1. Characterization of the higher and lower level formulations with respect to the optimality, feasibility 
and computational effectiveness 

2. Benefits of an optimization-based planning approach that supports flexible capacity management in 
the pulp and paper industry 

3. Importance of an integrated multi-scale approach that supports decision making at the tactical and 
operational levels and allows the lower level model to account for future supply and demand trends 

4. Need for an on-line approach that systematically accounts for the dynamic nature of the decision 
environment and provides reliable planning and scheduling decision support. 

All the results presented here have been generated by implementing the planning models in the 
GAMS 21 modeling system. The test case was based on real fibre supply and demand data sets and on a 
supply chain characterization that was done in collaboration with an industrial partner. This involved the 
specification of all the parameters used in both formulations e.g. chip supplier capacities (for maple, 
birch and mixed hardwood), production capacity of all pulping lines, customer orders, etc. Throughout 
this section, the test case (i.e. base case) was used as the basis for each analysis performed. Also, a total 
of 8 cases, that are modifications of the original test case, were defined to further investigate various 
supply chain perspectives. These cases will be described in greater detail in each of the following 
subsections. 
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Analysis of the Level 1 and Level 2 models 

Before discussing the application of the supply chain planning framework, it is necessary to 
characterize the formulations used at each hierarchical level. More specifically, in this section, the 
computational effectiveness of both models is compared and a practical illustration of the aggregation 
properties is provided. In both cases, the test case was used for the analysis. 

The first part of the analysis that aims at characterizing the computational requirements of the 
models, was accomplished by implementing the higher- and lower-level models in GAMS independently 
(i.e. without any integration of information between the models). For the purpose of the comparison, the 
time horizon of the aggregated capacity planning model was reduced to fit with the 3-month time horizon 
of the campaign planning and order scheduling problem. Additionally, consistency of the endogenous 
(e.g. storage and equipment capacity, planned shutdowns) and exogenous (e.g. supply and demand 
orders) conditions considered at each level were ensured. Table 2 summarizes the key information for the 
comparison of the models. The aggregated capacity problem is less complex compared to the 
corresponding detailed formulation. The number of binary variables is reduced by approximately 62 %, 
continuous variables by 85% and equations by 73%. The optimization results were obtained by solving 
the models on an Intel 2.52 GHz computer, using the MIP CPLEX 9.0 optimizer 28. The aggregated 
capacity planning formulation is significantly more computationally effective. For the Level 1 model, a 
profit with a relative optimality gap of 0.0036% was reached in 15 CPU seconds whereas in the case of 
the detailed formulation, a 1000 CPU seconds was necessary to find a best feasible solution with a 
relative optimality gap of 1.008%. Even though the variable Wgjj, introduces a significant number of 
binary variables in the higher level formulation, the computational time required is still reasonable (i.e. 
limited additional complexity) since asymmetric assignments are not allowed (see constraint (16)) and 
because no sequencing decisions, such as in the lower level problem, are considered. Finally, the optimal 
profit obtained for the Level 1 model is greater than the profit obtained for the Level 2 which was 
expected given the aggregation properties mentioned earlier. 

Table 2: Comparison of computational efficiency of the higher and lower level formulations 

Problems v ^ c s
 Cv"ri"bTcsS E 1 u a t i o n s N o d c s l t c r a t i o n s

 (S>Us) ° P t i m f ! y P r ° f l t ( $ ) 

Relative 
Optimality 
Gap (%) 

Level J 
Aggregated { 6 4 4 3QQ5 44Q(j 2 | g Q 25?>15 15.4 0.0036 6 290 752 

Capacity 
Planning 
Level 2 

Campaign 
Planning & 4 320 20 251 16 345 3 562 358 252 1000 1.008 6 183 861 

Order 
Scheduling 

The previous section highlighted the importance of analyzing the aggregation properties when 
two formulations of the "same problem" are used to support different decision levels. The aim of the next 
analysis is to confirm the conclusions that were obtained by the investigation of the models and, more 
importantly, to illustrate them in the context of a practical test case. Therefore, it is necessary to recall 
that, in order to ensure that the aggregated capacity planning model is a relaxation of the campaign 
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planning and order scheduling model, the two important conditions, (93) and (94), need to be verified. In 
order to respect the first conditions, it is necessary to check that the results obtained by the lower-level 
problem are not influenced by the addition of the constraints defined in the high-level formulation (i.e. 
that the feasible region is not reduced due to the addition of the Level 1 constraints). For this, the Level 1 
equations were represented as a function of the parameters and variables defined in the lower level model 
and introduced in the Level 2 GAMS model (see Figure 4). The second condition can be verified by 
calculating the profit at the aggregated level based on the optimal variables obtained by solving the 
campaign planning and order scheduling model. For this type of analysis, the two planning models are 
obviously not integrated together and the integration strategy presented earlier (equations (86)-(90)) are 
replaced by constraints that specify the final inventory levels for chips, log and pulp. 

Figure 4: Solution strategy for the aggregation analysis 

The implementation of the models in order to validate the aggregation properties was done 
according to the solution strategy presented in Figure 4. The analysis was performed for various cases of 
order fulfillment, which was a useful approach to visualize and identify potential problems in terms of 
aggregation properties. Within the loop described in Figure 4, the order fulfillment was varied from 9% 
(Run 1) to 99% (Run 10). The first step of the algorithm consists of running the Level 2 model for the 
test case in order to generate the benchmark i.e. the unaltered results of the detailed model (Model LI). In 
the second step, the Level 1 constraints are added to the detailed formulation and the resulting 
augmented Level 2 model (Model L2+) is solved for the test case. Given that the minimum average 
inventory calculation is specific to the aggregate capacity planning model (and since it requires an 
inventory cost in the objective function), two additional steps are required in order to calculate the 
inventory holding cost and thus the profit at the aggregated level. Step 3 ensures that the value of the 
optimal variables obtained by solving the Model L2+ are used to calculate the Level 1 profit in Step 4. 
Finally, in Step 4, the profit at the aggregated level is determined by solving Model LI where the only 
variables considered are those that relate to the minimum inventory calculation. 
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a) Verification of the feasibility-related 
condition: X u cX L , 

b) Verification of the optimality-related 
condition: ProfitL,(x)> Profrt^x) VXEXL1 

2.0% 
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1.0% 
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BProf it Model L2+ 

Order Fulfillment (OF) 

29% 39% 49% 59% 69% 

Order Fulfillment (OF) 

Figure 5: Practical validation of the aggregation properties (relative optimality gap equal to 2.5%) 

The results of the analysis show that the aggregate capacity planning problem is indeed a 
relaxation of the campaign planning & order scheduling problem (Figure 5). Figure 5a compares the 
results obtained for the Model L2 and Model L2+. The error refers to the relative deviation of the profit 
calculated by the Model L2+ compared to the profit obtained with the standard campaign planning and 
order scheduling model. Given the relative optimality gap of 2.5%, we can conclude that the higher level 
constraints do not affect the lower level model solutions and thus, that the feasible region defined by the 
aggregated model is greater than or equal to the feasible region of the detailed planning model. Figure 5b 
presents the comparison between the profit determined at the higher {Model LI) and lower {Model L2+) 
levels. The results have been normalized using the highest profit obtained for Model L2+ (Run 9). It is 
shown that the profit corresponding to the aggregated formulation is an upper bound to the profit 
calculated by the detailed planning formulation for all order fulfillment rates. The results of this analysis, 
obtained by using the test case and by implementing the solution strategy in GAMS, are consistent with 
the conclusions that were made based on a more theoretical investigation. In addition, this practical 
approach of examining the aggregation property was very useful to highlight potential issues regarding 
the optimality and/or the feasibility of the proposed hierarchical models. 

Benefits of supply chain planning 

As discussed in Part A, there is a need in the pulp and paper industry to better integrate the 
business units along the supply chain. This would not only help breaking the silos but also help 
maximizing the supply chain profitability instead of maximizing the profitability of each business unit 
locally, often at the expense of the others. Optimization-based supply chain planning can provide support 
to evaluate the trade-offs and to manage the supply chain complexity. This is illustrated in this section by 
considering two perspectives of the aforementioned test case. The first emphasizes the demand and 
production cycles and the second the procurement and production cycles of a BCTMP pulp mill. In both 
cases, only the Level 2 model was used to demonstrate the benefits of supply chain planning. Moreover, 
the models have been run for different levels of order fulfillment. This was done by implementing an 
additional order fulfillment constraint, such as presented in Figure 4 of the previous sub-section. 

The first perspective shows how an optimization-based approach can help to systematically 
identify the trade-offs between the demand and production cycles and to find the optimal alignment of 
manufacturing capacity and market demand. For this, three cases have been defined that are all variations 
of the initial test case (i.e. base case). They are described in Table 3. The first and second cases were use 
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to assess the impact on capacity planning and supply chain profitability of more and less favorable 
market pulp demand scenarios. The third case, that combines a weak demand and a shortage of wood 
fibres, was elaborated to illustrate the impact of an even more constrained supply chain environment. In 
all cases, these scenarios were simply implemented by modifying the test case values of the pulp prices 
and the fibre costs (for maple only). 

Table 3: Variations of test case considered for the analysis of demand/production cycles 

Variations of 
test case 

Description Implementation 

Case # 1 Emulate a stronger pulp demand, for all grades, than 10 % increase to the test case values of 

the test case. Revenue-

Case #2 Emulate a weaker pulp demand, for all grades, than 10 % decrease to the test case values of 
the test case. Revemi,,s. 

Case #3 Emulate a weaker pulp demand (Case #2) combined • 10 % decrease to the test case values of 
with a shortage of maple fibre in the beginning of RevenuCJ, 
the time horizon (sec the second analysis below). * 50% increase to the test case values of 

Cacmaitk,jCJ, & Cab^pujh,,, for the first six 
supply period (weeks). 

The results obtained are presented in Figure 6 where each curve represents the evolution of the 
supply chain profitability (normalized using the maximum profit obtained for the base case) as a function 
of the specified order fulfillment rates for each case considered. The optimal profit, corresponding to the 
best capacity management strategy in each situation, is identified by an "X". For the more optimistic 
demand scenario {Case #7), the slope of the curve is always positive and thus, maximum capacity 
utilization corresponds to maximum supply chain profitability. On the other hand, in the case of weak 
pulp demand, the maximum supply chain profit does not occur at maximum capacity utilization. For 
Case #2 & #3, the slopes of the curves are negative for order fulfillment values greater than 80% i.e. the 
supply chain profit is decreasing if the pulp mill is forced to produce in order to satisfy this portion of the 
demand. This situation, which is in contrast with the typical planner's intuition, clearly requires a change 
in respect to the traditional capacity management strategy. Given the pulp market variability, it is 
essential for the competitiveness of the market pulp producers to have the tools necessary to assess, at 
any given time, the true profitability of their SC operations. 
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Figure 6: Effect of business environment on optimal supply chain planning 

The second perspective illustrated considers more specifically the supply and production cycles 
of the pulp mill. Here, the aim is to show the benefits of a holistic approach compared to the independent 
planning of the pulp mill (i.e. without systematically taking into account the supply perspective). For 
this, the results of the campaign planning and order scheduling model were compared to the results of the 
same model. However, the integer variables a(r,I,t), which refer to the selection of the grade recipe to 
produced, were all fixed before the optimization according to an industrial heuristic. This heuristic is 
based on a predetermined production plan that consists of producing alternatively 5 weeks of maple 
grades and 1.5 weeks of birch grades on the second pulp line (the first must be accommodate the demand 
of the internal customer). This provides a good equilibrium in terms of supply and demand and it 
minimizes the number of transitions between pulp grades of different wood species (for more details, see 
Part A). Finally, it is important to note that even if the integer (recipe) variables are fixed to represent the 
heuristic, all other continuous variables are still optimized. 

To demonstrate the advantage of optimizing the supply chain, three new supply-related cases 
were defined for the analysis. Again, each case is a variation of the initial test case considered and they 
were elaborated specifically to analyze the important issue of aligning the fibre procurement and pulp 
production strategies. As mentioned in Part A, this is a particularly relevant issue in the Eastern-
Canadian context where fibre supply costs are a key element of overall profitability. Table 4 describes 
Cases #4, #5 and #6. The first consists of simulating a shortage of maple fibre at the beginning of the 
time horizon, when the production of maple grades is required by the heuristic. The second case 
combines the condition defined for the first case and additionally considers a reduction of the maximum 
inventory level. This emphasizes the need for supply-capacity-demand coordination when the inventory 
levels (or working capital) are reduced. Lastly, the third case incorporates the situations described in the 
two previous cases and additionally increases the "pressure" on fibre procurement by decreasing the 
initial inventories. This reduces the possibility of postponing the supply of maple to later time periods 
and emphasizes the trade-offs at the beginning of the time horizon. 
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Table 4: Variations of test case considered for the analysis of procurement/production cycles 

Variations of 
test case 

Case #4 

Case #5 

Case #6 

Description Implementation 

Emulate a shortage of maple fibres in the 
beginning of the time horizon. 

Emulate a leaner supply chain with lower 
maximum inventory levels (implying less 
working capital) - combined with the 
situation described in Case #1. 

Emulate a even more constrained supply 
chain situation with low inventory levels at 
the beginning of the time horizon - combined 
with the situations described in Case #1 & #2. 

50% increase to the test case values of Cac, maj>k;ft,l} & 
Cabmill,k,jhjl for the first six supply periods (weeks). 

• 50% increase to the test case values of Cac„m,kjrf 

& Cabmill,iL.jh,,, for the first six supply periods 
(weeks). 

• 25% decrease of the test cases value of 
MaxPuIplnv, MaxLoglnv,., MaxChipJnve. 

• 50% increase to the test case values of Cac,m,iejc.,, 
& Cabnaphji,.,, for the first six supply periods 
(weeks). 

• 25% decrease of the test case values of 
MaxPuIplnv, MaxLoglnv,., MaxChiplm\,. 

• 25% decrease of the test case values of 
Supptylmtc,„ BiUeIniteJ. 

• 15% decrease of the test case values of 
InvPatelnitf,,,*. 

* For a reduction greater than 15%, there is no feasible solution for OF = 99%, in the case of the heuristic. 

Figure 7 presents the results obtained for the base case as well as the three supply cases 
considered. In the figure, profit improvement refers to the profit increase realized by the optimization-
based planning compared to when the industrial heuristic was applied. The profit improvement is 
represented as a percentage of the profit realized with the heuristic. Also, only the results obtained for 
order fulfillment greater or equal to 49% are presented. This is because, given the constrained 
environment defined by the scenarios considered, infeasible solutions were often obtained for lower 
order fulfillment values (especially in the case of the heuristic). Also, the results for low order fulfillment 
are less relevant to consider in terms of analyzing the results of the supply scenarios. 

39% 79% 

Order Fulflllmein (OF) 

Figure 7: Improvement realized by optimization-based planning compare to industrial heuristics 
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For the base case, the difference between the heuristic and the optimization is not significant 
(Figure 7). This suggests that the industrial heuristic is a good planning approach in the case of "normal" 
supply chain conditions i.e. relatively favorable and balanced demand and supply conditions. It is 
necessary to recall that, for the model that incorporates the industrial heuristic, the continuous variables 
are optimized. This might to some extent explain why the heuristics provides profits similar to the fully 
optimized Level 2 model. Moreover, the more constrained are the supply chain scenarios, the greater is 
the profit improvement obtained by using the fully optimized planning model as can be concluded by 
inspecting the results for Cases #4, #5 and #6 for a given order fulfillment value (the only exception 
being for OF = 49%). For the same reason, profit improvement increases with the specified order 
fulfillment (i.e. the greater is the order fulfillment, the more constrained is the supply chain). 

Figure 8: Optimization-based planning allows to find the optimal production campaign for a given 
supply chain context (for the Case #6 and OF = 99%, as presented in Table 4) 

Although they may provide a good framework for planning in a "normal" business 
environment, industrial heuristics may not perform well in more difficult situations. In this case, 
optimization-based planning, considering the supply chain as a whole, allows to systematically address 
the trade-offs along the supply chain in order to adapt to various situations and to maximize the supply 
chain profitability. For example, Figure 8 shows, for Case #6 and OF = 99%, how the optimized 
production plan of the second pulp line was adapted to account for fibre supply issues. The birch grades 
(Grade 3 & 4) are produced sooner in the case of the optimized plan in order to decrease the pressure on 
the procurement of maple fibre at the beginning of the time horizon. 

Benefits of the multi-scale approach 

A critical element of the proposed planning framework is the capability to support decision 
making for different supply chain levels. This not only allows incorporating the expertise and 
information available at each level but, more importantly, to provide the visibility and ensure the 
consistency of the supply chain decisions. The results presented in this subsection demonstrate the need 
and the advantages of a multi-scale approach. 

As presented in Table 5, two cases (#7 & #8) have been defined for this purpose. It is important 
to notice that, in both cases, the test case has been used to define the Level 2 model. Thus, Cases #7 8c #8 
are only characterized by different data inputs in the Level 1 model. The first case (#7) emulates a strong 
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forecasted pulp demand at the higher level. This was implemented by increasing the total pulp demand of 
birch grades (for months 4& 5) and maple grades (for months 6 & 7). The second case (#8) incorporates 
the situation defined in Case #7 and, in addition, emulates a shortage of fibre for the corresponding 
months (i.e. months 4 to 7) that might, for example, correspond to a shortage of fibre during the spring 
season. It was implemented by gradually reducing the forecasted supply capacity in the Level 1 model. 

In order to verify the value of the multi-scale model, it was necessary to compare the results 
obtained by integrated and non-integrated planning approaches. The former were generated by 
implementing the proposed planning approach and integration strategy (see Figure 2), in an offline 
fashion. The latter were obtained by considering that the lower-level decisions are made independently 
i.e. without taking into account the longer-term perspective. Contrary to the integrated approach, this was 
implemented by first optimizing the Level 2 model (for the test case) and then by running the Level 1 
model where the inventory levels and production quantities of the first three months were dictated by the 
results obtained at the lower level (Level 2). 

Table 5: Variations of test case considered for the analysis of the multi-scale approach 

Variations of 
test case 

Description Implementation 

Case #7 Emulate a stronger forecasted pulp • Level 2: all parameters arc kept constant (i.e. it is the test 
demand, for the longer-term. case data). 

• Level 1 — demand situation: 
o Birch pulp grade - 14% total increase of demand for 

months M4 & M5 compare to the Level 2 total demand. 
o Maple pulp grade - 28% total increase of demand for 

months M6 & M7 compare to the Level 2 total demand. 

Case #8 Emulate a shortage of wood fibre • Level 2: all parameters arc kept constant (i.e. it is the test 
for the longer-term (e.g. fibre case data). 
shortage during Spring) - combined + Level 1 - demand situation: the demand situation defined 
with the situation defined for Case for Case #7 is implemented. 
#7. • Level 1 - supply situation: 

o Forecasted supply capacity (for log & chip) is reduced 
for months 4, 5, 6 & 7 by respectively 30%, 45%, 30% 
&15%. 

The optimal profits obtained at the higher and lower levels are presented in Table 6. First, since 
the Level 2 corresponds to the test case, the profit for the non-integrated approach is the same for both 
cases considered and corresponds to the result presented earlier in Table 2. Moreover, in both cases, the 
optimal profit obtained at the higher level is greater for the integrated multi-scale approach. This is due 
to the fact that the model can adapt the decision variables in the first three months in order to provide 
more flexibility for the long-term opportunities, based on the longer term supply chain context. Even if it 
reduces the short-term profitability (compared to the non-integrated case), we can see that this strategy 
allows maximizing the overall profitability. 
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Table 6: Comparison of profit obtained with and without the multi-scale approach 

Variations of test case 

Case #7 

Case #8 

With Integration 

Without Integration 

With Integration 

Without Integration 

Profit Level J - High Level 

($1 
30 187 147 

29 834 465 

28 145 629 

27 838 890 

Profit Level 2 - Low Level 

m 
3 095 322 

6 183 861 

2 123 449 

6 183 861 

SGradel »Grade2 a Grade 3 »Grade4 

1 2 3 4 5 6 7 8 9 

Time Horizon (months) 

a) Pulp inventory profile determine by the higher level model 

«Grade1 «<Grade2 «Grade 3 oGrade4 

10 11 12 

Without 
Integration 

With 
Integration 

in 

16 

•H 
21 26 31 36 41 46 51 56 

Time Horizon (days) 

b) Impact of the multi-scale approach on lower level campaign planning 

Figure 9: Application of the multi-scale approach for the demand-related Case #7. 

Figure 9 shows a good example for the demand-related Case #7, where the lower level 
campaign plan is adapted in order to account for the longer-term opportunities identified by the Level 1 
model. Figure 9a presents the yearly pulp inventory profile, normalized with the total initial inventory 
(specified at time 0). It indicates the optimal pulp inventory required in order to realize the most benefits 
from the strong pulp demand of periods 4, 5, 6 & 7. In this particular case, the pulp inventory levels of 
the third time period (M=3) are one of the most important indications provided by the higher-level to the 
lower-level model. By inspecting Figure 9b, we can clearly observe the impact of integrating such 
information when planning for the production campaigns. In fact, without considering the optimistic 
future demand forecasts, the production plan obtained at the lower level suggests that there is a surplus of 
available production capacity. This is obviously not the case considering the future demand, and the pulp 
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mill should operate at maximum capacity utilization in order to meet the required inventory targets as 
suggested by the second campaign plan. For the integrated multi-scale approach, significantly more birch 
grades (grades 3 & 4) are produced. This is required in order to accommodate the strong demand for 
birch products, early in months 4 & 5. 

Another example of the influence of the higher level on short-term planning for the supply-
related Case #8 is provided in Figure 10. Figures 10a and 10b present the inventory profile for wood logs 
and wood chips for the integrated and non-integrated planning approaches, respectively. Again, the 
inventory levels have been normalized using the total initial inventory (same for integrated and non-
integrated approaches). We can clearly observe the impact of the longer-term procurement context on the 
inventory level calculated by the Level 2 model. Given the expected shortage of fibres for the upcoming 
months 4 to 7, the higher-level model provides relatively large chip and log inventory targets compared 
to the final inventory values specified in the case of the non-integrated planning approach. Therefore, the 
resulting inventory build-up is the best strategy to ensure that enough fibre will be available at the lower 
level at a reasonable cost for future months (when the demand is very strong). 

Finally, the results demonstrate the advantages of the multi-scale approach. In addition to 
providing tailored support to the decision maker at each level, this planning approach ensures that the 
appropriate interactions are made in order to ensure that the lower level model takes into account the 
longer-term issues when making shorter-term decisions. 

Figure 10: Impact of the longer-term procurement context on the inventory build-up at the lower level. 
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Benefits of the integrated on-line approach 

This last part presents results that illustrate how the multi-scale model can be used online in 
order to better support the dynamic decision processes and to account for the fact that not all relevant 
information may be available when planning decisions need to be made. The online application of the 
multi-scale planning framework for one month, is schematically represented in Figure 11. As mentioned 
in Part A, the first step consists of optimizing the aggregated capacity planning model (Level 1) based on 
most up-to-date information for month Ml to M3, and on the forecasts available for the remaining 
months. Then, the second step consists of running the campaign planning and order scheduling model 
(Level 2) for weeks 1 to 12 based on the information available (e.g. demand orders) at this point in time. 
Then, for each week of the month, new information must be incorporated and the Level 2 model is re-
optimized (Step 3, 4 & 5). Finally, to ensure the consistency between the two models, the time horizon 
considered at the lower level shrinks from 12 to 9 weeks (i.e. WK12 always remains the final week of 
the time horizon considered). 

LEVEL 1 
AGGREGATE 

CAPACITY PLANNING 

MODEL 

At = 1 month 

-Time horizon - 12 months-

m M2 M3 M4 M5 M6 M7 MB M9 M10 M11 M12 ivHS 
Final "j 

Inventory, j 
M=3 t'>: 

.:.] 
'•/:j 

'::,.-. > 
-'•..'."Y-! 

LEVEL 2 
CAMPAIGN PLANNING & 

ORDER SCHEDULING 

MODEL 

At = 1 day 

Figure 11: On-line application of the multi-scale framework for a given month. 

In order to generate the results, this particular procedure was applied to the Case #7 presented in 
the previous sub-section, where the multi-scale model was used in an "off-line" fashion. For Step 2, 3, 4 
& 5 of the Level 2 model, varying customer orders were considered in order to emulate the uncertainty 
and lack of demand information. The order lists that were considered for each week are given in Table 7. 
New customer orders are represented in italic and changing information are marked with an " * ". The 
customer orders of week 4 correspond exactly to the input instance of the test case considered until now. 
Finally, it is important to mention that after each step the decisions variables of the corresponding days 
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are frozen for the following steps (this allows to take into account that the production that is done cannot 
be changed anymore). 

Table 7: Demand information gradually available over time 

Customer 
Order 

CI 

C2 

C3 

C4 

C5 

C6 

C7 

C8 

C9 

CIO 

Cll 

C12 

C13 
C14 

C15 

C16 

C17 

C18 

C19 

C20 

C21 

C22 

C23 

C24 

C25 

Pulp 
Grade 

Grade 1 

Grade 1 

Grade 1 

Grade 1 

Grade 1 

Grade 1 

Grade 1 

Grade 1 

Grade 2 

Grade 2 
Grade 2 

Grade 2 

Grade 3 

Grade 3 

Grade 3 

Grade 3 

Grade 4 

Grade 4 

Grade 4 

Grade 4 

Grade 4 

Grade 4 

Grade 4 

Grade 4 

Grade 4 

/ 
-

5000 

8000 

5311 

-
6198 

-
178 

-
1500 

6852 

-
648 

-
1520 

679 

470 

150 

-
200 

682 

-
-

252 

44 

Weeks 

2 

-
5000 

11281* 

5311 

8354 

6198 

-
178 

-
2968* 
6852 

375 

648 

-
1520 

679 

470 

150 

700 

510* 

682 

-
-

252 

44 

3 

-
6701* 

11281 

5311 

8354 

6198 

6336 

178 

-
2968 
6852 

375 

648 

2018 

1520 

679 

470 

150 

700 

510 

682 

590 

-
252 

44 

4 

303 

6701 

11281 

5311 

8354 

6198 

6338 

178 

5239 

2968 

6852 

375 

648 

2018 

1520 

679 

470 

305* 

700 

510 

682 

590 

728 

252 

44 

The results obtained by the on-line application of the planning framework are presented in 
Figure 12. The production campaigns are more defined as new demand information becomes available. 
After the first week, not enough customer orders are known and production campaigns are difficult to 
determine with confidence throughout the entire time horizon. After the last week, given that customer 
orders are well known, the production plan becomes more precise. One of the particularities of the on
line approach is that, given the receding time horizon, only the first week of a production plan is 
implemented. Thus, the campaign plan obtained for the rest of the horizon will never be implemented. 
This gives enough flexibility to accommodate for uncertainties in future orders or events. Moreover, by 
comparing the results obtained for the last week (Figure 12) to the results of Case #7 in the previous sub
section (Figure 9), it becomes clear that if not enough preliminary information is provided at the 
beginning of the time horizon, there is a greater risk that the decisions suggested by the online planning 
are not consistent with the planning that would be "theoretically" obtained by an off-line approach based 
on a perfect knowledge of customers orders. Even though it is sub-optimal compared to the off-line 
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approach, the on-line approach is nevertheless an interesting way to not only be consistent with the 
dynamic nature of decision processes, but also to deal with uncertainties and new information as they 
become available and to improve the planning (at higher and lower levels) over time. 

• Grade 1 «Grade2 BGrade3 BGrade4 

- -MBTW'» » i l i i t t i l iM 1 • { ) — I I 

week3|Hp mmm ., .., 'mm 

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 

Time Horizon (days) 

Figure 12: Evolution of the campaign plan as new demand information becomes gradually available. 

CONCLUSIONS 

In the pulp and paper industry, supply chain management is increasingly recognized as a key 
driver to ensure operational excellence and competitiveness in regional and global marketplaces. 
Decision support tools, for enterprise-wide optimization, can help to manage the complexity of the 
supply chain by systematically addressing the trade-offs across the various business units and decision 
levels. In this context, planning and scheduling is an important class of supply chain problems that 
provides a holistic view of these trade-offs and, more importantly, helps to determine the best way of 
using the available resources to maximize supply chain performance. This two-part paper presented the 
development of a multi-scale on-line supply chain planning framework and its application to the case of 
the fibre supply chain of a high-yield pulp mill. The first part {Part A) described the pulp and paper 
supply chain as well as the planning and scheduling decision processes and introduced the proposed 
supply chain planning framework. In this second part {Part B), the aim was to present the mathematical 
formulation of the models and to show the benefits of the approach by providing results of the 
application of the framework to a test case. 

The proposed planning framework incorporates a higher-level decision making supply chain 
model suitable for tactical planning to find the optimal balance of fibre supply and demand throughout 
the year, and a lower level decision making model for operational planning that maximizes short-term 
profitability given the supply chain capability and supply and demand orders. At the lower level, the 
campaign planning and order scheduling problem include a detailed daily representation of the 
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manufacturing capability of the mill where the resulting modeling complexity is compensated by the 
reduction of the time horizon considered. At the higher level, the aggregated capacity planning problem 
is essentially an aggregation of the lower level problem that considers a simpler representation of the 
managed system and a longer time horizon. The models were run with a receding time horizon where 
each time the state of the managed system was updated and new information was incorporated. The 
higher-level model provides indications that allow the lower-level model to indirectly account for future 
supply and demand trends, without having to extend the time horizon of the more detailed lower-level 
model. Lastly, both models are formulated as mixed-integer linear programming problems with a 
discrete time representation. 

The results provided by the implementation of the formulations for a test case elaborated based 
on a real-world pulp and paper application, demonstrated the benefits related to the four main 
characteristics of the planning framework. First, it was shown that optimization-based planning allows to 
better manage the trade-offs across the supply chain cycles of the pulp mill (i.e. procurement, production 
and demand cycles) and thus, to support flexible capacity management strategies. Second, the results 
also showed the importance of the multi-scale approach to identify the trade-offs across supply chain 
decision levels. This ensures that the long-term supply and demand trends are taken into consideration 
when planning at the lower level. Third, it was shown that the online implementation of the planning 
framework can accommodate the dynamic nature of the decision processes involved and thus improve 
the plan/schedule as new orders or information becomes available to the decision maker. Finally, the 
importance of doing a systematic investigation of the aggregation properties for planning frameworks 
such as the one presented (where two formulations of the same problem are used) was highlighted. The 
results of the theoretical and practical analysis demonstrated that the higher level model is a relaxation of 
the lower level model. 
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NOTATION 

LEVEL 1- AGGREGATED CAPACITY PLANNING 

Sets and Indexes 

T Set of time periods, index ts f 

D Set of days of production available within a month, index d eD 
E Set of wood species, index e eE 
Fc Set of chip suppliers, index/ eFc 

Fb Set of log suppliers, index//, sFh 

L Set of pulp production lines at the mill, index I BL 
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R 

G 
RG,g 

C 
A 

B 

Set of production recipes, index rsR 
Alias (r,r'j 
Set of pulp grades produced at the mill, index geG 
Set of exclusive associations between production recipes and pulp grades that can be 
produced, index rgeRG 
Set of customers, index c eC 
Set of extremes points for the linear interpolation (minimum average inventory level) within 
an aggregated period, index a sA 
(|A| = 1+ |B|) 
Set of segments for the linear interpolation within an aggregated period, index b sB 
(|B| = number of days included in an aggregated period t*) 

Parameters 

Q 

Fibre Procurement 
Cchipper 
NChippere 

LBMax 
LCMax 
CapFCejc* 

CapFBei(bjl* 
Supplylnitel* 
BilleIniteJ* 
lnvBilleFinale 

lnvChipFinale 

MaxLoglnve 

MaxChipInve 

Pulp Production 
Rint,. c. 

Rout^f 
Nprodri 
TimeTransA/ 
TimeLossPiit* 
FConv 
TemPrerj 

Number of day within an aggregated period 

and Handling 
Maximum monthly chipping capacity on-site 
Yield of the chipping process, for each wood specie e 
Maximum monthly log delivery capacity at the mill 
Maximum monthly chip delivery capacity at the mill 
Forecasted supply capacity of chip supplier^, for wood specie e, during period 
* 

/ 
Forecasted supply capacity of log supplier fb, for wood specie e, during period t 
Initial inventory of chips e in the piles (= 0 V t*>l) 
Initial inventory of logs e on-site (= 0 V t >1) 
Final inventory of logs e in the piles 
Final inventory of chips e in the piles 
Maximum inventory of logs e on-site 
Maximum inventory of chips e on-site 

Consumption (input proportion in %) of chips e if recipe r is selected on line / 

Maximum pulp production rate (in ADMTVday) if recipe r is selected on line / 
Production yield (in %) if recipe r is selected on line / 
Minimum transition time on line / 
Planned shutdowns on line / for period /* 
Conversion factor from ADMT to BDMT 
Length of the production campaign of recipe r' that is being produced on line / 
before the time horizon 

ADMT stands for "Air Dry Metric Tons", a unit that is widely used in pulp and paper; it corresponds to pulp that contains 90 
%(m/m) of fibre and 10 %(m/m) of moisture. Similarly, BDMT stands for "Bone Dry Metric Tons" and corresponds to 
100%(m/m) of fibre. 
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RecPrerj 

Lmiitrj 

Recipe r' that is being produced on line / before the time horizon; equal to 1 if 
the recipe r' is produced, 0 otherwise 
Minimum campaign length for recipe r on production line / 

Pulp Inventory and Demand 

c.g.t* DemandL, 
DemandScg 
FDemcgt* 
DTB,,gJ. 

Demandlnternalg, * 
InvPatelnitg,* 
InvPulpFinalg 
MaxPulpInv 

Revenue and Cost 
RevenuLcgt* 

RevenuScg 

Revenulntg,* 

CaceJa» 
Cabejb.1* 
CostChipe 

CU& 
CDlnternals 

ACB, 
CTD, 
CTF 
CInvBe 

CInvCe 

CInvPg 

Forecasted external demand of pulp g from customer c during t (=0 V t < 3) 
Shaped external demand of pulp g from customer c (corresponds to months 1-3) 
Shaping factor used for the demand of pulp g from customer c during / 
Number of days during t for which the demand of pulp g from line / is expected 
to be greater than 0 
Forecasted internal demand of pulp g at time t 
Initial inventory for pulp g on-site (= 0 V t >1) 
Final inventory of pulp g 
Total maximum inventory of pulp on-site 

Forecasted net sales revenue for pulp g and customer c during period t (=0 V 
t*<4) 
Net sales revenue (corresponding to shaped demand - months 1-3) for pulp g and 
customer c 
Forecasted net sales revenue for pulp g and the internal customer during period 
t 
Forecasted fibre supply cost of chips e from supplier fc during period t* 
Forecasted fibre supply cost of logs e from supplier fb during period t* 
Chipping cost for logs e 
Unit-level manufacturing costs of producing pulp g on line / 
Avoided manufacturing costs for pulp g in the case of the internal customer 
Minimum batch-level costs (per transition) on line / 
Forecasted daily (avoidable) costs for each production line / 
Forecasted monthly fixed (unavoidable) costs at the mill 
Inventory holding cost for logs e (monthly percentage) 
Inventory holding cost for chips e (monthly percentage) 
Inventory holding cost for pulp g (monthly percentage) 

LEVEL 2- CAMPAIGN PLANNING AND ORDER SCHEDULING 

Sets and Indexes 

T Set of time periods, index te T 
Alias (t, T) 

O Set of aggregated periods corresponding to the time horizon at the lower level, o eO 
P Set of supply periods, index p eP 
E Set of wood species, index e eE 
Fc Set of chip suppliers, index/, e Fc 

Fh Set of log suppliers, index fb£Fb 

L Set of pulp production lines at the mill, index I eL 
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R 

G 
RGng 

C 

Set of production recipes, index re R 
Alias (r,r') 
Set of pulp grades produced at the mill, index g e G 
Set of exclusive associations between production recipes and pulp grades that can be 
produced, index rgsRG 
Set of customer orders, index c e C 

Parameters 

Q 

Fibre Procurement 
Cchipper 
NChippere 

LBMax 
LCMax 
CapFCejc,p 

CapFBetfb>1> 

TAop 

TAfp 

Supplying, 
Billelnitet 

MaxLogInve 

MaxChipInve 

Pulp Production 
Rinlre 

Rout?;* 

Rout™" 

Nprodrj 
0u> 
Lminri 
StopLi, 

StopSit 

TemPrerj 

RecPrerj 

FConv 

Number of days within an aggregated period 

and Handling 
Maximum daily chipping capacity on-site 
Yield of the chipping process, for each wood specie e 
Maximum daily log delivery capacity at the mill 
Maximum daily chip delivery capacity at the mill 
Supply capacity of chip supplier fc, for wood specie e, during supply period/? 
Supply capacity of log supplier fb, for wood specie e, during supply period/? 
Starting time of supply period/? 
Ending time of supply period p 
Initial inventory of chips e in the piles (= 0 V t> 1) 
Initial inventory of logs e on-site (= 0 V t> 1) 
Maximum inventory of logs e on-site 
Maximum inventory of chips e on-site 

Consumption (input proportion in %) of chips e if recipe r is selected on line / 

Maximum daily pulp production rate (in ADMT) if recipe r is selected on line / 

Minimum daily pulp production rate (in ADMT) if recipe r is selected on line / 

Production yield (in %) if recipe r is selected on line / 
Time required to do a transition from recipe r' to recipe r on production line / 
Minimum campaign length for recipe r on production line / 
Planned production shutdown of one day (for maintenance); equal to 1 if there is 
a shutdown on line / during time t, otherwise equal to 0 
Planned production shutdown of less than one day (in hours) on line / during time 
t 
Length of the production campaign of recipe r' that is being produced on line / 
before the time horizon 
Recipe r' that is being produced on line / before the time horizon; equal to 1 if 
the recipe r' is produced, 0 otherwise 
Conversion factor from ADMT to BDMT 

Pulp Inventory and Demand 
Demandc^ Quantity of pulp g required by the customer order c 
Toc Starting time of the time window requested by customer order c 
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Tfc Ending time of the time window requested by customer order c 
Demandlnternal&, Quantity of pulp g required by the internal customer at time / 
InvPatelnitgj Initial inventory for pulp g on-site (= 0 V t > 1) 
MaxPulplnv Total maximum inventory of pulp on-site 

Revenue and Cost 
Revenuc?g Net sales revenue for pulp g and customer order c 
Revenulntg Net sales revenue for pulp g and the internal customer 
Cacefcp Fibre supply cost of chips e from supplier fc during supply period/? 
Cabe>fh>p Fibre supply cost of logs e from supplier^ during supply period/? 
CostChipe Chipping cost for logs e 
CUgj Unit-level manufacturing costs of producing pulp g on line / 
CDlnternalg Avoided manufacturing costs for pulp g in the case of the internal customer 
CBiyr Cost of a transition (batch-level) from recipe r' to recipe r on line / 
CTDi Daily (avoidable) costs for each production line / 
CTF Fixed period (unavoidable) costs at the mill 
ClnvBe Inventory holding cost for logs e (daily percentage) 
CInvCe Inventory holding cost for chips e (daily percentage) 
CInvPg Inventory holding cost for pulp g (daily percentage) 
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ABSTRACT 

This paper concerns multi-scale planning approaches where it is desirable to ensure that the 
aggregated planning problem provides an upper bound to the profit calculated in the corresponding 
scheduling problem. In this context, it is necessary to ensure that the inventory cost calculated at the 
aggregated level is a lower bound to the inventory cost determined at the detailed level. This paper 
presents a mixed-integer linear calculation method that allows the evaluation of the minimum possible 
inventory levels, specifically for aggregate planning problems. First, a detailed analysis is provided to 
justify the approach used as the basis of the procedure, then the formulation is described in detail and 
finally, the approach is demonstrated for a simple lot-sizing problem. 

Keywords: Aggregate planning; scheduling; aggregation properties; minimum inventory levels; lot-
sizing; mixed-integer linear programming 

INTRODUCTION 

Planning and scheduling are an important class of supply chain problems for the process 
industry (Shah, 2005). Given a fixed supply chain (SC) design, this consists of finding the optimal 
allocation of the available resources in order to maximize the profitability under various endogenic and 
exogenic business situations. Since these problems are often complex and involve the systematic 
evaluation of a large number of trade-offs, mathematical programming approaches are usually used to 
formulate and solve models, which provide support to decision-makers. Planning typically refers to high 
level decision processes that aim at the coordination of supply chain activities over a relatively long time 
horizon (e.g. a few months up to a year) and that consider aggregated data inputs (e.g. demand forecasts) 
(Dogan, 2006; Shobrys & White, 2002). In the case of scheduling, the goal is to determine the sequence, 
timing and volume of activities required to meet performance objectives (Dogan, 2006; Shobrys & 
White, 2002). At this lower level, the time horizon considered is usually shorter (e.g. a few days up to 2-
3 months) and more details are incorporated in the formulation (customer orders, more exact 
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representation of activities, etc.). Even though it would be possible to formulate a unique model, 
including both planning and scheduling, to support various decision levels of the same problem, many 
approaches are hierarchical and provide tailored models for each decision level. This is because 
monolithic planning models do not acknowledge the typical hierarchical nature of decision making 
activities (Hax, 1975), and also because such approaches result in large size models that require 
unreasonable computational effort to solve them (Dogan, 2006). The advantage of multi-scale 
approaches is thus widely recognized for supply chain planning and scheduling problems (Shah, 1998). 
Examples of such approaches are presented in the literature (Dogan, 2006; Guillen et al., 2006; 
Laflamme-Mayer, Shah, Pistikopoulos, Linkewich et al., 2007; Laflamme-Mayer, Shah, Pistikopoulos, 
& Stuart, 2007; Stefansson, 2006). 

For multi-scale approaches, the rigorous integration of the planning and scheduling models is 
required in order to ensure consistency between the decision levels. Since the formulation of the 
aggregated model (planning) is simple compared to the detailed model (scheduling), the analysis of 
aggregation and disaggregation properties is a very important element to address in order to understand 
the limitations in terms of optimality and feasibility. For example in (Laflamme-Mayer, Shah, 
Pistikopoulos, & Stuart, 2007), where the planning and scheduling models are formulated as mixed-
integer linear programming problems with a discrete time representation, it is possible to demonstrate, by 
a systematic analysis of the key constraints and the objective functions at each level, that the aggregate 
model is a relaxation of the detailed model. For this, two characteristics must be ensured ((Wolsey, 
1998), pages 24-25): 1) the feasible region of the lower level model must be included within the feasible 
region of the higher level model and 2) the value of the objective function of the higher level model (z ) 
must be greater than or equal to the value of the objective function of the lower level model (z), for any 
set of feasible solutions at the lower level. 

In certain cases, it is possible that the inventory holding costs calculated at the aggregated level 
overestimate the inventory costs determined by the corresponding detailed model. This issue is illustrated 
in Figure 1 (see the Average and Detailed Profiles). As shown for this aggregated time period, the cost 
determined based on the simple average of the initial (I0) and final (If) inventory levels is greater than the 
cost determined based on the sum of the inventory levels for each time step at the lower level (see eq. (1) 
where /, is the inventory for each detailed time step t and, h is the holding cost for the aggregated period 
of duration T). 

2 T ^{ 2 

In terms of the aforementioned aggregation properties, this means that it is not possible to ensure that z 
is greater than or equal to z for all feasible solutions of the detailed model, and thus that the aggregated 
model is not a relaxation of the detailed model. 

(1) 
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(=0 t=1 t=2 1=3 1=7-2 f=T-t t=T 

Figure 1: Possible overestimation of the inventory level in an aggregated planning problem 

In order to respect the second condition for the relaxation (i.e. z > z), the average inventory 
determined at the detailed level should always be greater than the average inventory calculated at the 
aggregated level. It is therefore necessary to develop a calculation method, for the aggregated model, that 
provides a lower bound on the inventory holding cost. An interesting approach would be to consider the 
greatest possible depletion and accumulation rate of a material in order to estimate a minimum inventory 
profile (see Figure 1) given the initial and final inventory levels of an aggregated period, and to use this 
approach as the basis for the calculation of the inventory costs in the aggregate planning model. Since 
this requires the evaluation of the area under the inventory function, one of the challenges is to avoid 
non-linearity and non-convexity in the formulation. 

OBJECTIVE 

The aim of this work was to develop a linear calculation method to determine the minimum 
possible inventory level given the initial and final inventory levels of a time period, for an aggregated 
planning problem formulated as a mixed-integer linear programming problem with a discrete time 
representation. This issue was addressed in order to ensure that the inventory cost calculated in an 
aggregate planning problem is a lower bound to the inventory cost determined in the corresponding 
scheduling problem. 

DETAILED ANALYSIS OF MINIMUM AVERAGE INVENTORY LEVEL 

The following detailed analysis demonstrates the approach, used as the basis of the procedure 
described in the next section, for the calculation of the minimum average inventory level in aggregated 
planning problems. For this purpose, the general situation represented in Figure 2 has been considered 
and the inventory balances were calculated for each specific time step of an overall aggregated period. 
Two main assumptions were made for the general case:l) there is no base inventory and, 2) there is no 
overlap between the production and consumption profiles. Although it is not necessary to consider these 
two elements for the general demonstration (i.e. base inventory can be removed), the formulation 
proposed in the next section explains how to deal with these particular cases. 
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CONSUMPTION OF MATERIAL PRODUCTION OF MATERIAL 

T = T - I t=T 

Figure 2: Illustration of the general profiles considered for the detailed analysis. 

Consumption of Material 

The first step of the demonstration consists of proving that, using the greatest depletion rate, it is 
possible to estimate the minimum inventory required. In the left side of Figure 2, T corresponds to the 
number of days of consumption, at maximum rate, necessary to bring the initial inventory level to its 

lowest possible value; beyond this point all inventory levels /, are equal to 0. 

For every time period t, the inventory can be calculated, considering the current demand and 
production (D, and P,), using a general mass balance equation (2). The average inventory during time 
period t is then expressed by equation (3). Thus, the total area under the average inventory profile for the 

consumption of material ( A c ) is determined via the summation of the average inventory for all time 

steps until time period T(4). 

I,=I,_^Pt-D, V? 

^ = 1 ( ^ 1 = 1 it-i+i,-i+P,-D, 
2 ) ^ 2 

(2) 

(3) 

(4) 

In order to determine the minimum average inventory, it is necessary to consider the greatest depletion 
case i.e. there is no production of material and the consumption rate is set to the maximum rate for all the 

\ M H time steps (Dt =D '" \/t). In this case, the inventory equation can be rewritten as: 
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i't=l,_x-D
Max vr (5) 

In this particular situation, the total area corresponding to material consumption profile is minimized (6). 
For example, in the first period (/=/) in Figure 2, the excess inventory between the minimum and 

detailed profiles is/} +{DMWC -£>,). By inspection, since P,-Dt > -DMax V?, it is clear that A^m is 

always less than or equal to ^4cand thus, that the use of the greatest depletion rate provides a lower 

bound to the inventory calculated for every time step (7). 

=1 V i + A =1 I,-i+I,-i-D 
Max \ 

Alin - 2 J 
1=1 

2/,_,-£> Max 2/,_,+/»-/), 
<YJ[ "'"' " ' ~' \ = AL 

(6) 

(7) 

The second step consists of demonstrating that, by extension of the concept of equation (6), it is possible 
to determine the minimum possible demand triangle given the initial inventory level. In fact, by further 

T 

developing (6), we can obtain equation (8) where term ^ / / _ j can be expanded to consider all the time 
,=\ 

steps (9). 

2I,-i-D Max \ 

-£/;., TD 

Max (8) 
,=\ 

sMax 

t=\ 

X / ' - i = / o + / i + / 2 + - + /: T-\ (9) 
t=i 

Since the DMax is known, it is possible to calculate any inventory value /, by finding the corresponding 

number of days of consumption at maximum rate DMax. The equation (9) can thus be rewritten as: 

T 

£ / ; _ , = TDMax + [T -l]pMax + [T - 2]DMn' +... + [T - (t - l)]DMax +... + DMax 

,=i 

T 

= DMaxY\T~(t~l)\ 

(10) 

r=l 
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By replacing this new expression of the term 2_^It-\
 m equation (8) and rearranging, we have: 

r=i 

A^=DM^[T-(t~l)}- TD Max 

1=] 

= DMax\ £ [T - ( / - ! ) ] -

T 

= DM<ajrjr-t+i-%] 
f=i 
T 2(7-0 + 1 _ p. Max ~SP 

1=1 

j^Max T 

~Yl2T-2t + l] 

D Max f T \ 

t=i J 

(11) 

Since2_2t = T +T, the total area corresponding to the minimum average inventory profile is 
1=1 

represented by (12). In this equation, it is important to recall that by definition T corresponds to the 
number of days of consumption, at maximum rate, necessary to bring the initial inventory level to its 
lowest possible value for a given aggregated period. This result, which corresponds to the area of the 
minimum consumption triangle, is the basis of the proposed inventory formulation. 

Ac -
rp2 y\Max 

(12) 

Production of Material 

The approach used for the production of material is similar to the one presented for the 
consumption of material. The extreme situation considered, obviously different in this case, consists of 
assuming that there is no consumption of material and that the production rate is set to the maximum rate 

iMax for all the time steps (Pt = P "* V?). Therefore, in this context, Prefers to the minimum time required 

(i.e. T = 0 is the latest moment to start the production) to meet the final inventory target, given that the 
initial inventory level at r = 0 is equal to 0 (see the right side of Figure 2). For every time period r, the 
inventory level is calculated by: 
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l'T_,=l'r-P
Max Vr (13) 

->Max • Since P "* > PT - DT V r , the total area corresponding to the material production profile is minimized, 

i.e. A^in< A (14). In the last detailed period (r =T) for example, the excess inventory between the 

minimum and detailed profiles isZ)T + \pMax - P T j 5 given that the final inventory level is 7T = IT ; T - i T . 

AP = y 
min / , r=l 

2L-P Max 21 r~(Pr-Dr) (14) 

r=l 

The total area can be rewritten as equation (15) where the term T ] / r can be expanded in order to 

consider all the time steps (16). 

jMax 

^min ~ / JT 

j-pJV 

r=l 

J / ; =/;+/;+...+/ 

(15) 

(16) 

Since the PMax is known, it is possible to calculate any inventory value 1T by finding the corresponding 

number of days of production at maximum rate PMax and equation (16) becomes: 

r=l r=l 

(17) 

Therefore, Amin can be rewritten as: 

AL=PM"XZr-
T jipMax 

yMax ( T \ 

Vr=l ) 

- T 

(18) 

Since V It = T2 + T, the total area corresponding to the minimum average inventory profile is 

represented by (19). This result has also been used in the proposed formulation, for the evaluation of the 
area of the minimum production triangle. 
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rpZ TyMilX 

Ap- = — (19) 

FORMULATION FOR THE CALCULATION OF MINIMUM AVERAGE INVENTORY 
LEVEL 

Given the maximum material production and consumption rates, the initial and final inventory 
levels and the total material demand for a given aggregated period, the goal of the problem is to 
determine the minimum possible average inventory level (AM,). The model is formulated as a mixed-
integer linear programming problem. The approach presented in this section can be integrated within an 
aggregate planning problem and the calculated value of AMI, can be used to determine the inventory 
holding cost in the profit or cost function. It is important to note that, when this formulation is 
incorporated in an aggregate planning problem, the initial and final inventory levels as well as the 
demand for each aggregated periods are decision variables of the planning problem (instead of 
parameters such as in the formulation below). 

Sets and Indexes 

T Set of aggregated time periods, index te T 
A Set of extremes points for the linear interpolation within an aggregated period, index a EA (|A| = 

1+ |B|) 
B Set of segments for the linear interpolation within an aggregated period, index b sB 

(|B| = number of detailed time periods included in an aggregated period t) 

Variables 

Continuous Variables (all continuous variables > 0) 
V, Base inventory corresponding to the initial inventory surplus during period t. 
Ice, Equivalent initial inventory level during period t (given the base inventory V,). 
Be, Preliminary (Step 2) length of the base of the demand triangle for period /. 
Xca, Preliminary (Step 2) percentage of extreme point a that is used in the linear interpolation 

during period /, in the case of the depletion profile. 
Ipe, Equivalent final inventory level during period t (given the base inventory V,). 
Bp, Preliminary (Step 2) length of the base of the supply triangle for period t. 
Xpa, Percentage of extreme point a that is used in the linear interpolation during period /, in the 

case of the accumulation profile. 
W, Base inventory corresponding to the overlapping of demand and supply triangles during 

period /. 
j c e

u Equivalent initial inventory level during period t (given the sum of the base inventories V, 
' and W,). 

Be Length (Step 4) of the base of the demand triangle for period t. 

Ac, Area of the minimum demand triangle during period /. 
to" Percentage (Step 4) of extreme point a that is used in the linear interpolation during period t, 

in the case of the depletion profile. 
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j p e " Equivalent final inventory level during period t (given the sum of the base inventories V, and 

Bp Length {Step 4) of the base of the supply triangle for period t. 

Apt Area of the minimum supply triangle during period /. 
^p" Percentage (Step 4) of extreme point a that is used in the linear interpolation during period /, 

in the case of the accumulation profile. 
AMI, Minimum average inventory level for the aggregated period t. 

Binary Variables 
Q.cb, Equal to 1 if segment b is selected (Step 2) for the linear interpolation during the period /, in 

the case of the depletion profile. Otherwise equal to 0. 
Qpb t Equal to 1 if segment b is selected (Step 2) for the linear interpolation during the period t, in 

the case of the accumulation profile. Otherwise equal to 0. 
st Equal to 0 if there is overlapping of the supply and demand triangles during period /. 

Otherwise equal to 1. 
Q C

W Equal to 1 if segment b is selected (Step 4), for the linear interpolation during the period /, in 
the case of the depletion profile. Otherwise equal to 0. 

Op1' Equal to 1 if segment b is selected (Step 4), for the linear interpolation during the period /, in 
the case of the accumulation profile. Otherwise equal to 0. 

Parameters 

M A large number 
MaxD, Maximum possible depletion rate of material during period t 
MaxP, Maximum possible accumulation rate of material during period t 
I, Final inventory level for the aggregated period t. 
I,.i Initial inventory level for the aggregated period t 
D, Total demand of material during period t. 

STEP 1 - DEMAND-RELATED BASE INVENTORY 

The first step consists of the determination of the base inventory that needs to be carried during 
the aggregated periods if the total demand of material for these periods (£>,) is lower than the total initial 
inventory (see case 1 in Figure 3). The following inequality leads to the calculation of the base inventory 
V,; given the fact that V, has an associated cost in the objective function (profit maximization or cost 
minimization), the base inventory will always be equal to the difference between the initial inventory and 
the demand (otherwise, it will be equal to 0). 

/,_,-£>, <VtVt (20) 

Papier 6, Soumis a Computers and Chemical Engineering, 2008 



309 

STEP 2 - DIMENSIONS OF CONSUMPTION AND PRODUCTION TRIANGLES 

Consumption of Material 

The equivalent initial inventory level is calculated by subtracting the base inventory from the 
initial inventory level. In the case where V,=0, the equivalent inventory level equals the inventory level at 
the beginning of period t. 

Icet=I,^-V,\/t (21) 

As mentioned earlier, in order to determine the minimum average inventory, the greatest depletion case 
needs to be assumed i.e. there is no production of material and the daily consumption rate is set to the 

maximum possible rate for a given aggregated period t (MaxD, ). Since the slope of the consumption 

profile is known (MaxD, ), it is possible to evaluate the dimensions of the consumption triangle. In fact, 

the equality (22) allows selection of the appropriate interval to compute the area of the minimum 
consumption triangle. By interpolation, it is possible to find the number of days of consumption (at 
maximum rate) that corresponds to the height of the triangle (i.e. the equivalent initial inventory level, 
Ice,). In other words, the various extreme points that are considered (a) correspond to various inventory 
levels at the beginning of the period and are equivalent to a certain number of detailed time periods at 
maximum consumption rate (up to |B| periods). The length of the base of the triangle is given by the 
corresponding value of Be, (23). The equalities (24) and (25) respectively ensure that the linear 
combination of two extreme points Aca1 (equation (27)) is equal to 1 and that only one interval is 

selected. Finally, the inequality (26) allows the activation of the appropriate two extreme points Aca, 

given the segment D.cb, selected. 

Ice, = ]T [AcaJ • a • MaxD, ] V/ (22) 

B c r l k r " ] ^ (23) 
a=0 

A 

I > « , ' = 1 V ? (24) 
«=o 

!>* , , = ivr (25) 
b 

(26) 

0<Aca, < l \/a,t (27) 

b=a, b=-a-\, 
a<\a\ a>\ 
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Production of Material 

The procedure that was applied for the consumption of material can also be used, with minor 
modifications, in the case of material production. The first step consists of determining the equivalent 
final inventory level (28). For this purpose, the greatest accumulation case is considered, where there is 

no consumption of material and where the production rate is set to the maximum possible rate (MaxP, ). 

Using the equivalent triangles, it is possible to calculate the dimensions of the production triangle, Ipe, 
and Bp, (equations (29) to (34)), by linear interpolation. 

Ipe, =1,-Vt Vr (28) 

(29) 

(30) 

(31) 

Ipe 

\y 

a=0 

BP,= YM-P 
a=0 

A 

Tj^Pa.t : 

a=t) 

b 

ft=a. 

a • MaxP, j 

„,,•"] v? 

= 1 V? 

= 1 V? 

\ft 

\/a,t 

(32) 

(33) 

0 < XpaJ <l\fa,t (34) 

STEP 3 - OVERLAPPING OF THE CONSUMPTION AND PRODUCTION TRIANGLES 

If the sum of Be, and Bp, is greater than the total length T of the aggregated period, then there is 
overlapping of the consumption and production profiles. The inequalities (35) and (36) can be used to 
determine if the situation 2a or 2b, in Figure 3, needs to be considered. In the case of overlapping, the 
binary variable s, equals 0 and an additional base inventory W, must be taken into account, i.e. W, > 0 
(37). 

Bp,+Bc,-T<(\-s,)M V? (35) 

T-(Bp,+Bc,)<srM\/t (36) 

W, <(l-st)M \/t (37) 
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STEP 4 - CALCULATION OF THE AREA CORRESPONDING TO THE MINIMUM 
CONSUMPTION AND PRODUCTION TRIANGLES 

Consumption of Material 

Although the following constraints are very similar to the ones presented in Step 2, there are 

two important modifications. Firstly, the equivalent inventory level, Ice, , is calculated using the two 

base inventory loads, V, and W, (38). This strategy, illustrated in Figure 3 (case 3), allows the isolation of 
the consumption and production triangles (i.e. to obtain the general case discussed in the previous 
section). The second modification consists of equation (41) where the area under the minimum 
consumption profile is determined by linear interpolation (case 4 in Figure 3). It is also important to note 
that if W,=0 (i.e. case 2b in Figure 3), the previous calculation of the area is still valid according to 
equations (38) to (45). 

Ice" = / M -V,-W, V/ 

Ice1,1 = £ [Ac", • a • MaxD, ] \ft 
a=0 

3=0 

,̂=E K a" • MaxDt 
Mt 

o=0 

b 

A£'l,<^cl+ ^nci[, Va,t 
b=a, b=a-\, 
a<\a\ a>\ 

0 < Ac", < 1 Va,t 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

Production of Material 

With minor modifications, the procedure described above for the consumption of material can 
also be used to determine, by linear interpolation, the area under the minimum supply profile (equations 
(46) to (53)). 

Ipef =I,-V,-W, V? (46) 

Papier 6, Soumis a Computers and Chemical Engineering, 2008 



312 

Ipef = £ \ x p " , • a • MaxP,] V/ 

BP"=±[xP>lra]vt 

APl=t 

0=0 

«=o 

, 7/ (V-MoxP, ] 
V? 

tf<[</| «>1 

0<Ap",<l Va,t 

(47) 

(48) 

(49) 

(50) 

(51) 

(52) 

(53) 

STEP 5 - CONDITIONS 

If there is overlapping of the demand and supply triangles, the procedure in Step 4 needs to 
determine the right amount of base inventory W, that corresponds to the situation where the sum of the 

bases of each triangle, Bp" and Be11, is equal to the total length T of the aggregated period. This is 

ensured, in Step 5, by constraints (54) and (55). In the case where there is no overlap, these constraints 
will be inactive since the constant M is a large number. 

Bp" + Be" > (1 - s)T - (s)M \/t 

Bp" + Be" < (1 - s)T + (s)M \/t 

(54) 

(55) 

STEP 6 - CALCULATION OF THE MINIMUM AVERAGE INVENTORY LEVEL FOR THE 
AGGREGATED PERIOD 

The average inventory level corresponding to the minimum consumption and production 
profiles is calculated by dividing the sum of both areas (Ap, and Ac,) by the total length T of the 
aggregated period. By adding the base inventories V, and Wt, we can obtain the minimum possible 
average inventory level given the initial and final inventory of an aggregated period. 

AMIt=\Ap>lAc< \ + Vt+W,Vt (56) 
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Initial 

Inventory 

1) DETERMINATION OF THE DEMAND-RELATED BASE INVENTORY FOR 

AN AGGREGATED PERIOD 

> D,<!,., 

^ ^ ^ ^ 1 1 
T 

2a)« WORST CASE » MATERIAL CONSUMPTION & 

PRODUCTION RATES - WITH OVERLAPPING (ST=0) 

Final 

Inventory 

2b) « WORST CASE » MATERIAL CONSUMPTION & 

PRODUCTION RATES - WITHOUT OVERLAPPING (ST=1) 

Shift = V, Shift = V, 

_ 3) DETERMINATION OF BASE INVENTORY IF THERE IS OVERLAPPING OF 

THE MINIMUM PRODUCTION AND CONSUMPTION PROFILES 

Shift = V, + W, Shift = V, + W, 

4) LINEAR INTRAPOLATION TO DETERMINE THE AREA OF THE 

MINIMUM PRODUCTION AND CONSUMPTION TRIANGLES 

Height = a*MaxD, Height = a'MaxP, 

Area=[a2*MaxP,]/2 

Area=[a2*MaxD,]/2 

a={0,1,2,3,4 A} 

0 1 2 3 4 5 6 7 7 6 5 4 3 2 1 0 
e.g. Apt = Linear intrapolation of the area(2) and area(3) 
e.g Act = Linear intrapolation of the area(5) and area(6) 

Average minimum inventory level = (Act + Apt)IT+ Vt+ Wt 
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ILLUSTRATIVE EXAMPLE 

In order to illustrate the proposed approach, the minimum average inventory level calculation 
method was applied to a common lot-sizing problem ((Wolsey, 1998), page 11) . This problem consists 
of determining the quantity of material to produce (x,), the periods of production (y,) and the appropriate 
inventory level (/,) in order to find an optimal plan that satisfies the demand and minimizes the total cost 
for a given time period T (index r e T) (57). Equation (58) ensures that the mass balance from one 
detailed period r to another is respected and the constraint (59) indicates that the quantity produced must 
be less than or equal to the capacity, if there is production during time step r. The non-negativity and 
integrality conditions for the decision variables are defined by the constraints represented in (60). The 
detailed information used for the implementation of the model is specified in Table 1. 

minz' =YJ{CPXT+CH- iT + CS-yT) 
r=l 

iT_l + xT =dT+iT Vr 

(57) 

(58) 

xT<P-yT Vr 

iT,xT>0, yTe{0,\} Vr 

(59) 

(60) 

Table 1: Specific information used in the lot-sizing problem. 

Parameter | Data Lsed 

Time Horizon 

Costs 

Production Capacity 

Demand 

Inventory Conditions 

Low level1 : from xl to xl8 
High level2: from tl to t3 

Number of detailed time periods in an aggregated period: 0 =6 
CP =5 per unit; CH = 1 per unit per period x; 

CS=15 per period x of production 
11 units per period t 

(xl 8) (x2 15) (x3 7) (x4 5) (x5 7) (x6 4) (x7 11) (x8 14) (T9 14) (xlO 4) 
(xll 4)(xl2 5)(xl3 12)(xl4 12)(xl5 12) (xl6 8) (xl7 4) (xl8 4) 

A-o =/_,* = 50 
' Low level: corresponds to the detailed lot-sizing problem 

2 High level: corresponds to the aggregated problem 

The first step consisted of solving the detailed lower level problem using GAMS (General 
Algebraic Modeling System (GAMS), 2007). Then the optimal inventory level, which was a decision 
variable, was obtained for each detailed time step T. The resulting detailed inventory profile is shown in 
Figure 4 (curve labelled Detailed - Low level). The profile corresponding to the average inventory level, 
calculated using the inventory levels at the boundary of each aggregated period, is also represented in 
this figure (curve labelled A ver age -High level). 
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The second step was aimed at evaluating the minimum inventory profile at the aggregate level. 
As shown in Figure 4, each of the aggregated periods t=l, t=2 and t=3 respectively correspond to the 
detailed periods r; to x6i x7 to xj2 and Xn to x]S. The formulation described previously for the calculation 
of the minimum inventory was implemented in GAMS and the optimal detailed inventory levels obtained 
in the first step were used as parameters in this formulation (i.e. the inventory levels that correspond to 
the boundaries of the aggregated periods were fixed according to the results of the detailed lot-sizing 
model). In the high level model, the objective function simply consisted of the minimization of the 
inventory holding cost (61). The minimum inventory profile determined for each aggregated time step / 
is shown in Figure 4 by the curve labelled Minimum - Proposed Approach. 

minz" =Y^{CH-Q-AMI,) (61) 
r=l 

Aggregated 

Period t=1 

Time Horizon 

Figure 4: Results of the illustrative example. 

In Figure 4, it can be seen that the Minimum profile obtained with the proposed formulation is a 
lower bound to the Detailed profile. Also, as mentioned earlier, the Average profile, calculated assuming 
a linear evolution from the initial to the final inventory levels of an aggregated period, overestimates the 
inventory compare to the Detailed profile obtained. For each aggregated period, it is also possible to 
identify the shapes corresponding to the production and consumption triangles. In the first period, the 
demand is smaller than the initial inventory level and thus the base inventory V,=] equals to 4 units. 
Similarly, in the third period, the base inventory Wt=3 equals to 8.9 units. This indicates that there was an 
overlapping of the production and consumption profiles determined for this period (similar to case 3 in 
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Figure 3, where P,=0). This is also the reason why there is no "plateau" such as there is for the 
aggregated periods t=2 and t=3. 

Table 2 : Calculation methods and corresponding average inventory levels. 

Inventory Calculation Method 
Avg. Inventory 

t = l 
Avg. Inventory 

t = 2 
Avg. Inventory 

t = 3 

1 

2 

3 

fim 
2 

AMi,=(Ap>+
T

Ac>yv,+w, 

25.8 units 

36 units 

18.5 units 

23.2 units 

29 units 

13.2 units 

37.3 units 

43 units 

27.2 units 

Finally, Table 2 presents the average inventory levels that can be used to calculate the inventory 
holding costs for each of the aggregated time periods and for each inventory profile presented in Figure 
4. Contrary to the second approach, the values given by AMI, provide a lower bound to the inventory 
level calculated at the detailed level. In other words, the proposed approach ensures that the average 
inventory levels in an aggregated planning problem are always less than or equal to the average 
inventory levels in the corresponding detailed planning problem (62). 

AMI, = 
Ap, + Ac, 

+ V,+ W, < 
Q • I 

/r-l+A V/ (62) 

CONCLUSIONS 

Since hierarchical approaches are often used for planning and scheduling, it is important to 
analyze the properties of the aggregated planning problem in terms of optimality and feasibility, in order 
to ensure the consistency between the decision levels. In terms of optimality, it is desirable to 
demonstrate that the aggregate planning problem provides an upper bound to the profit calculated in the 
scheduling problem. This is not possible if the inventory costs are calculated based on a simple average 
of the initial and final inventory levels for each aggregated period. In fact, in certain cases, this method 
of calculation may overestimate the inventory costs compared to the corresponding situation in the 
scheduling problem. This technical note proposes a mixed-integer linear formulation that allows the 
determination of the minimum possible average inventory level, for each aggregated period and given 
the initial and final inventory levels. The approach consists of calculating, by linear interpolation, the 
inventory profiles corresponding to the greatest material depletion and accumulation rates. As 
demonstrated with a case study, this procedure ensures that the inventory costs calculated at the higher 
level is a lower bound to the inventory cost at the lower level. Even though the general case has been 
presented, this formulation can be simplified depending on the particular application (e.g. instantaneous 
material supply or consumption can be assumed such as in (Laflamme-Mayer, Shah, Pistikopoulos, & 
Stuart, 2007)). Finally, the calculation of minimum inventory levels is necessary but not sufficient for an 
aggregate planning problem to be a relaxation of a scheduling problem. It is also important to carefully 
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analyze the other terms of the objective functions as well as the feasible regions defined by the 
constraints at each level of the planning and scheduling problem. 
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ABSTRACT 

The application of supply chain management concepts will be an important element of the strategy of 
successful pulp and paper (P&P) companies in the future. To become true low-cost producers, these 
companies need to develop and apply advanced analytical approaches that will allow them to 
systematically evaluate the trade-offs between procurement, manufacturing and demand cycles of their 
supply chain (SC). In a challenging business environment, the capability to align production and demand 
is essential in order to optimize the SC profitability. This paper describes, for the case of an existing 
market pulp mill, how this optimal alignment can be continuously ensured using a flexible capacity 
management strategy in which the production rate is pulled by the profitable demand. Given the key role 
of the mills in the P&P SC, it is necessary to emphasize the representation of the manufacturing 
processes at the SC level for its successful implementation. This is addressed using an operations-driven 
approach that provides the required visibility of manufacturing operations and helps to coordinate 
business units across the SC. 

Keywords: Operations-Driven Cost Modeling, Supply Chain Planning, Optimization, Capacity 
Management, High-Yield Pulp Mill 

INTRODUCTION 

The efficient application of supply chain management (SCM) concepts, that aims at creating value by the 
design, coordination and management of the business units and flows (information, material and cash), 
will be an important element of the strategy of successful pulp and paper (P&P) companies in the future. 
This will help these companies to adapt to their new business environment and regain their ability to 
compete globally and ensure the free cash flow generation from their supply chain (SC) operations. 
Given increasingly strong cost pressures, the capability to systematically assess the SC cost structure, i.e. 
the cost to serve customers, is recognized by P&P executives as one of their top priorities. To achieve 
such capability, this traditionally capacity-focused industry must develop and apply systems-based 
methods and tools to analyze the important trade-offs between the business units and to support SC 
decision making. In collaboration with key logistics and operations managers at Tembec, a decision 

To whom all correspondence should be addressed. Contact: paul.stuartiStpolvmtlxa 
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support tool has been developed that provides the required visibility into manufacturing operations and 
helps to better coordinate the manufacturing and demand cycles of the SC. This paper describes this tool 
that is based on an operations-driven approach which has the potential to help the P&P industry to make 
better SC decisions and demonstrates how this can be used to determine the optimal capacity 
management strategy for an existing market pulp mill. 

OPERATIONS-DRIVEN SC APPROACH 

In recent years, the integration of information across the SC has improved tremendously by the 
implementation of modern transactional information technologies (1T).[1] From the manufacturing 
perspective, decision making improved by providing managers with consistent information on what is 
produced in the plants. However, enterprise-level systems (e.g. ERP) typically incorporate aggregated 
plant data that are not adequate for SC decision support in process industries (Figure 1) [2]. This is the 
case in P&P where process information is incorporated on an ad hoc basis to support higher level 
decision processes [3]. Although large amounts of data are provided by the IT supporting manufacturing 
and business activities, current managerial approaches do not fully exploit these data for advanced 
decision support and thus, the potential of implementing analytical approaches is yet to be realized. 

Since the performance of each mill is in close correlation with the profitability of the whole fibre SC, 
manufacturing facilities are key drivers of SC efficiency. However, because of the complexity and 
uncertainty associated to P&P manufacturing operations, it is difficult, compared to discrete-type 
industries, to make the link between the production and enterprise levels. In this context, SC approaches 
developed by the PSE community are most interesting since they emphasize the incorporation of 
chemical engineering knowledge to better represent the process capability at the SC level [1]. 

For large-scale and capital intensive process industries, there are strong overlaps between production and 
SC planning [4]. Since these decision making activities by definition take into account the production 
and business perspectives, planning frameworks can play a key role in integrating the plant and 
enterprise levels [2, 5]. However, the oversimplified representation of manufacturing capability is a 
typical weaknesses of SC planning problems of low-margin production plants [6]. So far, the 
incorporation of more sophisticated process representations has been done for the petroleum industry 
using so-called property-based SC planning approaches [7, 8]. Since these rely on detailed process 
models (based on mass and energy balances) to characterize the production processes and operating 
conditions, they often involve non-linear relationships and result in complex SC models that are difficult 
to solve [1,7, 9]. 

Since first-principles relationships are not as widely available in P&P, there is good reason to use and 
analyze on-line measurements (e.g. production rates, specific energy, consistency, etc.) and to develop 
data-driven models to characterize the operations at the mill. With the advent of process information 
management systems (P1MS), many envision the value of incorporating the information that lies in the 
lower-level process data in higher-level systems [2, 3, 9, 10]. Given the convergence of mill's P1MS and 
enterprise systems, there is an opportunity to 1) use lower-level process data to characterize the operating 
conditions, 2) to link the production and business perspectives by integrating critical process and cost 
information and 3) to reflect manufacturing operations for higher-level SC decision support. 

This challenge has been addressed by developing a margin-centric SC approach combining descriptive 
and prescriptive models (Figure 1). An operations-driven cost model can be use to characterize the 
manufacturing costs of continuous P&P processes [11]. This advanced cost modeling technique, inspired 
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by Activity-Based Costing (ABC) [12], uses a rich set of resource- and process-related drivers that are 
based on the analysis of the mill's historical process and cost data. The presented application at a high-
yield pulp mill, outlines how to structure and analyze critical data and to develop a cost model suitable 
for the identification and interpretation of the cost implications of various operating regimes [13]. This 
bottom-up approach provides a perspective that not only improves the understanding of the mill's cost 
structure but also provides the process information necessary for the representation of the mill's 
operations at the SC level. 

Since SC problems are complex, it can be very challenging to simultaneously evaluate the various trade
offs and determine the best SC operative strategy without adequate decision support tools [14]. An SC 
planning model [15, 16], incorporating the relevant issues considered by the decision makers involved in 
the procurement, manufacturing and demand cycles of the fibre SC, is used to provide the visibility 
across the supply chain and decision levels (Figure 1). The optimization-based framework improves 
current decision processes by providing a set of business-valuable information (e.g. feasible production 
plan, allocation of supply & demand orders, inventory levels, bottlenecks, constraints, etc.) that helps to 
maximize the overall SC profitability. This capability to manage the complexity of the fibre SC is critical 
for the cost effectiveness of market pulp producers [16, 17]. 

This paper will focus on the integration of the mill and enterprise levels and demonstrate the importance 
and the potential benefits for the P&P industry by better representing the manufacturing cycle in SC 
planning problems. 

Current Managerial Approach 
Decisions based on managerial heuristics and aggregated information 

SUPPLY CHAIN DECISION MAKING 

Typical Enteiprise 

ENTERPRISE INFORMATION SYSTEM 

[Supply Data] 

MILL'S PROCESS INFORMATION 

MANAGEMENT SYSTEM 

On-line measurements t 
e.g. SEC, production rate, [ 

consistency, etc. 

New Business 
Valuable Infomwticn 

SUPPLY CHAIN PLANNING 

Prescriptive Model 
Evaluate the trade-offs across 
theSC 
Find the optimal SC plan 

Process \ 
Information \ 

Integration of the 
miff and 

enterprise ieveis 

OPERATIONS-DRIVEN COST 

MODELING 
Descriptive Mode! 

Use cost drivers based on process 
data analysis 
Characterize the mill's manufacturing 
cost structure 

Margin-Centric SC Decision-Support 
Analytical capability to manage the complexity of the S C 

Figure 1: Margin-centric approach for SC decision support in P&P. 
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OBJECTIVE 

The main objective of this paper is to show, for the case of an operating high-yield pulp mill, the 
potential benefits of implementing flexible capacity management strategies, allowing for a more 
profitable alignment of pulp production and requirements in difficult market pulp contexts. Given the 
focus on the integration of the mill and enterprise levels, this work will demonstrate the importance of 
better representing the manufacturing cycle in P&P SC planning problems and hence, the advantages of 
the operations-driven approach. 

CASE STUDY 

High-Yield Pulp Mill 

The case study considered consists of the fibre supply chain of a high-yield pulp mill including the fibre 
procurement, the manufacturing and the distribution/customer cycles (Figure 2). Raw material inventory 
planning and supplier selection based on incremental costs and expected availability are the key elements 
for fibre procurement planning. The mill produces high-yield pulp from hardwood chips using a 
bleached chemi-thermomechanical pulping process where four main production steps are involved: 
chemical pre-treatment, pressurized refining of wood fibres, bleaching of the pulp, and drying/finishing 
operations. Various pulp grades are obtained by varying the process operating conditions according to 
standard recipes. The final product is sold to customers in the form of baled dried pulp. For each cycle, 
continuous and dynamic SC decision making processes must be executed at different decision levels. 
The integrated planning of these cycles is desirable in order to achieve good supply chain coordination, 
and is an important issue for market pulp mills. 

Fibre Procurement Cycle 

Figure 2: Fibre supply chain of the high-yield pulp mill. 

Capacity Management in Low Pulp Demand / Low Pulp Price Contexts 

The decision processes involved in determining the best way to manage capacity in order to meet product 
demand are complex and need to consider factors such as available production capacity, inventories, 
customer orders and expected margins. The traditional capacity-focused planning approach assumes that 
optimal SC profitability occurs at optimal capacity utilization and results in maximizing the overall 
equipment efficiency (OEE) at P&P mills. However, SC decisions made on this basis tend to focus more 
on production volume than on margins. Nowadays, it is increasingly recognized that, to improve 
financial performance, the SC context must be considered in an integrated way in order to identify the 
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appropriate planning strategy and achieve optimal SC profit. This is particularly important for an 
unfavourable market place, i.e. low demand and low price, where the capability to find the optimally 
balanced SC has a significant impact on the market pulp producer's profitability. For this reason, the case 
study aims at exploring flexible capacity management strategies based on the mill's capability to operate 
over a broad range of production rates. Since these capacity-related decisions must be based on a careful 
assessment of the cost/revenue generation within the SC, it is essential to consider the evolution of the 
mill cost structure over the range of production rates considered. Unit-level manufacturing costs must be 
calculated based on the characterization of the process conditions, which are adapted according to the 
production intensity. By incorporating this information at the SC level, the right capacity management 
strategy that maximize the overall SC profit can be identified for various demand scenarios. 

RESULTS & DISCUSSION 

Operations-Driven Cost Modeling 

The cost implications of varying production intensity have been determined using the modeling 
technique presented in Laflamme-Mayer et al. [11]. This multidisciplinary approach emphasizes the 
importance of the process perspective (as opposed to the product perspective) for identifying the source 
of costs in continuous process environments, and both the production process and the specific operating 
conditions are systematically considered. By using bottom-up process and cost information, resource and 
process activity drivers can be identified and used to characterize the cost generation within the mill's 
main processing operations. 

The direct manufacturing costs were calculated, for a given grade, as a function of the production rates 
(Figure 3). All the results presented are normalized using the cost for the standard rate of production. The 
direct manufacturing costs per ton are constant over the range considered. This result can be explained 
by the combination of two effects that compensate each other. The first consists of the relation between 
fibre-fibre interactions and the specific energy applied in the refiners. Higher production rates result in 
augmented interactions that significantly reduce the energy requirements (in Figure 3, Case I is assuming 
an efficient, high consistency bleaching process i.e. the consumption of chemicals per ton of pulp is 
constant and set for standard rate of production). The second effect consists of the relation between the 
retention in the bleaching towers and the amount of chemical used per ton of pulp. The higher the 
production rate, the lower the retention and therefore, the higher the chemical charge applied for 
bleaching must be (in Figure 3, Case 11 is assuming that the specific energy is constant over the range 
considered and set for the standard rate of production). Since the cost implications of these two effects 
are of similar proportion, and given that they evolve in opposite direction with respect to the production 
rate, the cost curve obtained for the mill case is flat. For the purpose of the SC analysis, both effects have 
been considered separately in order to demonstrate the importance of characterizing the mill's cost 
structure, especially in the context of finding the optimal alignment between manufacturing capacity and 
profitable pulp demand. 
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~ Case 1 - Energy Effect Only 
~~~ ' Case 2 - Bleaching Effect Only 

Range of Production Rates 
{in relative % of the absolute range*) 

Figure 3: Process-based manufacturing costs. 
For this particular maple grade, the absolute range Min-Max corresponds to ± 14% of the standard 

production rate. 

Supply Chain Planning 

The SC planning model used in this study consists of the campaign planning and order scheduling model 
of the multi-scale decision support framework presented in Laflamme-Mayer et al. [16]. It has been 
modified to incorporate the non-linear cost structures using a piecewise linear approach. It is formulated 
as a mixed-integer linear programming problem with a discrete time representation. The time horizon 
considered is three months and the time step is one day. The objectives of the model are to determine the 
optimal sequence of production, to identify low incremental cost fibre suppliers, to select high margin 
customer orders and to allocate the selected orders within the production campaigns. Detailed capacity 
and assignment constraints are used respectively to represent the limitations of the resources available 
and the decisions that need to be made such as the production of a given recipe during a particular time 
period. Constraints are also introduced to represent logical conditions within the operations such as 
sequence-dependent transitions. The timing of supply and demand opportunities are also taken into 
account. The detailed constraints ensure that the manufacturing capability is well represented. 

The capability to assess when the satisfied demand results in improved overall SC profit is critical for 
low-cost P&P producers (Figure 4). The results obtained show the evolution of the supply chain 
profitability (normalized using the maximum profit obtained for the test case) as a function of the 
specified order fulfillment rates for different demand scenarios. The weak and strong demand scenarios 
are represented by increasing or decreasing the pulp price set for the initial test case (variations of +/-
10%). In general, the weaker the demand, the lower is the realizable SC profit. For the more optimistic 
demand scenario (demand price @ +10%), the slope of the curve is always positive and maximum 
capacity utilization corresponds to maximum SC profitability. On the other hand, in the case of weak 
pulp demand, the maximum SC profit does not occur at maximum capacity utilization. For the case of 
demand price @ -5% & -10%, the slopes of the curves are negative for order fulfillment values greater 
than 80%, i.e. the SC profit is decreasing if the pulp mill is forced to produce in order to satisfy this 
portion of the demand. To maintain the highest profitability, it is thus critical to understand the trade-offs 
between the demand and manufacturing cycles. 
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Figure 4: SC profitability for different weak and strong pulp demand contexts. 
For each situation, the optimal profit corresponds to the best capacity alignment. 

Case Considered 

1- Capacity Management 
with Shutdown 

2- Cupacity Management 
with Shutdown 

3- Flexible Capacity 
Management 

4- Maximum Production 

Description 

Production shutdowns are allowed 
30% of daily costs can be saved 
Production rate set to maximum (i.e. max OEE when producing) 

Production shutdow tis are allowed 
J 5% of daily costs can be saved 
Production rate sel to maximum (i.e. max OKF. when producing) 

Flexible production rate (with the range earlier discussed) 
No production shutdowns are allowed 

Production rate .set to maximum (i.e. max OKF) 
No production shutdowns are allowed 

Table 1: Different capacity management strategies in weak demand situations 

Different strategies can be used to better manage the capacity in weak demand situations (Figure 5 and 
Table 1). The results clearly indicate that the maximum production approach, where planning decisions 
lead to a high utilization of the production lines, leads to significantly lower SC profit compared to 
approaches that seek to align the capacity with profitable pulp demand (see the white arrows in Figure 5). 
This is due to the fact that a part of the pulp produced is sold at a price that decreases the overall profit. 
Moreover, for all demand scenarios considered, the highest SC profit is obtained by using temporary 
production shutdowns. With this strategy it is possible to achieve a perfect match between the quantity of 
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pulp produced and the profitable demand. Also, compared to the flexible capacity management approach, 
the use of production shutdowns allows a reduction of the daily cost incurred by the mill (labour, 
supplies, maintenance, etc.). Although 15% savings is a more reasonable figure with respect to the mill 
case, the results for 30% savings highlight the importance of assessing the real costs of idle assets and of 
evaluating the trade-offs between this and the expected margin scenarios. Since temporary production 
shutdowns are difficult decisions to make (given social reasons, uncertainties, counter-intuitive, etc.), the 
flexible capacity management approach is a particularly interesting alternatives for capacity 
management. In this case, the production rate at the mill is pulled by the profitable demand and the SC 
profit realized can be maintained without shutting down the mill. This is especially true if only a limited 
part of the daily costs can be saved. Finally, given the range of production rates, the flexible approach 
may not be sufficient in very difficult demand scenarios (e.g. < - 10%) and, eventually, production 
shutdowns may also be required (Figure 5). However, the flexible approach would still help to balance 
the SC and prevent unnecessary pressure on the other cycles e.g. fibre procurement, finishing, etc. 

Flexible capacity 
is an interesing 
alternative to 
shutdowns 

Max. capacity 
utilization, lower 
SC profit 

• With Shutdown (daily costs©30%) ; 

*With Shutdown (daily costs® 15%) j 

fc Flexible Capa-ity Mgt (3 months) j 

» Maximum Production (3 months) 

Figure 5: Capacity management in low demand / low price situations. 

Figure 6 illustrates, for the weak demand scenario demand price @ -5%, how the optimal alignment can 
be reached with a flexible capacity management strategy. The optimal profit curve was generated by 
sequentially finding the optimal SC profit that can be realized if the production rate is set for each value 
of the range and if no shutdowns are allowed. Whilst the Total Demand available was a specified input to 
the problem, the Profitable Demand that was calculated by solving the problem without fixing the 
production rate (see Figure 5) can be considered as a target to reach. Given the demand scenario 
considered, the Profitable Demand corresponds to approximately 85% of the Total Demand available. 
The Pulp Produced was obtained by doing the summation of all pulp produced after the models were run 
for each production rate considered. The best SC profit was obtained at a reduced production rate of 
Min+20% (Figure 6). As indicated, this is due to the alignment of the quantity of pulp produced and the 
profitable demand (see A). A lower production rate (e.g. Min) does not allow to take advantage of all the 
demand opportunities (Profitable Demand > Pulp Produced) and thus, the corresponding profit is 
reduced (see B). Furthermore, for all production rates greater than Min+20% (e.g. see Q , the profit is 
also reduced since unprofitable demand is satisfied (Profitable Demand < Pulp Produced). 

Test Case 
Normal Demand 

Demand Scenarios 

Papier 7, Soumis a Tappi Journal, 2008 



326 

Optimal Alignment 

Range of Production Rates 
(in relative % of the absolute range) 

0.96 

Demand Price g> -5% 

" • • Profitable Demand 

•mtBTotal Demand 

«•"* Pulp Produced 

-^-Optimal Profit Frontier 

Figure 6: Finding the optimal alignment between manufacturing capacity and market demand.The 
Profitable Demand, Total Demand available and quantity of Pulp Produced are indicated, respectively 

from left to right, by the bars. The best SC profit is indicated by an "X". 

The mill cost structure is an essential element to consider at the SC level in order to ensure optimal SC 
profit. This is particularly important in weak demand situations where the impact on SC profitability of 
each additional order should be evaluated based on a careful assessment of the cost/revenue generation 
(Figure 7, Demand Price @ -5%,). Figure 7 shows, for the weak demand scenario demand price @ -5%, 
the optimal profit curves that were obtained for the three manufacturing cost structure introduced in 
Figure 3. If additional orders are taken in Case I, the impact on SC profit is relatively limited. Contrarily, 
for Case II, SC profit is rapidly decreasing if additional orders are taken. This is an important aspect to 
take into account especially when, for example, less profitable orders are accepted to maintain customer 
loyalty or also, when compromise are made on the pulp price in order to get additional orders to fulfill 
the unused production capacity at mill. 
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If additional orders 
are taken, the 
impact on SC profit 
is limited 

SC profit is rapidly 
decreasing if 

additional orders 
are taken 

Case 1 - Energy Effect Only 

-Mill Case- Combined Effects 

Case 2 - Bleaching Effect Only 

+20% +40% +60% 

Rangeof Production Rates 
(in relative % of the absolute range! 

Figure 7: Effect of manufacturing cost structure (see Figure 3) on SC profit, for taking additional orders. 
The plain line corresponds to the mill case (same as Figure 6) and the dashed lines indicate the results 

obtained for Case I & II. 

The mill cost structure also has a significant impact on the optimal alignment between the manufacturing 
and demand cycles (Figure 8). For each demand scenario, the optimal profits obtained for the Case I & II 
and the Mill Case are almost similar (+/-1%); depending on the cost structure, different alignments are 
used to achieve the same profit. For instance, for the weak demand scenario, that Case I has a higher 
order fulfillment in order to operate at higher production rates and thus benefit of the lowest possible 
manufacturing costs. Contrarily, for the strong demand scenario, Case II has a significantly lower order 
fulfilment in order to minimize the impact of higher manufacturing costs. Finally, for the Normal Price 
scenario, since the most appropriate production rate falls close to the middle of the range specified in 
Figure 3 (i.e. they have similar manufacturing costs), the optimal alignment is similar for the three cases 
considered (see A). 
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Figure 8: Effect of manufacturing cost structure on the optimal alignment between production capacity 
and profitable demand. 

The results obtained with the flexible capacity management approach are presented for the three 
manufacturing cost structures considered (Case 1, Mill Case, Case 11) and for different demand scenarios 

(+5%, Normal Price, -5%). In the graph, the optimal profit realized are indicated by the straight 
horizontal lines and the bars give the optimal order fulfillment i.e. the quantity of pulp that was profitable 

to produce. 

IMPLICATIONS 

Based on the approach and the results presented, the authors would like to draw attention to the 
following: 

- It was shown that the application of a margin-centric SC approach can provide significant benefits, 
even for a relatively simple industrial system (see Figure 2). Given the common belief that this is not 
an important issue for commodity product mills (e.g. newsprint, market pulp, etc.), P&P producers 
should investigate the benefits of integrating the production and enterprise levels for SC decision 
support or at least, identify in which situation this may or may not be important. 

- Since the principle advantage of the tools used is their capability to provide support for the 
management of complex systems, greater benefit would be expected if the operations-driven 
approach would be applied to more complicated cases e.g. a paperboard mill producing many 
grades/products. 

It is expected that by considering a multi-mill network additional opportunities to improve the SC 
profitability could be realized. For instance, in the situation where the overall capacity should be 
reduced, an extended SC model could determine which mill should reduce capacity to maximize the 
overall profits. However, since more than one mill could serve the same market, a greater emphasis 
should be put on the trade-off between transportation and manufacturing costs. 
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CONCLUSIONS 

The minimization of the cost per ton at the mill may be a misleading indicator, especially in a 
challenging business environment. For weak demand scenarios it was shown that maximum capacity 
utilization may lead to a diminished SC profit. In these cases, the capability to align the production and 
the profitable demand is essential in order to optimize the SC profitability. This optimal alignment can be 
continuously ensured using a flexible capacity management strategy where the production rate is pulled 
by the profitable demand. Given the key role of mills in the P&P SC, it is necessary to emphasize on the 
representation of the manufacturing processes at the SC level for the successful implementation of such 
margin-centric approaches. In this study, this was addressed using an operations-driven approach that 
incorporates a bottom-up cost model to characterize the manufacturing cost structure, and an 
optimization model for the planning of the fibre SC. To become true low-cost producers, the authors 
believe that P&P companies need to develop and apply such advanced analytical approaches that will 
allow them to systematically evaluate the trade-offs between procurement, manufacturing and demand 
cycles of their SC. 
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ABSTRACT 

The capability to determine the optimal balance between fibre supply and requirements is essential to 
ensure the competitiveness of high-yield market pulp mills. The application of advanced supply chain 
(SC) analytical methods and tools has the potential to improve the management of the increasingly 
complex fibre procurement process. This paper describes, for the case of an existing market pulp mill, a 
SC planning approach that exploits the manufacturing flexibility at the mill and provides adequate 
support for cost effective fibre supply. Given the important trade-offs between procurement and 
manufacturing costs, it is necessary to emphasize the representation of the manufacturing processes at 
the SC level for the successful implementation of such approaches. This is addressed using an 
operations-driven approach that provides the required visibility of manufacturing operations and helps to 
coordinate business units across the SC. 

Keywords: Operations-Driven Cost Modeling, Supply Chain Planning, Optimization, Flexible 
Manufacturing, High-Yield Pulp Mill 

INTRODUCTION 

Given the difficult and rapidly changing business environment, Canadian pulp and paper (P&P) 
companies have been challenged to restructure their operations, investments and financing strategies in 
order to improve their economic performance. They have put significant effort in reassessing their 
enterprise-wide activities with the aim to act on both revenues and costs. In this context, the ability to 
apply systems-oriented methodologies and decision support tools will be a critical element for the 
successful design, coordination and management of the P&P supply chains (SC). 

Given the lack of coordination between the procurement and manufacturing cycles, it is often 
challenging for P&P mills to find the optimal balance between fibre supply and requirements. Since P&P 

To whom all correspondence should be addressed. Contact: paul.stuart(£ipolymtl.ca 
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companies put great emphasis on the production and the maximization of the overall equipment 
efficiency (OEE), raw material management is often viewed as of secondary importance [1]. Given their 
capacity-focused management approach, fibre supply is rarely considered systematically during 
production planning. This practice is no longer adequate in the Eastern Canadian context where high 
fibre cost and limited fibre availability have a critical impact on overall profitability. Given the 
complexity of the fibre SC, it is necessary to systematically assess the impact of planning decisions and 
to identify the important trade-offs between the manufacturing and procurement cycles. 

In collaboration with key logistics and operations managers at Tembec, a decision support tool has been 
developed that provides the required visibility of manufacturing operations and helps to better coordinate 
the procurement and manufacturing cycles. This paper describes an operations-driven approach that has 
the potential to help the P&P industry to make better SC decisions, and demonstrates how this can be 
used to support the implementation of flexible manufacturing at an existing market pulp mill. 

OPERATIONS-DRIVEN SC APPROACH 

In recent years, the integration of information across the SC has improved tremendously by the 
implementation of modern transactional information technologies (IT).[2] From the manufacturing 
perspective, decision making improved by providing managers with consistent information on what is 
produced in the plants. However, enterprise-level systems (e.g. ERP) typically incorporate aggregated 
plant data that are not adequate for SC decision support in process industries (Figure 1) [3]. This is the 
case in P&P where process information is incorporated on an ad hoc basis to support higher level 
decision processes [4]. Although large amounts of data are provided by the IT supporting manufacturing 
and business activities, current managerial approaches do not fully exploit these data for advanced 
decision support and thus, the potential of implementing analytical approaches is yet to be realized. 

Since the performance of each mill is in close correlation with the profitability of the whole fibre SC, 
manufacturing facilities are key drivers of SC efficiency. However, because of the complexity and 
uncertainty associated to P&P manufacturing operations, it is difficult, compared to discrete-type 
industries, to make the link between the production and enterprise levels. In this context, SC approaches 
developed by the PSE community are most interesting since they emphasize the incorporation of 
chemical engineering knowledge to better represent the process capability at the SC level [2]. 

For large-scale and capital intensive process industries, there are strong overlaps between production and 
SC planning [5]. Since these decision making activities by definition take into account the production 
and business perspectives, planning frameworks can play a key role in integrating the plant and 
enterprise levels [3, 6]. However, the oversimplified representation of manufacturing capability is a 
typical weaknesses of SC planning problems of low-margin production plants [7]. So far, the 
incorporation of more sophisticated process representations has been done for the petroleum industry 
using so-called property-based SC planning approaches [8, 9]. Since these rely on detailed process 
models (based on mass and energy balances) to characterize the production processes and operating 
conditions, they often involve non-linear relationships and result in complex SC models that are difficult 
to solve [2, 8, 10]. 

Since first-principles relationships are not as widely available in P&P, there is good reason to use and 
analyze on-line measurements (e.g. production rates, specific energy, consistency, etc.) and to develop 
data-driven models to characterize the operations at the mill. With the advent of process information 
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management systems (PIMS), many envision the value of incorporating the information that lies in the 
lower-level process data in higher-level systems [3, 4, 10, 11]. Given the convergence of mill's PIMS 
and enterprise systems, there is an opportunity to 1) use lower-level process data to characterize the 
operating conditions, 2) to link the production and business perspectives by integrating critical process 
and cost information and 3) to reflect manufacturing operations for higher-level SC decision support. 

This challenge has been addressed by developing a margin-centric SC approach combining descriptive 
and prescriptive models (Figure 1). An operations-driven cost model can be use to characterize the 
manufacturing costs of continuous P&P processes [12]. This advanced cost modeling technique, inspired 
by Activity-Based Costing (ABC) [13], uses a rich set of resource- and process-related drivers that are 
based on the analysis of the mill's historical process and cost data. The presented application at a high-
yield pulp mill, outlines how to structure and analyze critical data and to develop a cost model suitable 
for the identification and interpretation of the cost implications of various operating regimes [14], This 
bottom-up approach provides a perspective that not only improves the understanding of the mill's cost 
structure but also provides the process information necessary for the representation of the mill's 
operations at the SC level. 

Since SC problems are complex, it can be very challenging to simultaneously evaluate the various trade
offs and determine the best SC operative strategy without adequate decision support tools [15]. An SC 
planning model [16, 17], incorporating the relevant issues considered by the decision makers involved in 
the procurement, manufacturing and demand cycles of the fibre SC, is used to provide the visibility 
across the supply chain and decision levels (Figure 1). The optimization-based framework improves 
current decision processes by providing a set of business-valuable information (e.g. feasible production 
plan, allocation of supply & demand orders, inventory levels, bottlenecks, constraints, etc.) that helps to 
maximize the overall SC profitability. This capability to manage the complexity of the fibre SC is critical 
for the cost effectiveness of market pulp producers [17, 18]. 

This paper will focus on the integration of the mill and enterprise levels and demonstrate the importance 
and the potential benefits for the P&P industry by better representing the manufacturing cycle in SC 
planning problems. 
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Figure 1: Margin-centric approach for SC decision support in P&P. 

OBJECTIVE 

The main objective of this paper is to show, for the case of an operating high-yield pulp mill, the 
potential benefits of implementing flexible manufacturing strategies to ensure cost-effective fibre supply. 
Given the focus on the integration of the mill and enterprise levels, this work will demonstrate the 
importance of better representing the manufacturing cycle in P&P SC planning problems and hence, the 
advantages of the operations-driven approach. 

CASE STUDY 

High-Yield Pulp Mill 

The case study considered consists of the fibre supply chain of a high-yield pulp mill including the fibre 
procurement, the manufacturing and the distribution/customer cycles (Figure 2). Raw material inventory 
planning and supplier selection based on incremental costs and expected availability are the key elements 
for fibre procurement planning. The mill produces high-yield pulp from hardwood chips using a 
bleached chemi-thermomechanical pulping process where four main production steps are involved: 
chemical pre-treatment, pressurized refining of wood fibres, bleaching of the pulp, and drying/finishing 
operations. Various pulp grades are obtained by varying the process operating conditions according to 
standard recipes. The final product is sold to customers in the form of baled dried pulp. For each cycle, 
continuous and dynamic SC decision making processes must be executed at different decision levels. 
The integrated planning of these cycles is desirable in order to achieve good supply chain coordination, 
and is an important issue for market pulp mills. 
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Fibre Procurement Cycle 

Figure 2: Fibre supply chain of the high-yield pulp mill. 

Flexible Manufacturing to Support Fibre Supply 

Fibre supply is an important element to ensure the cost competitiveness of high-yield market pulp mills. 
In Eastern Canada, the decision processes involved in identifying the most appropriate fibre supply 
strategy are very challenging and dynamic because of a number of issues such as sawmill closures, high 
cutting rights costs and forest-related regulations. Fibre supply planning is typically based on the 
production plan established at the mill which specifies the amount of each pulp grade to be produced on 
each production line. The specific requirements for each hardwood species are evaluated given the chip 
input ratios specified by the recipes for each pulp grade. However, given the current chip feeding process 
and the information systems in place, it is practically difficult for the mill to monitor precisely the 
relative amount of each wood species used at any given time. Therefore, compared to the "ideal" recipe 
conditions, the "real" chip input ratio is varying. Being good operators, the mill has developed the 
capability to adjust the operating conditions accordingly on each production line to mitigate the impact 
of the chip ratio and meet the required pulp grade specifications. Given the available tools to optimize 
the trade-offs within the SC and to characterize the manufacturing cost structure based on operating 
conditions, there is an opportunity to exploit the mill's process capability and provide an additional 
degree of freedom for the procurement of fibre. This paper will demonstrate the potential value of 
incorporating the chip input ratio as a decision variable in the SC problem to ensure better alignment 
between fibre supply and the manufacturing cycles. 

RESULTS & DISCUSSION 

Operations-Driven Cost Modeling 

The cost implications of varying chip input ratios for each grade produced at the mill have been 
determined based on the modeling technique presented in Laflamme-Mayer et al. [12]. This 
multidisciplinary approach emphasizes the importance of the process perspective (as opposed to the 
product perspective) for identifying the source of cost in continuous process environments, and both the 
production process and the specific operating conditions are systematically considered. By using bottom-
up process and cost information, resource and process activity drivers can be identified and used to 
characterize the cost generation within the mill's main processing operations. 

A set of feasible discrete recipe scenarios were established for each grade. They were obtained by 
varying the chip input ratio over a practical range which allows meeting pulp specifications and keeping 
energy consumption below the peak at all time. For the case of one maple grade, the 28 feasible recipes 
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were identified based on the combination of three hardwood species i.e. maple, birch and mixed 
hardwood (Figure 3). For each scenario, the impact of the selected chip input ratios on the operating 
conditions was characterized in terms of refining energy and bleaching chemicals: it was assumed that 
the pretreatment conditions were not significantly affected by chip input ratio variations. Using this 
bottom-up process information, the impact of each recipe scenario on the manufacturing cost structure 
was evaluated. 

102% 

101% 
• o O 

I 
98% 

100% ^-m-m-»-

Standaixl 
Recipe 

Maple Grade 

Recipe Scenarios Considered 

Figure 3: Process-based manufacturing costs evaluated for each identified recipe scenario. 
Recipe sl6 corresponds to the standard recipe currently used at the mill. 

Since the range of deviation is relatively narrow, i.e. ± 2% of the manufacturing cost of sl6, the cost 
structure flexibility of the mill case is considered to be high (Figure 3). In order to better understand the 
impact of a less flexible cost structure on the SC level, i.e. more sensitivity to the variation of chip input 
ratios, we introduced two additional cases of medium (±5%) and low (± 10 %) cost flexibility. In both 
cases, while the range of deviation was increased, the relative cost performance between each recipe 
scenarios was kept constant (see Figure 4). 

The integration of the process and cost perspectives, using the operations-driven approach, is an essential 
step that allows for better understanding how (and to what extent) the relative amount of each wood 
species impacts the cost performance of producing each grade at the mill (Figure 4). The manufacturing 
cost increases with the proportion of maple chip (see A), which reflects the fact that the bleaching of 
maple fibres is more difficult compared to other species. Although the refining of birch fibres is more 
energy intensive, the higher is the birch ratio, the lower are the manufacturing cost (see B) because the 
augmented electricity cost is largely offset by the improved bleaching efficiency. Finally, for a given 
maple ratio, the addition of mix hardwood fibres results in augmented costs. Since a high content of 
aspen fibres in the mix was assumed, the larger the amount of mixed fibres, the lower is the efficiency of 
the bleaching process that must be adapted to maintain the pulp bulkiness specifications. 
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Figure 4: Cost implications of varying chip input ratios for the 28 scenarios considered. 

Supply Chain Planning 

The SC planning model used in this study consists of the campaign planning and order scheduling model 
of the multi-scale decision support framework presented in Laflamme-Mayer et al.[17]. It is formulated 
as a mixed-integer linear programming problem with a discrete time representation. The time horizon 
considered is three months and the time step is one day. The objectives of the model are to determine the 
optimal sequence of production, to identify low incremental cost fibre suppliers, to select high margin 
customer orders and to allocate the selected orders within the production campaigns. Detailed capacity 
and assignment constraints are used respectively to represent the limitations of the resources available, 
and the decisions that need to be made such as the production of a given recipe during a particular time 
period. Constraints are also introduced to represent logical conditions within the operations such as 
sequence-dependent transitions. The timing of supply and demand opportunities is also taken into 
account. Furthermore, in order to account for the choice of the most appropriate recipe from the set of 
feasible scenarios (Figure 3), slight modifications have been introduced into the initial formulation. The 
consumption of fibre (for each wood species) and the manufacturing costs are not fixed for a given pulp 
grade but are calculated based on the particular recipe scenario selected at any given time. 

Papier 8, Soumis a Tappi Journal, 2008 



337 

Description 

Production campaigns at the mill are fixed according to industrial 
heuristic 
Procurement of fibre must adapt accordingly 
Recipes were fixed according to standard for each grade 

Procurement and production planning are optimized 
simuhaneou.sl) 
Recipes were fixed according to standard for each grade 

Procurement and production planning are optimized 
simultaneously 
The best recipe can be chosen from the set of scenarios 

Table 1: Description of the different planning approaches compared. 

In order to demonstrate the benefits of managing the complexity of the SC, three planning approaches 
(Table 1) were compared for three different fibre supply cases. 

For the procurement context defined in Case I, the supply opportunities available are relatively aligned 
with the fibre requirements at the mill. It is thus possible to reach a close to optimal balance between the 
procurement and manufacturing cycles with the industrial heuristic and the standard recipe (sl6) (Figure 
5, Case 1). For this reason, there is little improvement opportunities when using more advanced planning 
approach. 

Case II is based on the supply opportunities specified in Case I but considers a more constrained fibre 
supply context. This situation was defined by 1) reducing the maximum inventory level allowed, 2) 
providing low initial inventory and 3) introducing a temporary shortage of maple fibre during the first 
month of the time horizon considered. The more constrained the SC, the more difficult it is to assess the 
trade-offs and thus, the greater is the profit improvement by using advanced decision support tools 
(Figure 5, Case II). Most of the benefits of SC planning were realized by improving the synchronization 
between the manufacturing and procurement cycles. Considering that the same supply opportunities were 
provided in Case 1 & 11 and similar profit improvement for / and 7+, indicates that the use of standard 
recipes can still provide a relatively good alignment with fibre supply. 

Finally the third case considers the issue of changing supply opportunities. In Case III, the supply context 
is defined such that it is not possible to supply more than half the maple fibre capacity that was available 
in Case 7 at a reasonable cost. This is compensated by a greater availability of birch and mixed hardwood 
fibres where, compared to Case I, the latter is more expensive. There is a clear effect of the misalignment 
between the standard recipe si 6 and the newly defined supply situation (Figure 5). Even with the 
synchronization of the manufacturing and procurement cycles, the integrated approach (7) is not enough 
to adapt to this situation. In difficult and changing supply contexts, only the 7+ SC planning approach, 
which allows for the selection of the most suitable recipe (chip input ratios), can ensure the optimal 
alignment between the fibre supply and requirements. In addition to coordinate the decisions across the 
SC, this approach takes advantage of the manufacturing flexibility at the mill and allows to get the most 
out of any given supply context. 

Planning Approach 

Not Integrated (Nl) 

Integrated il) 

Integrated with ratios (I') 
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Figure 5: Benefits of managing the complexity of the supply chain. 

The capability to identify the trade-offs between direct manufacturing and procurement costs and to 
evaluate its impact on SC profitability is a critical element for the successful implementation of SC 
planning based on manufacturing flexibility (Figure 6). Given the supply context introduced in Case III, 
the profitability curve was obtained by sequentially calculating the optimal profit for each feasible recipe 
scenario where the maple ratio is set to 40%. The greatest profit can be obtained by selecting recipe 4 
that offers the optimal balance between procurement and manufacturing costs. The corresponding chip 
input ratios (maple 40%, mixed HW 30% and birch 40%) ensures that the most expensive sources of 
mixed HW and birch are avoided by compromising on the direct manufacturing costs. The selection of 
any other recipe will result in a reduced overall profit. If a recipe with a larger proportion of birch is 
selected (recipes 5 to 7), the manufacturing costs savings will be offset by an increase in fibre cost. On 
the other hand, the manufacturing costs increase with the proportion of mixed HW chips used. For 
instance, in the case of recipe 3, the potential saving of using cheaper mixed HW fibres is offset by 
higher manufacturing costs at the mill. The procurement costs significantly increase towards the 
extremes of the graph, i.e. at mixed HW = 60% or birch = 60%. In order to have large amount of a given 
wood specie, it is necessary to get fibres from the high range of the incremental fibre supply cost curve. 
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Figure 6: Trade-offs between manufacturing and procurement costs 

For a range of recipes (recipes 3, 4, 5 and 6), the profit that can be realized is fairly constant. From the 
fibre procurement perspective, this means that as long as the fibre supply varies within this range, the 
impact on the overall SC profit is limited. This situation can be exploited by the procurement manager to 
improve the alignment between fibre supply and requirements. However, this capability strongly depends 
on the manufacturing cost structure flexibility (Figure 7). For less flexible cost structures (i.e. the 
manufacturing costs are more sensitive to variation of the chip input ratio), the plateau is reduced and 
large profit reductions are experienced if the best recipe to use is not selected. Therefore, for Medium and 
Low cost flexibility situations, there is less opportunity compared to the Mill Case to use recipe selection 
as a tool to align fibre supply and requirement while maintaining the SC profit. 

Maple = 40°/ 

• High Cost Flexibility (Mill Casej 
s Medium Cost Flexibility 
» Low Cost Flexibility 
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Best recipe to use for 
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FeujefJ 
Recipe" 
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Figure 7: Flexibility of the alignment of fibre supply and requirement 

Fibre procurement can take advantage of the mill cost structure flexibility (Figure 8). In the practical 
case considered, competitors adopt an aggressive procurement strategy due to low inventory levels, and 
offer a premium on fibre price in order to attract more capacity from regional contractors. The fibre 
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supply context, based on Case III, takes into account the increased pressure on fibre cost by increasing 
the fibre costs by 10%, 20% or 30% for the equivalent of 25% of the given birch supply capacity. The 
higher the flexibility, the greater are the opportunity to maintain the profit level in difficult procurement 
situations (Figure 8). For instance, in the Mill Case, the cost structure provides enough flexibility to 
adopt a more disciplined fibre procurement strategy i.e. avoid buying birch fibre at a premium. On the 
other hand, for the case of Medium and High flexibility, since the impact of selecting another recipe on 
manufacturing costs is high, there is no other alternative than to pay a premium to get the required 
amount of fibres. From a practical perspective, in addition to reduce procurement costs, disciplined fibre 
supply strategies are more desirable because otherwise the resulting competition for fibres tends to 
contribute to maintaining high fibre prices on the market for a longer period of time. 

High Medium Low 
Cost Flexibility Cost Flexibility Cost Flexibility 

(Mill Case) 

Figure 8: Exploit manufacturing cost structure flexibility to maintain profit level. 

IMPLICATIONS 

Based on the approach and the results presented, the authors would like to draw attention to the 
following: 

- It was shown that changing process conditions, which lead to various operating regimes for the same 
pulp grade and production line, have an impact on the direct manufacturing cost structure at the mill. 
Although this is recognized by process engineers who understand the general cost trends, prior to the 
application of the operations-driven approach, they did not have access to a quantitative 
characterization of these costs. The authors believe that it is critical to integrate the production and 
enterprise perspective and hence, to improve margin-centric decision making at the SC level. 

- Since it may not be possible to characterize all recipe scenarios using a data-driven approach, the cost 
implications of varying chip input ratios can also be determined based on the process engineer's 
experience, simulations or any other bottom-up approach that emphasizes the process perspective. 
However, as soon as a new recipe is run, historical process data should be used to characterize its cost 
performance and this information should replace the initial estimates in the SC planning problems. 
Over time, the operations-driven approach will facilitate the understanding of the cost implications of 
key operating conditions and provide better support for SC planning. 

BCase III - Normal Supply 

*! Difficult Supply: 10% Premium 

** Difficult Supply: 20% Premium 

B Difficult Supply: 30% Premium 
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- Given the technological expertise of suppliers, P&P best practices are widely available across the 
industry. The operations-driven approach that combines the use of descriptive and prescriptive 
models, allows developing a unique margin-centric SC capability. This can be an important source of 
specific competitive advantage that will likely be difficult for competitors to replicate. 

CONCLUSIONS 

Fibre supply is an important element to ensure the competitiveness of high-yield market pulp mills. Since 
the procurement and manufacturing cycles are typically managed in silos, it is often challenging to find 
the optimal balance between fibre supply and requirements. Given the complexity of the fibre SC, it is 
essential to coordinate the planning decisions across the business units for the SC. As demonstrated, SC 
planning approaches, exploiting the manufacturing flexibility at the mill, can provide adequate support 
for cost effective fibre supply. In addition to improving the synchronization between the manufacturing 
and procurement cycles, it provides fibre procurement managers with the capability to get the right 
supply opportunities, in any given supply context. Given the important trade-offs between procurement 
and manufacturing costs, it is necessary to emphasize on the representation of the manufacturing 
processes at the SC level for the successful implementation of margin-centric approaches. In this study, 
this was addressed using an operations-driven approach that incorporates a bottom-up cost model to 
quantify the impact of the recipe selected on the mill manufacturing cost structure, and an optimization 
model for the planning of the fibre SC. With the forest biorefinery's rapid expansion in North-American, 
high fibre cost and limited availability is likely to become a given in the future. Therefore, P&P 
producers must be prepared to adapt to this new reality and develop the ability to apply advanced 
analytical approaches that will help them manage the increasingly complex fibre procurement planning 
process. 
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ANNEXE I 

SUPPLEMENT DE LITTERATURE 

Revue specifique de travaux pertinents 

Le developpement du cadre d'optimisation de la SC propose dans cette these a ete 
principalement inspire par trois articles. lis ont ete respectivement consideres pour 
l'elaboration du modele de planification, du modele d'ordonnancement de la 
production et de l'approche hierarchiques en ligne. Les sous-sections suivantes 
fournissent de plus amples details sur ces applications particulierement pertinentes. 

P&S integre de la SC dans I 'industrie chimique 

Guillen et al. [1] ont presente, pour l'industrie chimique, une approche integree de P&S 
d'une SC multi-echelons qui incorpore des usines polyvalentes (multi-produits) de 
production par lots. Deux approches sont considerees. La premiere, qui consiste en une 
approche traditionnelle de P&S, vise la maximisation des revenus et ignore les effets 
sur les flux de tresorerie. La seconde integre un modele de gestion des flux de tresorerie 
qui permet l'analyse simultanee des impacts des decisions operationnelles sur la 
performance financiere de l'entreprise. La comparaison des resultats obtenus pour ces 
deux approches souligne les avantages de prendre en compte les aspects financiers dans 
les problemes de P&S. 

Du point de vue de la presente these, un des elements particulierement interessant 
consiste en la formulation du modele de planification de la production, au second 
niveau du cadre de P&S propose. II est utilise afin de determiner, pour chaque periode 
agregee, la quantite totale de chaque produit a manufacturer. Pour ce, des variables 
binaires indiquent le nombre de fois qu'une tache doit etre repetee a chacune des 
periodes. Puisque ce modele est utilise a haut niveau, uniquement des contraintes 
d'affectation, les bilans de masse et de capacite sont consideres. Tandis que les 
premieres assurent que le nombre de taches affectees respecte le temps disponible a 
l'usine, les secondes garantissent que les aspects tels que la consommation des matieres 
premieres, les rendements et les intrants/extrants de la production soient consideres. 
Quant a elles, les contraintes du troisieme type forcent le respect de la capacite des 
equipements, des inventaires, etc. Finalement, le lien entre les variables 
d'ordonnancement et de planification se fait en fixant les inventaires de produits a la fin 
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de la premiere periode agregee selon les resultats detailles obtenus a l'aide du modele 
d'ordonnancement pour la periode detaillee correspondante. 

Optimisation de la SC dans I Industrie des P&P 

Deux publications [2, 3] provenant du 'Norwegian School of Economics and Business 
Administration (NHH) sont particulierement pertinentes dans le contexte de cette these. 
Pour l'etude de cas etablie avec la compagnie Sodra Cell AB, les processus de 
planification de la SC se font a differents niveaux decisionnels. A haut niveau, un 
calendrier de production preliminaire, base sur des previsions, est etabli en considerant 
un horizon de temps de un an. Ensuite, a un niveau inferieur, un processus de 
planification plus detaille fournit une cedule de production, assure que les livraisons 
soient respectees et veille a ce que la demande et l'offre soit equilibrees. Dans ce 
dernier cas, un horizon de temps de trois mois est pris en compte. L'etude [2] souligne 
que la coordination du flux de fibre est tres importante afin d'assurer la rentabilite de 
l'entreprise, et que cela necessite le developpement d'outils d'aide a la decision pouvant 
fourair la visibilite necessaire tout au long de la SC. 

Les details l'etude de cas ainsi que la formulation des modeles d'optimisation sont 
presentes par Bredstrom & al [3]. La SC considered se compose des cycles 
d'approvisionnement, de fabrication (qui comprend trois usines de pate kraft) et de 
distribution/demande. Tel que mentionne, les objectifs vises par les auteurs consistaient 
a elaborer des modeles et methodes d'optimisation pour la planification de la SC a court 
terme et a evaluer le potentiel de ces outils pour le support a la prise de decisions. Les 
deux modeles alternatifs proposes considerent des decisions journalieres, prennent en 
compte un horizon de temps de 3 mois et sont formules par programmation lineaire et 
en nombres entiers. Le premier consiste en une approche par generation de colonnes ou 
la planification complete a chaque usine est representee par une variable. Le deuxieme 
utilise quant a lui une formulation explicite qui est resolue par la technique de 
separation et devaluation progressive (i.e. « branch & bound »). Afin de reduire le 
nombre de contraintes prises en compte (et done les efforts computationnels requis), 
une methode a ete employee pour faire l'agregation des periodes de temps 
correspondant aux decisions moins immediates. Enfin, ces travaux ont demontres que 
les approches de programmation mathematique donnent generalement de meilleurs 
resultats, 1'optimisation de la SC en P&P, que les solutions generees manuellement. 
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P&S multi-niveaux et « en ligne » de la SC 

Stefansson et al. [4, 5] presente, pour le cas reel d'une compagnie pharmaceutique, une 
application de l'approche de P&S hierarchique et « en ligne ». Les trois niveaux 
hierarchiques du cadre de planification propose different tant par l'horizon de temps 
considere que par les objectifs vises et le type de donnees utilisees. Au niveau le plus 
eleve, le modele formule optimise les campagnes de production pour des besoins de 
planification a long terme. Ensuite, au niveau intermediate, le modele a pour objectif 
simultane de reviser les campagnes etablies au niveau superieur et d'allouer les 
commandes courantes (sujettes a des changements) a chacune de celles-ci. Enfin, au 
niveau inferieur, un troisieme modele, base sur les commandes qui ont ete confirmees 
par les clients, est utilise pour l'ordonnancement detaille des taches de production. Afin 
de s'adapter au processus decisionnels les modeles considerent a chaque niveau un 
horizon de temps et une frequence d'utilisation specifiques (correspondant aux besoins 
particuliers de chacun des niveaux). A chaque utilisation, l'etat du modele est mis a 
jour en utilisant les donnees les plus recentes disponibles et 1'optimisation est lancee 
afin de determiner le meilleur plan/cedule. Etant donne l'horizon de temps glissant, 
seulement le plan optimal obtenu pour le debut de la periode est reellement implante et, 
a chaque fois, l'horizon considere est repousse. Au fur est a mesure que de nouvelles 
informations sont disponibles, le plan associe aux periodes ulterieures est raffine. Bien 
que cette approche ne soit pas optimale, compare au cas ideal ou toutes les 
informations pourraient etre specifiees au prealable et avec certitude pour tout 
l'horizon, les travaux de Stefansson et al. [4] ont demontre qu'elle fournit de bons 
resultats dans le contexte de problemes pratiques de P&S. 
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j Legend 
j • Level 1 - Campaign Planning 

• Level 2 - Simultaneous Campaign 
j Planning & Order Scheduling 
I • Level 3 - Detailed Scheduling 

Figure 1 : Processus decisionnels, disponibilite de l'information et incertitudes 
(tiree de Stefansson & al. (4]) 
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ANNEXE J 

EXTENSIONS AU MODELE DE PLANIFICATION OPERATIONNELLE DE 
LA SC - FLEXIBILITY DE LA CAPACITE DE PRODUCTION 

Mise en contexte 

Les resultats presentes a la Section 4.5 demontrent que, contrairement aux pratiques de 
gestion « centree sur la production » et basee sur les recettes, 1'utilisation pour la prise 
de decisions d'affaires d'informations plus precises sur la production facilite 
l'application de strategies axees sur les marges. Celles-ci visent a mieux exploiter la 
capacite des precedes dans le contexte de la SC. Plus particulierement, une des deux 
strategies potentielles presentees consistait en l'exploitation la flexibilite de la capacite 
de production afin de mieux aligner la production et la demande de pate (voir Section 
4.5.1). Dans ce cas, puisque les decisions reliees a la gestion de la capacite de 
production doivent etre fondees sur une evaluation minutieuse des couts et des revenus 
au sein de la SC, il est essentiel de determiner comment la structure des couts 
manufacturiers evolue selon les taux de production envisages. Pour ce, le modele de 
planification des campagnes de production et d'ordonnancement des commandes 
presente a l'Annexe E a du etre adapte. Cette annexe resume les principaux 
changements qui ont ete effectues a la formulation initiale. 

Notation additionnelle 

Ensembles et indices 

A Ensemble des points extremes utilises pour 1'approximation lineaire 
parmorceaux, indice azA (|A| = 1+ |B|). 

B Ensemble des segments utilises pour 1'approximation lineaire par 
morceaux, indice b & B. 

Variables 

Variables continues > 0 
VCUg^t Couts directs (journaliers) de production de la pate g sur la ligne de 

production / au cours de la periode de temps t. 
Xa,g,u Pourcentage du point extreme a qui est utilise pour Pinterpolation 

lineaire des couts directs de production pour la pate g, sur la ligne de 
production / au cours de la periode de temps t. 
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DeltaPprodgit Quantite de pate g (journaliere) qui doit etre debitee de la production 
totale de la ligne / au temps t, etant donne les transitions et les 
arrets. 

Variables Binaires 
Ob,s,i,t Egale a 1 si le segment b est selectionne pour le taux production de 

pate g sur la ligne / au cours de la periode de temps t; autrement, 
egale a 0. 

Parametres 

PtProds_ia Taux de production de pate g sur la ligne / correspondant au point 
extreme a. 

PtCUgxa Couts directs (journaliers) de production pour le grade g sur la ligne / 
etant donne le taux de production correspondant au point extreme a. 

Modifications a la formulation 

Contraintes 

Production de pate a I 'mine 

Tel que montre a la Section 4.5.1.2, l'approche de modelisation des couts axee sur les 
operations peut etre utilisee pour calculer les couts en fonction des conditions 
d'operation, adaptees selon l'intensite de production. Ces structures de couts non-
lineaires ont ete incorporees a la formulation originale du modele de planification de 
niveau 2 a l'aide de la technique d'approximation lineaire par morceaux (illustree a la 
Figure 1). 
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Couts Directs 
(« unit-level ») 

VCUgJ, 

Pprodgjt Taux de Production 

Figure 1: Approximation lineaire par morceaux des structures de couts, en fonction du 
taux de production. 

Tout d'abord, les contraintes (1) a (6) ont du etre ajoutees a la formulation afin 
d'approximer les fonctions de couts. L'equation (1) permet de selectionner quel 
intervalle sera utilise afin de determiner les couts de production appropries. En fait, les 
Aa,g,U requis sont actives dependamment de la valeur de la variable decisionnelle 
PprodgXt • Les memes Xa,g,u sont aussi utilises, a l'equation (2), pour calculer par 
interpolation lineaire les couts de production VCUgii,f. 

PprodgJJ = l(Afl>g,,,, -PtProd,^) Vg,l,t (1) 
a 

rcugJa = xfc,g,,,, -PtcuhJ \/g,i,t (2) 
a 

Les equations (3) et (4) assurent respectivement que la combinaison lineaire des points 
extremes actives soit egale a 1 et que seulement un intervalle soit selectionne. Dans les 
deux cas, si la variable vr,i,t est egale a 0 (i.e. il n'y a pas de production de pate g a partir 
de la recette r sur la ligne / au temps /) alors aucun segment ne peut etre selectionne et 
VCUg,hl = Q. 

I ^ , + S( l -v^)=l Vg,/,/ (3) 
a r\rg 

I « * . ^ + l(l-v r .„)=l Vg,U (4) 
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En outre, la contrainte (5) est utilisee pour activer les points K,g,i,t extremes 
correspondant au segment choisi Qi>g)i,t. L'inegalite (6) assure que toutes les valeurs de 
Aa,g,i,t soient des pourcentages. 

k*»± I nbtgJJ+ I f \ M , = l Va,g,l,t 
b=a,a<\a\ b=a~\,a>\ 

(5) 

(6) 

II faut aussi noter que 1'equation (7), dans la formulation originale du modele de 
planification de niveau 2, doit etre remplacee par les equations (8) et (9). En fait, 
1'equation (7), qui tient compte directement de la diminution de la production 
journaliere due aux transitions et arrets temporaires de production, n'assure pas 
necessairement que Pprodgti,t soit incluse dans la plage des taux de production possibles 
(i.e. si il y a des transitions et/ou des arrets, il se peut que Pprodgj>r < Rout^J"). Pour 

cette raison, l'equation (8) assure, dans un premier temps, que les taux de production 
soient respectes. Dans un deuxieme temps, l'equation (9) a ete introduite afin de 
determiner la quantite de pate DeltaPprodgjt qui doit etre debitee de la production 
totale Pprodgxt et ce, afin de tenir compte des transitions et arrets possibles a chaque 
journee. 

I 
r\rg 

'v.yRouC-^8^ 

<Pprodgl,< 

i 
r\rg 

vrJy Rout^- ( ! - * * % ! 

-II 
r\rgr\r'*r 

Rout™ • 
^!r,r-b,.rJ 

, 24 

-II 
r\rgr\r'^r 

Rout%" • 
I 24 

v 

)_ 

-J Vg,/,f 

(7) 

l ( v „ , -Rout^)<PprodgJJ < l(v„,;,, .Rout^) Vg,l,t 
r\rg &g 

(8) 

deltaPprod lt = 

I 
r\rg 

VrJ,, 'Rout,., 

r StopS, ^ 

24 + 1 1 
r\rgr\r'&r 

Routr, • 
V 24 j 

Vg,/,/ 
(9) 
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Contraintes liees a la demande 

Afin de tenir compte de la nouvelle variable DeltaPprodgtit, les equations originales 
(10) et (11), qui tiennent compte de la demande interne et externe de pate, ont du etre 
modifiees elles aussi. A la place, les nouvelles equations (12) et (13) ont ete 
considerees. II est a noter que, dans ces dernieres, la production nette disponible est 
donnee par (Pprodgjj - DeltaPprodgxt)-

Pprodg,t -PprodExternalg,, = Demandlnternalg, \fg,l-\,t (10) 

Pproda j, - PprodExternalgl, \/g,I -2,t (11) 

(12) 
Pprod 11 - deltaPprod' , r - PprodExternalg, t 

= Demandlnternalg t Vg, / = 1, / 

Pprodg, 1 - deltaPprodg, 1 = PprodExternalg lt \fg,l = 2,t (13) 

Fonction Objectif 

Les couts directs de production sont, dans la formulation originale du modele de 
planification de niveau 2, calcules par l'equation (14). Pour l'approche axee sur les 
marges, puisque les couts directs evoluent en fonction de l'intensite de production, ce 
calcul a du etre adapte (voir equation (15)). Dans ce cas, il est important de souligner 
que VCUgfit donne les couts journaliers en fonction du taux de production choisi (voir 
Figure 1) et que (CUg,i • DeltaPprodgjJ estime la portion de ces couts qui doit etre 
creditee si une transition ou un arret survient au cours d'une journee de production. 

-JLYLPprod^cu^ (14) 
/ / g 

t I g 

- X I X K C t / g i / , , +zZlZ>Z{CUgJ -DeltaPprod^,) (l5) 
t i e t i e V A - V 
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ANNEXE K 

EXTENSIONS AU MODELE DE PLANIFICATION OPERATIONNELLE DE 
LA SC - SELECTION DES SCENARIOS DE RECETTES 

Mise en contexte 

Les resultats presentes a la Section 4.5 demontrent que, contrairement aux 
pratiques de gestion « centree sur la production » et basee sur les recettes, l'utilisation 
pour la prise de decisions d'affaires d'informations plus precises sur la production 
facilite l'application de strategies axees sur les marges. Celles-ci visent a mieux 
exploiter la capacite des procedes dans le contexte de la SC. Plus particulierement, une 
des deux strategies potentielles presentees consistait en 1'exploitation de la flexibilite 
des operations a l'usine afin de soutenir des strategies d'approvisionnement en fibre 
plus rentables (voir Section 4.5.2). Dans ce cas, la selection des recettes de production 
(i.e. des ratios de copeaux utilises) est incorporee comme variable decisionnelle 
supplemental dans le probleme de planification visant a assurer une meilleure 
adequation entre l'offre et les besoins en fibre de l'usine. 

Pour cette demonstration, le modele de planification des campagnes de 
production et d'ordonnancement des commandes presente a l'Annexe E a du etre 
adapte afin de permettre le choix du scenario de recette le plus approprie. Cette annexe 
resume les principaux changements qui ont ete effectues a la formulation initiale. 

Notation additionnelle 

Ensemble et indice 

F Ensemble des scenarios de recette considered, indice/ sF. 

Variables 

Variable continue > 0 
PSprodfigxt Quantite de pate g produite a partir du scenario de recette / su r la ligne 

de production / au cours de la periode de temps /. 

Variable binaire 
yvr~f,r.u Egale a 1 si le scenario/ associe a la recette r, est selectionne sur la 

ligne de production / au cours de la periode de temps t; autrement, egale 
aO. 
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Parametres 

M Un grand nombre. 

Production depdte 
Rinitr,e,f Ratio (en %) d'alimentation en copeaux d'essence e si le scenario f, 

associe a la recette r, est selectionne sur la ligne de production /. 

Cout 
CUSgjj- Couts de production direct si la pate g est produite a partir du scenario de 

recette/sur la ligne de production /. 

Modifications a la formulation 

Contraintes 

Production de pate a I 'usine 

Pour l'approche axee sur les marges, les ratios d'alimentation en copeaux (pour chaque 
essence de bois) ne sont pas fixes pour un grade (recette) de pate donne mais plutot, 
calcules a partir des scenarios de recette selectionnes (Rin^/). Pour cette raison, 
l'equation (1) a ete remplacee par l'equation (2) qui assure l'integration des scenarios 
de recette pour le calcul de la consommation en fibre. 

ConsumpEe,, = FConv• £ %i W° g'''' " ^ i Ve,/,/ (1) 
r g\rg [ Nprodrl J 

, \ PSprodAgl, • Rinlref 

Nprod , 
ConsumpEelt - FConv • Z Z S i — — T T ^ \ Ve,l,t (2) 

/ r SVg \ 

Aussi, les trois contraintes suivantes ont du etre ajoutees. Tout d'abord, l'equation (3) 
assure que la quantite de pate g qui doit etre produite correspond bel et bien a la somme 
des quantites produites a partir de chacun des scenarios de recette. Quant a elle, 
1'inegalite (4) fait en sorte que la production de pate a partir d'un scenario de recette 
donne ne peut se faire que si ce scenario est selectionne. Comme on peut le voir, si 
yvff.r.u ~ 0 alors la production PSprodftSj,; correspondante est aussi nulle. Enfin, 
l'equation (5) garantit qu'un seul scenario de recette soit selectionne pour une periode / 
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donne (puisque ar;i,t < 1 V r, I, i) et ce, seulement si il est necessaire de produire la 
recette r pour cette periode (i.e. ar,i,t =1). 

Y^PSprodfgJI=PprodgJI \/g,l,t p ) 

IPSprod fg l t <yvrMil • M V/,r,I,t (4) 
g\rg 

Fonction Objectif 

Les couts directs de production sont, dans la formulation originale du modele de 
planification de niveau 2, calcules par 1'equation (6) ou les couts par tonne sont 
constants pour un meme grade de pate. Pour l'approche axee sur les marges, puisque 
les couts de production evoluent en fonction des proportions utilisees de copeaux 
d'erable, de bouleau et de mix HW, la structure des couts de production doit etre 
adaptee en fonction du scenario de recette selectionne (voir equation (7)). Dans ce cas, 
CUSgjj est obtenu a partir des informations donnees par la modelisation des couts axee 
sur les operations. Enfin, il faut souligner qu'il a ete assume que les couts des 
transitions, d'un grade a l'autre, n'etaient pas affectes par les scenarios de recette. Par 
consequent, les memes couts par lot que ceux utilisees dans le modele initial ont ete 
utilises. 

-YZZPprodtJ,CUtJ ( 6 ) 

•YLYLPSprod^CUS^, m 
t f I g \' > 
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