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ABSTRACT

DEVELOPING CAPACITY CONTROL IN PROCESS INDUSTRY 
Case Outokumpu Copper Products

Capacity is an important measure describing the productive capability of a manufacturing unit. 
In selecting a base for capacity management and product costing purposes, companies may 
choose from a range of options, for example, theoretical capacity or effective capacity. 
Capacity measurement has recently attracted increasing interest in manufacturing firms. The 
reason for this lies in escalating excess capacity costs due to inflexible manufacturing lines, 
which cannot adjust to prevailing market conditions.

Capacity measurement involves identifying all the factors affecting capacity and combining 
them to calculate the theoretical or effective capacity of a process. The factors affecting 
capacity include: product mix, production rate, yield, working hours, and time losses. When 
the capacities of individual work centres have been measured, the constraining work centres, 
which determine the capacity of the whole process, must be sought out. These resources must 
be managed carefully since an hour of production time lost at a constraint resource is an hour 
lost for the whole system. The theory of the study mainly consists of resource requirements 
planning and theory of constraints

The objectives of this study are to create a method of measuring the process capacities of a 
manufacturing facility, to find ways to improve the utilization of the constraint resources that 
control the product flow through the system, and to design a uniform way of measuring 
capacity and reporting for different production units of the case company. The study includes a 
capacity calculation model, which can be used for several purposes, including, planning 
capacity and reporting monthly production volumes. It also includes examples of possible 
product costing and product mix optimization methods. The required data for the analysis is 
collected by interviewing personnel. Previously collected data is also used.

The results indicate that theoretical and effective capacities differ significantly due to machine 
downtime and yield. This means that most of the time the production capability of the 
production equipment is not the limiting factor and that capacity could be increased by 
organizing the working time of the operating personnel more efficiently. The recommendations 
for improvement include renewing the pay system to support cross-training, more efficient 
control of the factors determining capacity, implementing the capacity calculation model 
created in this study, and implementing TOC in the machine intensive departments.
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TIIVISTELMÄ

KAPASITEETTIHALLINNAN KEHITTÄMINEN PROSESSITEOLLISUUDESSA
Case Outokumpu Copper Products

Kapasiteetti on tärkeä mittapuu määritettäessä tuotantolaitoksen tuotantokykyä. Kapasiteetti- 
hallinnan ja tuotekustannuslaskennan tarkoituksia varten termi, kapasiteetti, on mahdollista 
määritellä monin eri tavoin, kuten esimerkiksi teoreettinen kapasiteetti tai käytännön 
kapasiteetti. Kapasiteetin mittaaminen on viimeaikoina saavuttanut lisääntynyttä mielenkiintoa 
yrityksissä, koska ylikapasiteettikustannukset ovat korkeat ja tuotantolinjat ovat joustamat
tomia.

Kapasiteetin mittaaminen edellyttää kaikkien kapasiteettiin vaikuttavien tekijöiden tunnis
tamista ja yhdistämistä. Tekijöihin kuuluvat: tuotemix, tuotantoteho, saanto, työtunnit ja 
aikahäviöt. Konekapasiteettien määrittämisen jälkeen tulee paikallistaa tuotantoa rajoittavat 
pullonkaulat. Pullonkaulojen tuotannonohjaus on ensiarvoisen tärkeää, koska tunti menetettyä 
tuotantoaikaa pullonkaulakoneella merkitsee tunnin menetystä koko systeemissä. Tutkielman 
teoria keskittyy kapasiteettisuunnittelu ja -hallintamenetelmiin nimeltään resource 
requirements planning (RRP) sekä theory of constraints (TOC).

Tutkielman tavoitteet ovat tuotantolaitoksen kapasiteetin laskentatavan kehittäminen, rajoit
tavien resurssien käytön tehostaminen sekä yhtenäisen kapasiteettilaskentamallin kehittäminen 
case-yritykselle. Tutkielmassa kehitetään kapasiteettilaskentamalli, jota voidaan käyttää 
kapasiteetin määrittämisen lisäksi mm. kapasiteettisuunnitteluun ja raportointiin. Siihen kuuluu 
myös luonnokset tuotekustannus- ja tuotemixin optimointimenetelmistä. Tarvittavat tiedot 
kerättiin haastattelemalla henkilöstöä. Myös aikaisemmin kerättyä tietoa käytetään.

Tulokset paljastavat, että teoreettisen ja käytännön kapasiteetin välillä on suuri ero, johtuen 
aikahäviöistä ja saannosta. Tuotantoa rajoittavat tekijät johtuvatkin yleensä ajankäytöstä eikä 
tuotantolaitteiden tuotantonopeudesta. Toimenpidesuosituksiin kuuluvat palkkajärjestelmän 
uusiminen paremmin ristiinkoulutusta tukevaksi, parempi aikahäviöiden ja saannon valvonta, 
kapasiteettilaskentamallin käyttöönotto, sekä TOCn käyttöönotto koneintensiivisissä osas
toissa.

Avainsanat: kapasiteetti, kapasiteetin käyttöaste, tuotemix, aikahäviöt, saanto, tuotantoteho, 
pullonkaula
Kokonaissivumäärä: 108
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1 Introduction

Capacity management has gained increasing importance in manufacturing companies in recent 

years. At times when market demand exceeds production capacity, the emphasis is in 

increasing capacity by relieving constraints in the physical production process. When market 

demand is not sufficient, measures have to be taken to relieve external constraints such as 

market demand by enhancing the promotion of products. When this cannot be done in a 

feasible way, capacity has to be flexible enough to be contracted to the level where excess 

capacity cost is minimized.

1.1 Background

The metals industry is one of small margins and ever increasing competition, which causes 

constant downward pressure on prices and contribution margins. This has been further 

emphasized by the Asian crisis, which began developing in Asia in mid 1997 and intensified 

during 1998. Since then, the market has been in a strong oversupply state. Although the United 

States and Western Europe were also affected by the crisis, economic activity in these regions 

remained relatively stable. Despite the maintained volume of demand in Europe and the United 

States and the enhanced efficiency of production, profitability in the metal business has 

suffered due to the slump in prices.

The copper business environment is highly cyclical with rapid changes that are difficult to 

predict. Prices are set by the open market and the global economy together with the interaction 

of the supply and demand of metals plays an important role in determining the success of 

companies in the business area. There is no significant improvement visible in the market 

situation at least in the short term. However, history has shown that good demand and strong 

earnings always follow weak periods and nothing indicates that the business has entered an era 

of permanent low prices.

1.2 Research Problem and Objectives

The research problem is to analyze what affects capacity and how capacity should be assessed, 

so that it will be understood in the same way by different units at a copper production facility. 

Without understanding the factors that affect capacity, the control of capacity resources can 

only be done on an ad hoc-basis. Until now, companies in the copper business have used
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methods which treat capacity as a constant, without taking into account that capacity is the 

outcome of several variables put together. The problem will be confronted by breaking the 

capacity concept into factors and examining matters that affect these factors directly and thus 

affect capacity indirectly.

The objectives of the study are the following:
1. To find a method of measuring the effective process capacities of 

a manufacturing facility.

2. To find ways to improve the utilization of constraint resources that 
control the product flow through a manufacturing process.

3. To create a uniform capacity calculation model to determine the 
capacities of different production units in the case company.

The study launches a model, which can be used to calculate the capacities of multiple 

production units in a common way. The model also includes a product costing, a reporting, and 

a product mix optimization part. The empirical research includes gathering data that affects 

capacity from various sources. The data is analyzed with the help of a theoretical framework 

and the results can be used for several purposes. Figure 1-1 shows the determinants of effective 

capacity and the benefits of the capacity calculation model.

Figure 1-1 The determinants of effective capacity and benefits of the 
capacity calculation model



10

A common way of defining, measuring, and reporting capacity will enable an easier 

comparison between different production facilities. In the empirical part of the study the 

theoretical framework will be applied to a major Finnish copper product producer. The data 

concerning budgeted product mix, hours worked, and maximum production rate are combined 

to calculate theoretical capacity. Production yield and machine downtime are added to 

calculate another definition of capacity, effective capacity. Cost and selling price data enable 

calculations concerning product cost and product mix optimization. Several benefits of the 

capacity calculation model are shown in the top part of the figure.

1.3 Approach and Structure of the Study

The theory part of this study explains the theoretical framework used to reach the objectives of 

this study. The capacity calculation model, which is constructed based on this framework, is 

tested at the Outokumpu Poricopper copper production facility. The company case part 

includes the foundries and mills of Outokumpu Poricopper Oy. The capacities are measured 

according to the present product mixes that have been budgeted for year 1999. As the 

constraints in the processes vary between different product mixes, the emphasis is on the 

constraints restricting present production. The data for the study is collected mainly by 

interviewing personnel at different levels in the organization. Some data will be collected by 

interviewing personnel at only one level, but more important data, which has to be as accurate 

as possible in order to guarantee reliable results will be obtained from personnel at all levels. 

Previously collected data from company information systems and earlier studies, mainly 

concerning production rates and machine yields, is used to some extent. The information for 

the theoretical framework is collected from Operations Management textbooks and articles. 

Capacity management in general concerns decisions about the optimal use of existing facilities 

and also about expansion, contraction, replacement, or the use of alternative technologies. This 

study deals with capacity management using existing facilities.

This study consists of five chapters. The introductory chapter explains the background and 

purpose of the study as well as the research methods used. Chapters 2 and 3 form the 

theoretical part of this study. These chapters describe how capacity of production processes is 

measured and managed and how production costs can be calculated. Theoretical frameworks 

for capacity management, including the ones that have been chosen for the analysis of the case 

problem are introduced. Chapter 2 begins by defining some concepts, which are closely related
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to capacity. It describes the different ways the term capacity can be understood and the factors 

affecting capacity. The chapter also introduces specific capacity planning tools, one of which, 

namely Resource Requirements Planning, has been selected as the basis for capacity 

measurement in the case problem in this study. Another central theory, the Theory of 

Constraints is also described. Chapter 3 complements Chapter 2 by bringing a costing aspect to 

the theory part of the study.

Chapter 4 introduces the case study, explains the present way of capacity measurement and 

reporting at Poricopper, how the study was carried out, as well as the structure of the capacity 

model. The chapter also brings out several benefits the model will have when implemented at 

the units. The results are presented in chapter 5 together with recommendations for 

improvement. Chapter 6 concludes with a summary and suggestions for further research.

1.5 Terminology

Some key terms used in this study are defined below. There are many ways to understand these 

terms. The following definitions are used in this study. They are explained in greater detail 

later in the study.

Capacity The rate of productive capability of a facility. It is usually expressed as
volume of output per time period.

Utilization The ratio of the quantity of input used to the quantity of input available.

Bottleneck The resource that limits the capacity of a process.

Production rate The amount of material a work centre can process in a given time.

Downtime

Yield

The time a resource is not available for production due to disruptions 
such as machine breakage and coffee breaks.

The ratio of the quantity of output to the quantity of input.

Product mix The percent of total production that is devoted to each product.

Work centre Consists of one or more machines that process material to produce
products. In the study, Work centre is used synomously with machine 
and production stage.
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2 Capacity Control

In essence, capacity is the maximum output of a system in a given period. Capacity is normally 

expressed as the maximum number of units that can be produced in a specific time. Sometimes 

total work time available is used as a measure of overall capacity. For example, in a company, 

which produces different products with different production rates, capacity expressed in tons 

only applies for a specific product mix. In this case, expressing capacity in available working 

hours provides a better basis for capacity management. Capacity is a concept which can be 

defined in many ways. In an organization, the definition of capacity given by the 

manufacturing manager may differ greatly from that of the manufacturing supervisor. The 

engineer who designed the equipment will probably have a third definition. Yet another 

definition may be given by the marketing manager. If an agreement on the definition of 

capacity cannot be reached, the capacity management process will inevitably fail. It is therefore 

important to be specific about capacity, adding some adjectives to provide common definitions.

2.1 Concepts Related to Capacity

The following definitions describe terms, which are used extensively in this study and are 

closely related to the concept of capacity. The terms defined below will be used consistently 

throughout this study.

2.1.1 Process and Throughput

Apte (1997) defines a business process as a sequence of recurring economic activities required 

to carry out a transformation. The unit that is being transformed is called a job and can be a 

customer, an order, material, money, information, etc. The activities are performed by 

resources such as machines or workers. The chronological sequence of activities is specified in 

the job's route through the process. Using the above defined four attributes, we can state that a 

process is composed of routes along which jobs are being transformed through activities that 

are being performed by resources.

The throughput of a resource is the average number of jobs that are processed by the resource 

per unit of time. Similarly, the throughput of a process is the average number of jobs being 

processed by the process. From a product costing standpoint, throughput is defined as the
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difference between net revenues and direct material costs. Throughput is limited by a 

company’s constraints, whether internal (e.g. plant capacity) or external (e.g. market demand). 

The capacity of a resource is the maximum sustainable throughput of the resource. Apte (1997) 

calculates the capacity of a resource as follows. Add the activity times of all the activities to 

which the resource is allocated. This total amount of processing time required per job at the 

resource is called the resource unit load. The resource unit capacity is then the capacity of a 

single resource unit given by the reciprocal of its resource unit load.

Max. sustainable throughput = Resource unit capacity = V (2-1)
Eat,
j=i

where
at, = activity time of activity i

Analogous to the capacity of a resource, the capacity of a process is the maximum sustainable 

throughput of the process, given the managerial operating procedures under consideration.

2.1.2 Utilization

The utilization of a resource is one of the most important factors determining effective process 

capacity. Greene (1997, 10.3) defines utilization as a measure of how intensively a resource is 

applied. This is the ratio between actual hours worked on production and the total hours the 

resource is scheduled to be available (Equation 2-2).

. required hours 
Utilization — avajiabie hours (2-2)

For some equipment, 40 hours (one shift operation) is used as available hours per week. 

Sometimes two or more shifts are the basis. Data for equipment utilization reports can be 

collected automatically by timers or by interviewing production personnel. Reporting machine 

utilization has at least three purposes. First, it serves as a check on how well the plant and the 

company plan in advance for the right capacity. Second, trends in utilization suggest when 

more capacity will be needed so that equipment can be ordered in advance. Third, when the 

report shows decreasing utilization, that suggests the need for sales promotions or for 

rethinking the purpose for having unutilized capacity. Some firms also measure the utilization 

of other resources such as space, information, tools and materials. Measures of materials might 

include scrap, theft, deterioration, obsolescence, and misplacement, all of which hinder
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productive use of materials and supplies. For the labour resource it is common to keep track of 

absences resulting from illness, labour-union activities and so forth. Each of these eats into 

productive time. The utilization formula above also works for the human resource (Equation 

2-3).

TT ... . Time worked
Utilization— jirøg available for work

2000
2400 = 0.83 or 83% (2-3)

Assume for example, that a five-person group spends 2000 minutes on an assortment of 38 

jobs in an eight-hour day, which for five people is 2400 minutes (8 * 60 * 5).

2.1.3 Efficiency and Productivity

According to Homgren (1994), productivity measures the relationship between actual inputs 

used and actual outputs achieved. The lower the inputs used for a given set of outputs or the 

higher the outputs achieved for a given set of inputs, the higher the level of productivity. The 

term productivity is often used analogously with the terms efficiency and profitability. 

Efficiency is the amount of inputs used to achieve a given level of output. Defined in this way, 

the two terms, productivity and efficiency, are almost synonyms. Profitability on the other hand 

is something different. It is the ability to generate money by sacrificing money. In the long run 

the money generated must be higher than money sacrificed. This means that profitability is the 

monetary counterpart of productivity. Vehmanen (1997) states that productivity is sometimes 

defined as the ratio of contribution and the value of the inputs used, that is, the numerator is 

sales income less material costs and the denominator is the sum of, for example, labour costs, 
capital costs, and other important costs. Quantified in this way, productivity correlates strongly

with profitability.

Greene (1997) defines Efficiency as a measure to determine how well a resource performs 

against its standards. It is the ratio between standard hours earned and actual direct hours 

applied to the product. Furthermore, productivity is the product of the efficiency and utilization 

measures, or the standard hours earned in relation to the the total hours the resource is 

scheduled to be available. Capacity, on the other hand, is the reciprocal of productivity, that is, 

the ratio between total hours the resource is scheduled to be available and standard hours 

earned. Greene quantifies productivity by calculating a productivity factor (Equation 2-4). If a 

work centre’s required capacity is 12 hours greater than its effective capacity and its
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productivity factor is 80 percent, the work centre must be scheduled to run for 15 additional 

hours (12 hours divided by 0.80) to generate the 12-standard hour difference.

Productivity factor = utilization x efficiency = "¡¡7 x (2-4)

where
rh = Required hours for production
ah = Available hours at the resource 
sh = standard hours earned
dh = actual direct hours applied to the product

The word productivity is often understood as productivity of labour. More properly, 

productivity applies to all assets, including facilities, materials, mformation. But labour 

productivity gets the most attention because machine downtime plays an important role in 

determining production capacity. Schonberger & Knod (1997) assert that if labour productivity 

is low, it does not necessarily mean the labour resource is under-performing. More likely the 

management system is deficient. Managing people as individuals instead of teams is one 

deficiency. There are many others, such as failing to provide any of the following: high quality 

and timely information, training, designs, equipment, materials, technical support, strategic 

guidance, and proper motivational climate. The quality and productivity of labour depends on 

all of these factors.

2.2 Definitions of Capacity

In this section the different definitions of capacity are explained. There are several different 

meanings of capacity depending on which factors, that reduce maximum production capability, 

are taken into account. Different names for similar definitions of capacity appear in literature. 

Several of these are mentioned below.

2.2.1 Theoretical Capacity

The maximum output a work centre can achieve assuming the current product specifications, 

product mix, plan, and equipment is its theoretical, or maximum, capacity. According to 

McNair (1994, 12) theoretical capacity does not allow downtime, waste, or idle time. Apte 

(1997, 110) calculates the theoretical capacity of a process as follows. The throughput of a 

process is limited by its slowest resource, which is called the bottleneck resource. Thus a
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bottleneck resource is the resource with the lowest capacity. This obvious limit on process 

capacity is called the theoretical process capacity. Theoretical capacity is calculated by 

multiplying the maximum production rate of the production equipment by the hours available 

before subtracting downtime. Heizer&Render (1988) call the maximum capacity that can be 

achieved under ideal conditions, designed capacity.

Maguire & Heath (1997, 28) point out that the maximum rate of output achievable over a short 

period may not be sustainable over a longer period due to downtime, such as preventive 

maintenance, which cannot be classified as waste. The definition of theoretical capacity should 

therefore refer to a sustainable rate over the period under consideration. This means that 

theoretical capacity is not necessarily a constant and can change according to the nature, 

design, and age of the facility.

2.2.2 Effective Capacity

Maguire & Heath (1997, 27) define effective capacity as the output level that managers can 

reasonably expect once they have allowed for prevailing industrial and labour-relations norms. 

The effective capacity of a process/resource will normally be lower than its theoretical capacity 

due to various physical factors causing downtime. According to Apte (1997, 111), these factors 

include scheduled downtime, such as preventive maintenance, coffee breaks, setups and 

changeovers, as well as unscheduled downtime such as breakdowns, absenteeism, blockage 

and starvation of bottleneck resource due to factors such as insufficient buffer space, 

breakdown of non-bottleneck resources, or other scheduling and management policies. Thus, 

the effective capacity of a process/resource is the maximal sustainable number of jobs that the 

process can produce per time unit, given the disruptions due to the factors mentioned above. 

Heizer&Render (1988) define rated capacity as the maximum usable capacity of a facility, 

which takes into account productivity (Equation 2-5).

Rated Capacity = Designed Capacity x Productivity (2-5)

Demonstrated capacity is a synonym of effective capacity (see Greene 1997,10.2). It is defined 

as the current rate of output of a work centre that is accepted by the organization as its proven 

capability. It is the average performance a work centre or process has demonstrated after taking 

into account the factors causing downtime. Sometimes downtime is classified into two groups.
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downtime that represents waste, and downtime that does not represent waste. Often for 

example preventive maintenance is considered not to represent waste because it promotes 

reliable functioning of the equipment and thus is included in theoretical capacity. The 

availability factor of a process is the ratio of effective capacity. It equals the percentage of time 

a resource/process is actually available for processing. The throughput of a process can never 

exceed the theoretical or effective capacity of a process. Furthermore, effective process 

capacity can never exceed the theoretical process capacity, that is the capacity of the bottleneck 

resource (Apte 1997, 111).

2.2.3 Other Definitions of Capacity

When manufacturing orders are converted to measurable units of capacity, they can be used in 

predicting the need for capacity in different processes in advance. This statement of the 

resources needed to support the plan is called required capacity. The predicted output of a 

process or resource is called its planned capacity. Planned capacity is the effective capacity 

plus or minus the expected results of known capacity adjustments (Greene 1997, 10.2).

Klammer (1996, 15) divides capacity into productive and unproductive capacity. Productive 

capacity provides added value to the customer or the company’s business. Value to the 

customer means using capacity to produce good products or services. It can also be used to 

provide value to the company’s business for example in the form of research and development. 

Unproductive capacity includes the following.

■ Setups
■ Maintenance (both scheduled and unscheduled)

■ Losses (scrap, rework, yield loss)

■ Buffer capacity (in case of variances in the process)

Unproductive capacity is capacity which is neither productive nor classified as excess capacity.

2.3 Choosing the Basis for Capacity Management

In selecting target capacity utilization for purposes of capacity management, companies can 

choose from a range of options, including: theoretical capacity; effective capacity, and required 

capacity. In order to meet customer needs more efficiently, management should adopt a 

philosophy called continuous improvement, which drives out waste and displaces traditional
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standard-setting based on the status-quo, which tends to build in inefficiencies. The idea of 

continuous improvement is to constantly seek improvements that will increase flexibility to 

meet customer demands better without increasing costs (Maguire&Heath 1997,27).

It has been argued that all capacity management bases that companies now use hide waste, and 

that a redefinition of capacity targets using theoretical capacity would make this waste visible 

(McNair 1994, 12-24). By aiming to utilize theoretical capacity fully, a company must 

concentrate on the elimination of waste that is hidden by the use of any definition of capacity 

other than theoretical capacity. The idea of maximum capacity utilization, however, assumes 

that maximizing any one resource, eg. production, benefits the company as a whole. But full 

utilization of theoretical capacity is not necessarily consistent with the elimination of waste, 

because high utilization does not necessarily equate to optimal utilization. Reduced costs per 

unit do not always guarantee benefits if high utilization leads to a decline in customer service 

standards. Effective capacity takes into account idle capacity, which is caused by downtime. 

Idle capacity which is controllable by management represents waste and should therefore be 

minimized. Matters which are beyond management s control, such as legislation, does not 

represent waste. Downtime such as preventive maintenance cannot be classified as waste 

either, because it adds value by promoting reliable output of the required quality. Effective 

capacity is more realistic because it allows for matters that are beyond the control of 

management.

2.4 Estimating Capacity

To estimate capacity, managers must select a suitable capacity measure, for example, tons of 

steel per hour or kilowatt hours of electricity per time period. The capacity measure should be 

selected according to the resources that are key and in short supply. Vollman et al. (1991, 143) 

remind us that in complex processes it is often too complicated to apply capacity control to all 

resources. Once the measure has been selected, estimating capacity involves the following 

steps. First, determine the maximum rate per hour of the production equipment. Engineers can 

provide theoretical capacity from the design specifications for a machine. Second, determine 

the number of hours worked in a given time period; and third, multiply those two numbers

(Equation 2-6).
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Capacity = Max. production rate x hours worked (2-6)

The cycle time of an operation is the reciprocal of its production rate. This means that equation

2-6 can also be written as in equation 2-7.

Capacity = hours worked
cycle time

(2-7)

Capacity can be changed by changing the number of hours worked in a time period or by 

changing the production rate. The number of hours worked per time period is affected by 

several factors, including overtime, multiple shifts, downtime for preventive maintenance, and 

allowances for unplanned equipment failure.

According to Vonderembse & White (1997, 289-290) the product mix of an organization is 

the percentage of total output devoted to each product. A company often produces products of 

different shapes and sizes, and these differences require different production processes and 

times. Production can be measured in eg. tons per hour, but those who estimate capacity realize 

that capacity changes as the mix of products changes because different products have different 

production rates. Setup times may vary significantly between product mixes. Some products 

are produced in smaller batches than others and the duration of a setup often depends on which 

product is being produced next. Similar products normally require less setup time. Therefore, 

product mix must be estimated before capacity can be estimated.

2.5 Determining System Capacity

Operations is a combination of different machines/equipment and processes that make finished 

products. To plan effectively, management must know the capacity of the entire system, not 

just the individual parts. When determining system capacity, identifying the bottleneck is 

critical not only in determining capacity, but also in planning and scheduling production. The 

approach to determining the bottleneck is illustrated in figure 1. Start at the beginning of the 

system and determine the capacity of the first operation. If the next operation can process all 

the input from the previous operation, the system capacity has not changed. If it cannot, then 

the system capacity is reduced to the capacity of that operation. The procedure continues until 

the end of the process is reached and the system capacity is known.
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capacity so far 

as the input 
to the next 
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first department 
(this is the 

system capacity 
so far)

Determine

Figure 2-1 A Sequential Approach to Bottleneck Analysis (Vonderembse&White 1997,
297).

The system capacity can be increased by applying resources to the bottleneck operation. This 

approach is called rounding out capacity because resources are applied to the bottleneck to 

bring it into balance with other parts in the system. Rounding out capacity has a limit, however. 

If the bottleneck capacity is doubled, the system’s capacity will not double unless there is 

enough capacity in the other operations to absorb that large an increase. If not, the bottleneck 

simply jumps to another operation. Section 2.7 describes an approach to managing the 

capacities of bottleneck operations.

2.6 Improving Capacity Using Existing Facilities

Capacity can be influenced by good planning, good operating procedures, effective 

maintenance programs, and other management decisions. Decisions affecting capacity include 

the following (Adapted from Vonderembse & White 1997).
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■ Changing the mix of products produced by the facility

■ Adding people to the production process

■ Increasing labour productivity

■ Increasing the operating rate of a machine

■ Improving the quality of the raw materials and the work in process

■ Increasing product yield

Changing the product mix produced by the facility will improve capacity if products that 

require long processing times at bottleneck resources are replaced by ones that require less, and 

thus have a higher production rate. Adding people to an operation may increase the maximum 

production rate. This will occur when the operation is constrained by the amount of labour 

assigned to it. Another way to increase the production rate for an operation with labour 

constraints is to increase motivation. Substantial increases in the production rate can be 

achieved when workers feel they are an important part of the operation.

In order to improve labour productivity, the current work methods must be examined. 

Schonberger & Knod (1997, 593) describe a technique called methods study. Methods study 

aims at improving not only productivity but also safety and ease of performing the work. 

Making the work easier to do safely increasingly gets into issues of human physiology, stress, 

and bodily limitations, and has spawned a subfield of process improvement called ergonomics. 

Because of escalating workers’ compensation and litigation costs, interest in ergonomics has 

never been higher. One type of methods study at the job level is motion study, which is limited 

to the work of an employee at a desk or work bench or an employee tending one or more 

machines. In the analysis, the present method is flowcharted. When feasible, the steps are 

moved, combined or eliminated. The proposed new method is flowcharted and the resulting 

productivity improvement is determined by comparing cycle time on the before and after 

charts. It is clear that productivity improves with the elimination of non-value-adding steps.

Motivation can be improved by means of job design. Job design attempts to prevent workers 

from having to do just one task over and over. Job design includes job enlargement and job 

enrichment. Job enlargement means expanding the number of tasks included in a person s job, 

that is cross-training employees towards mastery of the jobs of fellow team members. This will 

not only increase worker motivation but can also reduce machine downtime if cross-trained 

fellow workers take over when a machine would otherwise be idle due to coffee or lunch
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breaks. Job enrichment, a later development, expands on the job enlargement idea. 

Enlargement means more tasks; enrichment means more meaningful, satisfying and fulfilling 

tasks or responsibilities. These productivity increases do not require additional labour costs or 

extra investment in equipment.

In an operation that is machine constrained, adding people will not increase capacity. 

According to Vonderembse & White (1996, 212) machine constrained means that the 

equipment is operating for all the available time at its best speed, while the operators have 

some idle time. To increase capacity, new machines should be purchased, or existing machines 

should be operated more efficiently. Yield is the ratio of the quantity of output to the input 

quantity (Equation 2-8).

Quantity of output (2-8)
Y lelo — Quantity of input

The yield is the percentage of the output that is useful product. A 96 percent yield means 96 

percent of the raw material is made into useful product. If methods are found to increase yield, 

the effective capacity increases.

2.7 Capacity Planning

An important part of manufacturing planning and control is capacity planning. The capacity 

implications of a manufacturing plan must be estimated before the plan is implemented. 

Insufficient capacity quickly leads to deteriorating delivery performance and escalating 

work-in-process inventories. Excess capacity can be a needless expense that can be reduced. 

There are several capacity planning techniques, which can be applied and used for managing 

capacity.

Capacity planning techniques range from large aggregations of capacity for long time periods 

to very detailed machine scheduling for time intervals of an hour or less. Rough-cut capacity 

planning uses information primarily from the master production schedule. Rough-cut capacity 

requirements can be estimated by using either overall planning factors such as standards or 

historical data, or resource profiles, which take into account the specific projected workloads at 

different work centres. Firms using material requirements planning can create a more detailed 

capacity plan using the capacity requirements planning technique. Data files used by the CRP
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technique include work-in-process, routing, scheduled receipts, and planned orders. Finite 

loading is a method for scheduling work orders according to the capacity level at each work 

centre. Input/output analysis is a method for monitoring the actual consumption of capacity 

when using detailed material plans produced by material requirements planning systems. It can 

indicate the need to update capacity plans if actual performance deviates from current plans.

2.7.1 Resource Requirements Planning

Greene (1997, 10.7) describes a long-term capacity planning tool called resource requirements 

planning (RRP). The resource requirements plan is a part of the master production plan. It is a 

rough-cut capacity planning tool, normally made for a time period of 3 to 24 months. The 

production plan considers customer service goals, inventory and backlog strategies, financial 

goals and manufacturing capacities. The purpose of the resource requirements plan is to ensure 

that the production plan is achievable before it is implemented, that is, to make sure the 

required capacity does not exceed available capacity. The resource requirements plan can be 

used to test alternative production plans and their impacts on capacity. Resource requirements 

planning uses standard hours to represent the required and demonstrated capacities. Measuring 

capacity in units of product when each runs at a different rate does not adequately describe the 

workload when measuring resource requirements. When the resource requirements for each 

work centre is known, capacity in units of end product can be calculated for the planned 

product mix.

Resource requirements planning helps to adjust capacity in critical work centres. If the 

production plan appears to be impossible to be carried out with the available resources, the 

capacity must be changed or the production plan altered. Annual budgets and production plans 

are usually tied to product families. The same product families can be used in the resource 

requirements plan. The steps to create a resource requirements plan are the following (Greene 

1997,10.9):

1. Select product families

2. Identify critical work centres

3. Calculate product load profiles

4. Calculate the resource requirements plans
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A product family should consist of a logical grouping of end products, which use the same 

resources. Critical work centres are those in which capacity adjustment is difficult when 

demand fluctuates. Capacity may be inflexible if new equipment purchases are costly or 

require a long lead time to obtain, skilled workers are not readily available, or subcontracting 

cannot easily be arranged. A product load profile is a statement of resources needed to produce 

one unit of a product family in each of the critical work centres. Once the product load profiles 

are calculated, the resource requirements plan is generated by multiplying the product family s 

production plan by the profiles. An example is shown in table 2-1.

Table 2-1 Resource requirements plan

Press Fpower Wecker VP 45 VP80 VK13&15 VK5 Schum Annealing Sawing Straight

TE-OK
Welding tubes 
Rods
Hollow conductor; 
ZrK

2700

1100
800
550

1100
800 800

1100
350

800

350

800

2700
350

800
1100 1100

Total 5150 1100 800 800 1100 1150 1150 2700 1150 1100 1100

rroouci LUaU nui
hours Aon Press Fpower Wecker VP45 VP 80 VK13&15 VK5 Schum Annealing Sawing Straight

TE-OK 0,20 0,27

Welding tubes 
Rods 0,22 0,77 1,04

1,50 1,25 2,00
1,25 0,40

Hollow conductor; 0,32 0,37 0,99 2,50 2,00 2,50

ZrK 0,33

resource require
hours Press Fpower Wecker VP45 VP80 VK13&15 VK5 Schum Annealing Sawing Straight

TE-OK 529 730

Welding tubes 
Rods 241 851 1146

526 438 700
1375 440

Hollow conductors 
ZrK

254
183

292 794 2000 1600 2000

required h 1208 851 292 794 1146 2526 2038 730 2700 1375 440

available h 1471 2013 629 1278 1278 2710 2207 1045 2904 2284 581

In the example, production has been divided into five product families and eleven critical work 

centres have been identified. The first table in the example shows the amounts of product that 

is processed by each work centre. The second table displays the product load profiles of each 

product family. The resource requirements plan is presented in the third table. Looking at the 

product load profiles, the average resource required to produce one ton of product family 

ТЕ-OK in the press critical work centre is 0.20 hours. Rods, Hollow conductors, and ZrK share 

the press with ТЕ-OK, but product family Welding tubes does not. The load profiles consider 

this and the appropriate resource requirements for the work centre are generated. The resource 

requirements in the remaining critical work centres are determined in the same way.



25

Using the product mix/machine-table, which shows the planned production for the product 

families, the quantity for each family is multiplied by its load profile to generate the resource 

requirements plan. Hollow conductors’ production plan is 800 tons and the resource required 

to produce one ton of Hollow conductors in the critical VK5 work centre is 2 hours. 

Multiplying 800 by 2 equals 1,600 hours of resource required. The same calculation is applied 

to all the product families sharing the work centre. Adding the required hours for the VK5 

work centre gives a total requirement of 2,038 hours. A comparison of the required capacity 

(2,038h) to the available capacity (2,207h) shows that there is enough capacity in the work 

centre to meet the the production plan. In the example shown in Table 2-1, none of the work 

centres are overloaded. If required capacity exceeds available capacity and the work centre 

becomes overloaded, capacity actions must be approved to either increase demonstrated 

capacity or reduce the production plan if the capacity actions are impossible.

2.7.2 Capacity Requirements Planning

While resource requirements planning is used to check capacity requirements against capacity 

availability, capacity requirements planning (CRP) is used by manufacturing and planning to 

adjust short-term capacity (Vollman et al. 1997, Greene 1997, 10.9). It assumes that a work 

centre’s effective capacity can be adjusted to meet fluctuating requirements. CRP utilizes the 

time-phased material plan information produced by material requirements planning (MRP), 

which includes considerations of actual lot sizes. When the capacity to handle long-term 

requirements has been assured with resource requirements planning, CRP is used for 

adjustments within an approved capacity plan. Normally capacity requirements plans are 

calculated in weekly increments and are used in the short-term, typically covering a planning 

horizon of several weeks to a year.

The required data include routing, lead time, move time, queue time, setup time, and run time. 

The time elements are used to calculate operation start and finish dates for every order. The 

total setup and run time is divided by the effective daily capacity in hours. If for example total 

setup and run time for an order at a work centre is 16 hours and the effective daily capacity is 8 

hours, the manufacturing lead time from the start date of the setup to the completion of the 

order at the work centre is 2 days. The process of preparing a CRP projection is similar to that 

used for resource profiles. The difference is that in CRP, detailed MRP data establish exact 

order quantities and timings for calculating required capacity. Like RRP, CRP makes the
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difference between required and effective capacity visible. If required capacity exceeds 

effective capacity and capacity actions can be taken to meet the plan, then orders will be 

delivered when they are needed. Otherwise, the required capacity must be changed.

2.73 Finite Loading

Like CRP, finite loading is used by firms using time-phased detailed material plans. Vollman 

et al. (1997) state that finite loading is a method for scheduling work orders. It takes into 

account the limited capacity on each machine. It makes one job wait if another has been 

scheduled on the same machine. First, a specified capacity level for each work centre is 

established. Then, this capacity is allocated to work orders. CRP is often considered as 

inadequate because it only shows the difference between required and effective capacity. No 

company has infinite capacity, which is why firms use finite loading for scheduling purposes. 

When planning finitely, the sequence in which requirements are loaded is extremely important. 

Requirements loaded first will have first access to resources while those that are loaded later 

may have to be pushed forward in time due to capacity constraints. Sometimes the first to 

load” method has to be overridden if some orders have to be prioritized ahead of others due to 

other reasons.

2.7.4 Input/Output Control

According to Greene (1997) input/output control is used for monitoring the capacity plan. 

Planned input and planned output at a work centre will be compared to the actual input and 

output. It is a method of managing work flow and queue lengths. If inputs are put into a work 

centre at a faster pace than can be converted to outputs, a queue will build up. If, on the other 

hand, inputs are put in at a slower rate, the work centre will run out of work. Input/output 

control is a short-term capacity planning tool. The need for the tool arises from the fact that the 

actual output of a work centre will deviate from planned output. Deviations can often be 

attributed to conditions at the work centre, such as lower than expected productivity, 

breakdowns, absences, random variations, and poor product quality. Less than expected output 

can occur for reasons outside the work centre as well, such as insufficient output from a 

preceding work centre or improper releasing of planned orders. Input/output control also 

monitors backlog, which represents the cushion between input and output. Backlog makes 

work centre operations less prone to problems caused by variations in requirements.
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Monitoring backlog also prevents releasing orders to a work centre that already has an 

excessive backlog.

2.8 Managing the Capacities of Bottleneck Operations

Theory of Constraints (TOC) begins by stating that the goal of a business organization is to 

make money. To measure how well a company is doing in achieving that goal, Goldratt & Cox 

(1989, 59-60) focus on three factors:

■ Throughput: The value of contribution (sales value less raw material cost) 
generated through sales.

■ Inventory: The money the system invests in purchasing things the system intends to 
sell (stock on hand).

■ Operating Expenses: The money the system spends in turning inventory into 
throughput (conversion expenditure).

Using these three measures, the way to increase profits is to increase throughput while 

decreasing both inventory and operating expenses. Theory of constraints gets its name from the 

concept that a constraint is anything that prevents a system from achieving higher performance 

relative to its goal. According to Vonderembse & White (1996, 662), there are three broad 

categories of constraints.

■ Internal resource constraints: A resource within the organization, such as capacity, 
that limits performance.

■ Market constraints: Market demand for a product is less than an organization’s 
capacity to produce that product.

■ Policy constraints: Any policy that limits performance, such as a policy prohibiting 
the use of overtime.

Theory of Constraints proposes a series of steps to follow in dealing with any type of constraint 

(Goldratt 1989, 307).

1. Identify the system’s constraints.

2. Determine how to exploit the system’s constraints.

3. Subordinate everything else to the decisions made in step 2.

4. Elevate the constraint so a higher performance level can be reached.

5. If the constraint is eliminated in step 4 go back to step 1. Do not let inertia become 
the new constraint.
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Umble & Umble (1998, 5-6) state that the constraints that limit overall system performance 

must be sought out and delineated. The operations function normally deals with internal 

resource constraints and policy constraints. If multiple constraints exist, management must 

decide which constraint to address first, and then develop a strategy that minimizes the adverse 

impact of the constraint. If a physical resource constraint prevents the company from producing 

everything that could be otherwise sold, the resource's available capacity must be wisely 

allocated to generate the greatest level of contribution. All non-constraint resources must be 

fully synchronized to support the strategy that exploits the constraint. To elevate the system s 

constraint, management should find ways to get more capacity if the constraint is a resource, or 
increase orders if the constraint is limited demand. If the capacity of a resource is increased to 

the point where it is no longer a constraint, the new constraint should be sought out. The 

policies and procedures established in steps two and three are based on the old constraint and 

will now be invalid for the requirements of the new constraint. This means that all invalid 

policies must be changed. Theory of Constraints suggests certain ways of managing operations 

so that such constraints can be exploited and elevated. They will be described later in this

chapter.

2.8.1 Bottlenecks and Capacity Constraint Resources

A bottleneck is any resource whose capacity is less than the demand placed upon it. Umble & 

Umble (1998, 7) defines a capacity constraint resource (CCR) as any resource which, if not 

properly managed and controlled, can significantly disrupt the planned production flow 

through the system. Bottlenecks determine output for the entire production process. If one 

machine processes metal at the rate of ten tons per hour and feeds it to the next machine, which 

runs only five tons, the final output through these two machines is only five tons. This means 

that an hour of production time lost at a bottleneck subtracts one hour of output from the entire 

production system, which cannot be retrieved at any other operation. Thus, an hour of time 

saved at a nonbottleneck operation only adds an hour to its idle time and the only way to 

increase system capacity is to increase the output of the bottleneck operation.

A further connotation of the term bottleneck is the work centre at which additional resources 

would have the greatest impact. These work centres, called fill-rate bottlenecks, are work 

centres that most constrain the system-wide fill-rate (the proportion of demands filled within a 

fixed delivery leadtime) or at which more resources would have the greatest impact on the fill
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rate. While Goldratt&Cox (1989) state that performance should be measured by the throughput 

of a process, which is constrained by the work centre with the highest utilization, 

Glasserman&Wang (1999) examine a facility’s propensity to constrain performance of a 

process when performance is measured through a service level. In the fill-rate bottleneck 

analysis, each workstation is given a number measuring its propensity to constrain the fill rate 

at high fill rates and another number measuring its constraining propensity at high work in 

progress inventory levels. Unlike utilization, these numbers take into account production and 

demand variability. An important finding by Glasserman&Yang is that fill-rate bottlenecks 

need not coincide with the most highly utilized work centres.

2.8.2 Process Batches and Transfer Batches

By reducing batch sizes it is possible to reduce work in process. Vonderembse & White (1996, 

664-665) state that if batch sizes are kept small, and frequent setups are required between 

batches, much of the available time is used unproductively for setups. If batch sizes are larger 

and less time is spent on setups, more time will be available for processing. In order to 

maximize production time at bottleneck resources, nonproductive setup time should be 

minimized. Since excess capacity is available at nonbottlenecks, more time can be spent on 

setups without detrimental effects. However, if a nonbottleneck work center feeds parts to a 

bottleneck, the bottleneck may be kept idle if a constant flow from the nonbottleneck cannot be 

sustained. Small batch sizes at the nonbottleneck work center, will tend to provide a 

continuous flow of materials for the bottleneck. The transfer batch, the quantity moved from 

one operation to another, does not have to equal the process batch, the amount processed at one 

time at an operation. If the nonbottleneck must process large batches, the transfer batch may be 

much smaller and frequent in order to reduce idle time at operations farther along in the 

product flow.

2.8.3 Drum, Buffer and Rope

The three key elements in TOC are the drum, the buffer, and the rope. According to 

Goldratt&Fox (1986, 98) there are only a few capacity constraint resources in a manufacturing 

plant. In the drum buffer rope (DBR) way, the drum determines the rate of production and thus 

is the constraint, which sets the rate of all other operations in the system. Time buffers are 

placed before bottlenecks to ensure sufficient supply of material to them and at locations where



30

parts from the bottleneck are combined with parts from other processes to prevent idle time 

due to problems at the bottleneck. Stock buffers are inventories of finished goods and are held 

according to demand forecasts. Figure 2-2 shows the placement of the buffers. The rope refers 

to a communication system that prevents the operations before the bottleneck from producing 

too fast, thus building excess inventory.

Figure 2-2 Network Flow Diagram with One Bottleneck (Vonderembse &
White 1997, 667)

Once the bottleneck, which acts as the drum, has been identified, it must be ensured that it is 

not scheduled to produce more than its capacity and also that any slack in its schedule is 

minimized. Therefore, scheduling at the bottleneck resource is important. It should be done 

forward in time from the present by deciding which job should be scheduled first and 

calculating the time needed for producing the job. By repeating the process, the available 

capacity of the bottleneck will be utilized effectively. Customer due date can be used as a 

rough sequencing rule, but there are several conditions that complicate scheduling 

(Goldratt&Fox 1986, 111).
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■ Different lead times from capacity constraint resources to due dates

■ One capacity constraint resource feeding another one

■ Setup on a capacity constraint resource
■ A capacity constraint resource feeding more than one part to the same product

If the amount of work required after the bottleneck differs significantly between products, the 

schedules determined by customer due dates will often have to be modified to suit the situation 

better. For example if the leadtime from the bottleneck to the due date for one job is a day and 

for another job a week, it may be sensible to schedule the latter first. If a CCR is feeding 

another one, the second CCR can be starved by strictly obeying the due date sequence at the 

first one. If multiple setups are required at a CCR, it is preferable to make longer production 

runs to satisfy the market demand for a longer time instead of following the due date schedules. 

If the CCR produces more than one part to the same product, the customer due date approach 

will be invalid because all the parts have the same due date. Inventories of work in process is 

kept to protect departments from urgent demands from succeeding operations and problems at 

previous operations. Philosophies, such as JIT, consider inventories as destructive. Figure 2-3 

shows the difference between planned and actual time buffers.

Shiftl Shift2...
<--------------X----------►

Planned

Actual

Figure 2-3 Planned and actual time buffers (Adapted from Goldratt&Fox 
1986, 121-127)

Buffers in TOC are concentrated only before critical operations and other parts of the 

production line, on which problems at the bottleneck will have an effect. Inventory at the right 

places will give high protection against disruptions anywhere in the process. The size of the 

time buffers depends on how reliable the supply of material to the CCR is. If the size of the
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buffer is five shifts, the buffer will contain the material needed for the jobs that have been 

scheduled for the next five shifts. This means that the content of the buffer changes every day. 

If disruptions at previous work centres occur, the actual content of the buffer will be smaller 

than planned. If, however, the buffer content is always full, it is a sign that there are no 

disruptions and therefore there is no need for a tune buffer. The missing material will be 

revealed by a comparison between the planned and actual buffers. This missing material will 

require Y hours of CCR capacity when it does arrive and it is scheduled to be processed in X 

hours from now. In Figure 2-3, X and Y represent the hours for job 3 in shift 4. Because the 

missing material for the CCR has not yet been produced by the previous production stage, a 

third parameter, P is needed before the magnitude of the disruption can be quantified. P is the 

processing time required at the previous stage before the material can be processed by the

CCR.

Ropes are information links, which control the production of non-bottleneck operations 

according to the requirements of the CCRs. They prevent the forming of excess work in 

process inventories by signaling the non-bottleneck operations to stand idle when the CCRs 

cannot process the material processed by them, or when buffers start to grow larger than 

planned. The rope system in TOC has the same duty as Kanban cards in the just in time (JIT) 

approach (Vonderembse&White 1996, 644).
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3 Product Costing in a Manufacturing
Environment

There are many alternative methods to choose from when calculating product costs at a 

manufacturing facility. This chapter explains what is meant by capacity costing and how it is 

possible to determine an optimal level of capacity utilization to maximize return. Two 

approaches towards costing as well as a combination of the two and a method of maximizing 

profits are described.

3.1 Capacity Costing

Capacity costs include costs of the facilities and infrastructure provided for the production of 

goods and services. Most of these costs are fixed in the short term. However some 

capacity-related costs such as additional setups, scheduling, monitoring and control, and costs 

of value-chain activities external to the company increase rapidly at high utilization levels. As 

a company increases its capacity utilization, its flexibility in meeting customer requirements is 

likely to decrease. Lower customer satisfaction can cause opportunity costs that represent lost 

contribution to profit. This is less likely in times of slack demand, but then high capacity 

utilization means production for inventory, which causes an increase in inventory holding costs 

(See Maguire&Heath 1997, 30).

Cost accounting requires that a production volume is chosen for the allocation of costs to 

products. The production volume can be based on theoretical capacity, effective capacity, 

budgeted production, normal production or actual production. Budgeted production is the most 

common allocation basis. When using budgeted production as the basis, all capacity costs are 

allocated to either sold products or finished goods inventory. Vehmanen & Koskinen (1997, 

224-228) state that this leads to highly variable and biased product costs and therefore can lead 

to incorrect decisions. For example, if during a time of declining demand, a company's 

capacity costs are 120,000 euros and budgeted production requires 4,000 machine hours, an 

overhead application rate of 30 euros is used to allocate the capacity costs to products. Due to 
the market situation, the company is forced to either raise the price or stop producing the 

unprofitable product. At a time of declining demand, raising the price will inevitably lead to 

even lower demand and machine utilization will fall to an even lower level. If the required 

machine hours fall to 3,333 hours, the overhead application rate will be 36 euros per machine 

hour. This will force the company to raise its prices even further, which in turn will lower the
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demand for its products again. In practice, tins kind of phenomenon can repeat itself and cause 

a vicious circle called “death spiral”. It can occur when demand falls below effective capacity.

Effective capacity is a better basis for allocating long term costs of capacity resources. It will 

not only protect the company from falling into a death spiral, but also give a better basis for the 

evaluation of productivity improvement measures. When using budgeted or actual production 

as the allocation basis, the product costs can increase despite an improvement in productivity if 

demand and production volume fall simultaneously. Correspondingly, if demand and 

production volume both increase, the falling product costs may give a false picture of increased 

productivity. If the effective capacity of the company in the previous example is 5,000 machine 

hours and this is used as the allocation basis, the overhead application rate is 24 euros per 

machine hour. The capacity costs will be allocated to products according to budgeted 

production (4,000h). This means that 96,000 euros will be allocated to products and the 

difference, 24,000 euros, will not be allocated. This part of total capacity costs is called excess 

capacity cost. Excess capacity cost is not the cost of products that have been produced but 

rather the cost of products that have not been produced. By keeping it separate from product 

costs, the cost resulting from maintaining excess capacity is visible. Based on this information, 

management can decide to lower capacity for example by selling machine time or reducing the 

number of shifts. If possible, management can also try to utilize the unused capacity by 

creating new products that use the excess capacity.

3.2 Optimal Capacity Utilization

Returns are determined by the tradeoff between product contributions and costs other than 

variable product costs (e.g. inventory holding costs, capacity costs, and the opportunity costs 

associated with the inability to supply goods and services on demand). Optimal capacity 

utilization is the level of capacity usage that provides an optimal return (See Maguire & Heath 

1997, 29). Below this level, incremental revenues are greater than incremental costs. Above the 

optimal capacity, the reverse is true. In situations where a company is strongly oriented toward 

providing superior customer service, the gap between theoretical and optimal capacities is at its 

widest. If incremental revenues of a company always exceed incremental costs, output will not 

reach the optimal level of capacity utilization and therefore optimal capacity utilization will be 

at the upper capacity bound - that is, theoretical capacity.
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A company is likely to maximize return at a utilization level below theoretical capacity. Figure

3-1 shows that optimal capacity utilization is the most appropriate volume base for purposes of 

product costing because it neither understates cost, as would happen with theoretical capacity, 

nor overstates it, as could happen when using effective capacity, budgeted production or actual 

production as the basis for cost allocation.

Theoretical capacity

Actual
capacity utilized

Opportunity 
cost region

Optimal
capacity
utilization

Capacity 
waste region

Figure 3-1 Capacity levels (Maguire & Heath 1997, 30)

A production volume above optimal capacity utilization is represented by the opportunity cost 

region, which indicates a rise in opportunity costs caused by problems in scheduling and 

delivery. If overtime is used, the opportunity cost region could be divided into two parts: an out 

of pocket cost part, which represents additional costs of overtime needed to meet customer 
demand and the opportunity cost part explained above. A production volume below optimal 

capacity utilization is represented by the capacity waste region, which indicates capacity 

underutilization. In order to ascertain optimal capacity utilization, it is necessary to carefully 

determine the factors that represent capacity waste. This is often difficult because not all 

factors causing downtime represent waste and in order to guarantee an adequate service level, 

some excess capacity must be maintained. Before attempting to determine the optimal level of 

capacity utilization, a good starting point is to use theoretical or effective capacity to 

understand the sensitivities of capacity costs and opportunity costs.



36

3.3 Product Costing and Maximizing Potential Profit

According to Cooper (1989, 81), companies seldom worry about the margins individual 

products make if the overall margin is adequate. Especially in the modem metal business 

environment, changes are so fast that a big overall margin is difficult to maintain in the long 

run. Therefore, companies must concentrate on the profitability of products all the time. This 

requires information on the true costs of producing different products and the requirements 

they place on constraint resources. The merits of activity-based costing (ABC) and the theory 

of constraints (TOC) compared to traditional costing system have been debated by accountants. 

Most people who debate this question are entirely committed either to ABC or TOC. These 

costing systems and a combination of the two, called constraint-based profitability analysis 

(СВР A), are explained in this chapter. СВР A together with linear programming (LP) can be 

used to determine the ideal product mix to maximize profitability in a capacity constrained 

business.

3.3.1 The TOC Approach

According to TOC, profit is defined as total throughput generated by all products less operating 

expense. Operating expense is all the money that is spent to convert inventory into throughput, 

which includes all expenditures except the purchase cost of materials. Campbell et al. (1997, 

17) mention that cost allocations should be avoided because once a certain capacity exists, 

operating expenses are fixed and cannot be reduced in the short run. According to 

Luther&O’ Donovan (1998, 16), the cost structures of manufacturing firms has changed 

markedly over the years. Today, a much higher proportion of total cost relates to items that do 

not change with the level of activity in the short-term. Manufacturing has become more capital 

intensive and in the short to medium term, most of the labour cost does not vary in proportion 

to the level of activity.

In the example shown in figure 3-1, four resources (Cut, Drill, Weld, Assembly) are needed to 

produce two products (Product A, Product B). The product routings and the processing time 

requirements are also shown. Material #1 is processed through resources Cut and Weld to form 

component X. Material #2 is processed through Drill and Weld to form component Y. Material 

#3 is processed through Cut, Drill, and Weld to form component Z. Product A is produced by
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assembling components X and Y with a purchased part, while Product В is produced by 

assembling components Y and Z with a different purchased part.

Component X Component Y Component Z
20Eur15Eur
Purchased

Part
Purchased

Part

20Eur20Eur

Material #2Material #1

tOEurj

Weld
5mln/unit

Drill
15mln/unlt

Assembly 
15min/unit

Cut
lOmirVunit

Drill
15min/unit

Weld
10min/unit

Weld
5min/unlt

Cut
1 Smin/unlt

Assembly 
15 mln/unit

Product ВProduct A

Material #3

Figure 3-2 Routings and Processing Information (Adapted from Umble&Umble 1998, 7)

The work centres are each manned by one worker who works one eight-hour shift per day and 

is available for exactly 40 hours each week. Assuming that there is room and equipment at 

each work centre for only one worker, the workers are not cross-trained and overtime is not 

allowed, each resource has a theoretical capacity of 40 hours each week. In order to keep the 

example simple, machine downtime is not taken into consideration. Thus, each resource has 

available capacity of 40 hours (2,400 minutes) per week.

To check for capacity constraints, the required processing time at each resource is calculated in 

the same way as with Resource Requirements Planning in the previous chapter. This is shown 

in figure 5. The drill resource requires 3,600 minutes per week to process all of the materials 

needed to satisfy all market demand. However, the drill is only available for 2,400 minutes per 

week. Therefore, Drill is a bottleneck and a capacity constraint resource. Since the Drill
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resource is the only bottleneck or CCR, it is the only resource that must be considered when 

determining how much product can actually be produced. Since there is not sufficient capacity 

to produce 80 units of both products, which is everything that could potentially be sold, it must 

be decided which product would be the most profitable. Based on the information in Table 3-1, 

a conventional way to address the problem is to calculate the product cost and product margin 

for each product to determine the most profitable product mix.

Table 3-1 Resource Requirements and Product Data, (Adapted from Umble&Umble, 
1998)

Minutes needed for 
one unit of product

Minutes needed for
80 units of product

Minutes needed for
80 units of

A В A В Both products

Cut 15 10 1200 800 2000

Drill 15 30 1200 2400 3600

Weld 15 10 1200 800 2000

Assembly 15 5 1200 400 1600

Total 60 55 9200

A В

Per unit material cost
Per unit labour cost (10Eur/hour) 
Per unit selling price
Market demand
Total operating expense

55Eur
10Eur/hour*60min=1 OEur 
115Eur
80 units

7000Eur/week

50Eur
10Eur/hour*55min=9.17Eur 
125Eur
80 units

Since the total operating expense is 7,000Eur, the remaining operating expense after deducting 

total direct labour cost, which is 1,600Eur per week (4 workers * 40 hours/week * 10 

Eur/hour), is 5,400Eur. If this overhead is allocated to products using direct labour hours as the 

driver, then the overhead application rate would be 5,400Eur/1,600Eur=3.375 per Euro of 

labour cost. The overhead allocated to each unit of Product A is 33.75Eur (lOEur * 3.375) and 

to each unit of Product В 30.94Eur (9.17Eur * 3.375). Adding together material cost, labour 

cost, and allocated overhead gives total product cost, which is 98.75Eur for Product A and 

90.11 Eur for Product B. Moreover, subtracting product cost from selling price gives the 

product margin, which is 16.25Eur for Product A and 34.98Eur for Product B. According to 

this calculation Product В is the best product and since the 80 units of product В that are 

demanded consume all 2,400 hours of drill capacity, the best product mix is 80 units of 

Product В and none of Product A. Total throughput for 80 units of Product В is 6,000Eur
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(80*(125Eur-50Eur)) and after subtracting the 7,000Eur of operating expenses, we can see that 

this yields a loss of 1,000Eur per week.

The theory of constraints approach is somewhat different. The products are ranked based on 

the highest throughput per unit of constraint consumed. Each unit of Product A contributes 

4Eur of throughput for each minute of Drill time used, while each unit of product В generates 

only 2.50Eur. Since each unit of product В requires 30 minutes of Drill time and Product A 

only 15 minutes, two units of Product A can be produced in the same time as one unit of 

Product B. Producing 80 units of Product A consumes 1,200 minutes of Drill time and the 

remaining 1,200 minutes can be used to produce 40 units of product B. 80 units of product A 

generates 4,800Eur (60Eur per unit) of throughput and 40 units of Product В 3,000Eur (75Eur 

per unit). The total throughput is 7,800Eur and after deducting operating expenses, the 

remaining net profit is 800Eur per week. If demand for Product A were 100 units per week, 

they would yield 6,000Eur (60Eur * 100) throughput. The remaining drill time could be used to 

produce 30 units of Product В with a throughput of 2,250Eur. The resulting net profit would be 

l,250Eur per week. Therefore, limited demand for product A is also a system constraint and 

the sales force should attempt to generate more orders for Product A, while de-emphasizing the 

promotion of Product B.

Campbell et al. (1997, 17) recommends TOC for machine-intensive departments because costs 

these departments are costs of creating and maintaining long-term capacity. Resources cannot 

be redeployed in the short run and thus represent sunk costs. In machine-intensive departments 

allocations of these fixed costs to products is not appropriate because when managing 

constraint resources, time used at the constraint is the relevant measure, not money. If for 

example an additional setup is made for a constraint resource, the cost is the lost throughput. If 

this happens at a resource with idle time, no additional costs are incurred because the resource 

is already in place and underutilized.

3.3.2 The ABC Approach

According to Turney (1991, 72), Activity-based costing (ABC) is a method of measuring the 

cost and performance of activities and cost objects. It assigns costs to activities based on their 

use of resources, and assigns costs to cost objects based on their use of activities. The basic 

idea of ABC is that products do not cause costs directly but instead products consume activities
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and activities consume resources. This means that there are two stages in the cost assignment 

process: first, the costs of resources are allocated to activities and second, the costs of activities 

are allocated to products, based on how much they use the activities. Campbell et al. (1997,16) 

state that from a product costing standpoint, ABC assumes that decisions product mix and 

production volume are made from a long run perspective and that resources can be redeployed 

or eliminated in the short run.

Activities form the core of ABC. Brimson (1991, 46-7) describes the term activity as follows: 

“An activity is a combination of people, technology, raw materials, methods, and environment 

that produces a given product or service. It describes the way an enterprise employs time and 

resources to achieve corporate objectives. Activities are processes that consume substantial 

resources to produce an output. The principal function of an activity is to convert resources 

(materials, labour, and technology) into outputs (products).” Activities can be divided into 

levels according to what the use of the activity affects. Hall et al. (1997, 8) suggests five levels: 

unit, batch, product sustaining, facility, or administrative. Unit costs vary with each 

incremental unit of production, while batch costs vary with every batch of production. 

Product-sustaining costs are not based on production levels, and are eliminated only if the 

production of the product ceases completely. Facility-sustaining costs are caused by operating a 

plant, and administrative costs have no relationship to production volume at all.

The difference in cost allocation between ABC, TOC, and traditional cost accounting is in how 

overhead costs are treated. In TOC, only direct materials are allocated to products, and other 

costs, including labour, are not allocated at all. In traditional cost accounting, direct materials 

and direct labour costs are allocated to products directly. Overheads are not allocated or are 

allocated indirectly via an intermediate stage using a volume based allocation basis, such as 

direct labour hours. Vehmanen (1997, 126) states that in ABC, direct materials and direct 

labour costs are also allocated directly to products. Costs of resources are traced to activities 

using resource drivers. Resource drivers are links between resources and activities, which 

assign costs from the general ledger to activities. The activities are identified separately and the 

costs involved are allocated to products using activity drivers, which assign costs from 

activities to products.

According to Campbell et al. (1997, 17) ABC data is valuable in people intensive departments, 

because it can affect a company’s product mix decisions. People intensive departments have
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adaptable or redeployable resources, work flows are employee-paced, and resource costs 

mainly consist of wages. Products or customers that require significant employee time and 

effort are assigned higher costs and are thus less profitable. The activity requirements of 

products or customers can be researched with the help of a time usage study. When the mix of 

orders or customer order characteristics change, certain tasks and activities can be reduced or 

even eliminated. ABC is not useful in machine-intensive departments due to the nature of the 

resources.

333 The CBPA Approach

Hall et al. (1997, 6) introduce Constraint Based Profitability Analysis (CBPA), which is a 

technique that combines the insights from ABC with TOC. It helps managers in a 

capacity-constrained business determine the ideal product mix to maximize profitability by 

choosing the product mix that runs across the bottleneck so that profitability will be 

maximized. The first step in CBPA is to compute an ABC profitability for each product. Next, 

the profitability per unit is translated into profitability per hour across the constraint or 

bottleneck process as with TOC. The product with the highest profitability per hour receives 

first priority for the bottleneck process until all potential sales are realized. After this, the 

second most profitable product is chosen for production, and so on, until the bottleneck 

capacity limit is reached. Exceptions to this rule are caused by other reasons for focusing on 

lower-profitability products such as products for a key customer or new products early in their 

life-cycles. While TOC treats only direct material costs as truly variable, CBPA assumes more 

of the costs to be variable. Of the five levels of variability in ABC, CBPA typically includes all 

unit, batch, and product-sustaining costs. The other two types: facility-sustaining and 

administrative, are typically excluded, because they are independent of production.

3.3.4 Linear Programming

Linear Programming (LP) is a widely used mathematical technique designed to help production 

and operations in planning and decision-making relative to the trade off necessary to allocate 

resources. Some examples of problems in which LP has been successfully applied in 

operations management are listed by Heizer & Render (1988, 77).

■ development of a production schedule that will satisfy future demands for a firm’s 
product and at the same time minimize total production and inventory costs
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■ selection of the product mix in a factory to make best use of machine- and labour 
hours available while maximizing the firm’s profit

■ selection of different blends of raw materials to produce end products at minimum 
cost

■ determination of a distribution system that will minimize total shipping cost from 
several warehouses to various market locations

LP starts by setting up an objective function that can be either maximized or minimized. 

Normally the target would be to maximize profitability or minimize costs. The variables that 

can be solved for are the values that answer the question of “what are the optimal volumes to 

maximize profitability?”. Constraint equations detail out all the possible constraints of the 

system such as maximum available machine capacity or market demand. Table 3-2 shows an 

example of an LP problem.

Table 3-2 Linear programming data and equations

Product

Hours of Hours of Hours of 
Contribution machineA machines machineC
margin per unit required required required

Maximum 
; market 

demand

Optimal
product
mix

X 110 20 12 0 16 ?

Y 82 14 4 10 18 ?

Z 99 0 9 9 10 ?

Max hours available 240 80 120

Max 110* VoIX + 82 * VolY + 99 * VolZ Maximize profitability

Subject to the following constraints:

20 * VoIX + 14* VolY <= 240 
12 * VoIX + 4 * VolY + 9 * VolZ <= 80 
10* VolY + 9 * VolZ <= 120
VoIX <= 16 
VolY <= 18 
VolZ <= 10
VoIX >= 0 _ ......
VolY >= 0 Feasibility
VolZ >= 0

Capacity constraints 

Market constraints

If there are many potential bottlenecks in a facility or various market and customer constraints, 

linear programming becomes necessary to determine the optimal product mix. The problem in 

Table 3-2 can be solved using software tools such as Solver, which is an add-in in most 

spreadsheet applications. Solved using Lotus 1-2-3 Solver, the optimal product mix in this case
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is 3 units of product X, 11 units of product Y, and 0 units of Product Z, yielding a total margin 

of 1,232. Worth noting is that the production of Product Y should be maximized even though it 

has the lowest profitability per unit. When using linear programming to optimize product mix, 

it must be remembered that the tool only gives information on the profitability of products and 

the overall profitability of the company may suffer if other factors such as special customer 

needs and the production of low-profit products that support the image of the company are 

overridden by the linear programming results.
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4. Case Outokumpu Poricopper

Outokumpu Poricopper is an example of a company that has to compete in an unfavourable 

business environment. It has been percieved that Poricopper suffers from staticity, which is 

typical for older production facilities and factory cultures. A cautionary example of a plant 

failing to compete succesfully in a hostile environment exists within Outokumpu: the 

Granefors Copper Product factory in Sweden was closed down in June, 1999.

4.1 Background

The strategic target of Outokumpu is to achieve a satisfactory result even at times when market 

conditions are poor. In the Copper Products-business area this will not require any major new 

investments in-the next few years. Due to the heavy competition in the industry, Outokumpu 

Copper Products has decided to launch a pilot project at its Pori plant to analyze the capacities 

of the processes in the foundries and copper mills. The target is to increase production 

significantly without major equipment investments by improving capacity utilization and 

production technology. In order to compare the improvement potential between different units, 

a common way of defining, measuring and reporting capacity is needed.

A larger project, aimed at lowering costs and improving the competitivity of the Poricopper 

units, is the Pori 2000-project. During the last few years, the competitivity development has 

been unfavourable. While the sales prices of products have stabilized to a certain level, the 

production costs in Pori have risen and thus, profitability has suffered. Until 1996, the 

profitability at the Pori units was good. However, a careful analysis of the situation revealed 

that the good profitability was a result of favourable market conditions and the devaluation of 

the Finnish Mark. The Pori 2000-project has several objectives: better utilization of personnel 

skills, improvement of co-operation between units, development of flexible pay-systems, 

simplification of management, improvement of production control methods and quality 

control, and development of the purchasing function. It is easily seen that the results of this 

study can be exploited when striving towards the goals of the Pori 2000-project.

4.2 Outokumpu Group

Outokumpu Group is organized into five sub-groups known as business areas, which include 

Stainless Steel, Copper Products, Metal Processing, Mining, and Technology. The single most
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important customer industry for Outokumpu is building and construction with almost 25% of 

group sales going to this sector. It is clearly the most important market for both Metal 

Processing and Copper Products business areas. The next most important customer industries 

are transportation and industrial machinery. Net sales of the group in 1998 were FIM 17.2 

billion and the number of personnel was 13,179.

Outokumpu Copper Products is the second largest producer of copper products in the world 

and the only global producer with a strong presence both in Europe and the Americas. It 

accounts for 10 percent of the global market and is the market leader in several growing niche 

products, including copper radiator strip, air conditioning tubes, oxygen-free copper, and 

specialty drawn products. Formerly the business area’s organization was based on product 

groups. From the beginning of 1999, Copper Products was reorganized around business lines 

by customer groups in order to be able to exploit its technological expertise to meet customer 

needs better. In 1998 net sales amounted to FIM 7,401 million and the company employed 

5,401 people in Europe, the USA and Asia.

The Outokumpu Poricopper manufacturing units in Pori, Finland, produce tube, rolled 

products and drawn products. Annual production exceeds 100,000 tons with exports 

accounting for over 90 percent of sales. The products are used worldwide by major industries 

such as automotive, electrical, building and electronics. Service units in Pori are Foundries, 

Outokumpu Copper Rawmet Scandinavia, Administration, and Technical Services. The 

turnover in 1998 was FIM 2,000 million and the number of personnel was 1,400.

There are four foundries at Outokumpu Poricopper: the Copper Foundry, the OF-foundry, the 

Copper Alloy Foundry, and the Profile Foundry. At the foundries copper cathodes and scrap 

metals are melted and cast into billets and cakes to be used as raw material at the mills. The 

Copper Foundry is the largest of the foundries, with production of over 100,000 tons of billets 

and cakes per year. Oxygen-free copper is cast at the OF-foundry using two different methods. 

The semi-continuous line casts billets and cakes for the Drawing Mill, Rolling mill and the 

Tube Factory, producing about 35,000 tons per year. The UP-line uses a proprietary upcast 

method to produce copper wire coils for the drawing mill and the profile factory. The annual 

production is 25,000 tons. The copper alloy foundry produces alloys such as brass and nickel 

silver in cakes and cast wire with an output of 10,000 tons per year. The profile foundry 

comprises three lines, which cast 7,000 tons of profiles in the shape of cakes and wire.
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The Tube Mill in Pori produces water tube for drinking and hot water, tube for the air 

conditioning and refrigeration (ACR) applications as well as a diverse selection of industrial 

tube. Drawn products in Pori are designated as Special Products, Rods and Profiles, Machined 

Copper Products, and Alloy Wires. These units manufacture special products for customers 

from oxygen-free copper and copper alloys using mainly proprietary technology. Special 

Products and Rods and Profiles produce a variety of rod, tube, profile, wire, and strip products 

for the automotive, electric, electronics, and welding industries. The Machined Copper 

Products unit processes raw materials from the foundries and products from the other units into 

finished products, such as continuous casting moulds, cooling elements, and busbars. The 

Rolling Mill produces copper sheet and strip for the construction, electric, and 

telecommunications industries. In addition, products from the Rolling Mill are used in 

commutators and hot water heaters. The Blanking Mill produces coin and copper blanks from 

the copper and copper alloy strip made in the Rolling Mill.

4.3 Capacity Planning at Outokumpu Poricopper

The foundries have a common way of planning capacity. The calculation is based on net 

working time, actual production rate, and product mix. Net working time equals gross time 

minus machine downtime resulting from maintenance, setups, startups, close-downs, and other 

losses. The downtime is estimated by the foreman in charge. The product mix is estimated 

according to the annual budget. The actual production rate is estimated using historical data 

for each product to be produced during the period. The production rates for each product are 

multiplied by the net working hours and the percentage of the product in the product mix. The 

total capacity of the foundry is the sum of these products. The realized production is reported 

monthly. Table 4-1 shows an example of the capacity calculation.

The calculation has several flaws. First, the reported downtime does not include time losses 

such as shift changes, lunch and coffee breaks and shortage of material. Second, if the 

production rates differ between products, the calculation does not report the capacity in the 

same ratio as the product mix. Third, the calculation does not show the capacity constraining 

resource determining the capacity of the production line.
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Table 4-1 OF-line capacity calculation

OF-LINE
CAPACITY CALCULATION 4-shift 1999

HOURS jan feb mar apr may jun jul aug sep oct nov dec Year

Working time 648 432 640 608 576 648 328 552 624 640 648 448 6792
Maintenance 5% 34 23 34 32 31 34 17 29 33 34 34 24 360
Setups 4% 26 17 26 24 23 26 13 22 25 26 26 18 272
Startups 1% 5 3 5 5 5 5 3 4 5 5 5 4 54
Close<lowns 1% 5 3 5 5 5 5 3 4 5 5 5 4 54
Other losses 4% 26 17 26 24 23 26 13 22 25 26 26 18 272

Production time 551 368 545 517 490 551 279 470 531 545 551 381 5780

PRODUCTION (t) jan feb mar apr may jun jul aug sep oct nov dec Year
t/h %

OFE-.OF- cake 6,8 73% 2737 1825 2704 2568 2433 2737 1386 2332 2636 2704 2737 1893 28692
HK015 cake 5,6 3% 93 62 91 87 82 93 47 79 89 91 93 64 971
OFC, OFE, OF billet 6,2 21% 718 479 709 674 638 718 363 612 691 709 718 496 7526
HK015 billet 5,3 1% 29 19 29 27 26 29 15 25 28 29 29 20 306
ZrK015 billet 3,8 2% 42 28 41 39 37 42 21 36 40 41 42 29 439

Total Capacity 100% 3619 2413 3574 3396 3217 3619 1832 3083 3485 3574 3619 2502 37934

TOTAL CAPACITY (t) 3619 2413 3574 3396 3217 3619 1832 3083 3485 3574 3619 2502 37934
BUDGET (t) 2421 1977 2983 2869 3372 3393 2420 1770 3292 3400 2911 2951 33759

REAL(t)

The mills do not have a common way of planning capacity. Long term capacity is planned with 

the use of historical data of what has been possible to manufacture in the past. The product mix 

is budgeted in advance and the capacity is estimated according to production volumes per shift. 

Theoretical production rates are not known and downtime is hidden in the practical production 

rates.

4.4 Required Data

The proposed new capacity calculation model requires the following information.

■ product mix

■ hours worked

■ maximum production rate per hour at each work centre

■ yield at each work centre

■ time losses at each work centre

The product mix is estimated according to the annual budget. The hours worked depend on the 

number of shifts the work centre is operating. The maximum production rate is the rate at 

which the work centre produces when the machine or machines are in operation. The yield is 

the ratio of input to output at the work centre. The downtimes of the machines are percentages 

of gross working time when the work centre is not available for production.
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The product mix is a key factor in determining the capacities of the production units at 

Poricopper. The production rates of the machines depend on the product being produced, light 

and small products being slower to produce than larger ones and thus requiring more machine 

and labour resources. Also the machine downtime changes according to the product mix. If the 

product mix mainly consists of products which are produced in small batches, setups will 

require more time than products which are produced in large quantities. The product yield can 

also suffer from incorrect adjustments and test runs if setups increase.

The hours worked is the basis for calculating available resources at work centres. A one shift 

work centre will only have half the available gross hours of a work centre working two shifts. 

A one shift work centre has a theoretical capacity of 40 hours a week. Similarly, a two shift 

work centre has 80 hours and a three shift work centre operates 24 hours a day, five days a 

week, totalling 120 hours. A common shift system at Poricopper is the continuous 3-shift 

system with four shifts, in which four different shifts keep the work centre manned for two 

weeks at a time and thus production close-downs and startups only occur every second 

weekend. It would be possible to keep the work centre manned all the time by adding a fifth 

shift. The number of shifts worked at a work centre affects downtime. The more shifts there 

are, the more production time will be needed for preventive maintenance, which could 

otherwise be performed outside the working shifts. Also, if machine breakdowns occur near 

the end of a shift and there is no scheduled production after the shift, the required reparations 

can be done by service personnel outside scheduled production time.

The maximum production rate is the amount of material a work centre can process in a given 

time. In the capacity calculation it is measured in tons per hour. The maximum production rate 

is the rate at which the work center can operate without disruptions due to the factors causing 

downtime. Tasks that disrupt the operation momentarily, but are necessary when producing 

one product, such as the changing of a reel, are taken into account when determining the 

maximum production rate and are not included in machine downtime. The rate depends on the 

product being produced and since most work centres process many different products, the 

production rate has to be determined individually for each product family.

The yield is determined individually for each product family at each work centre. The overall 

yield in the manufacturing processes is about 70%. The remaining 30% of the material returns 

to the foundries, where it is used as raw material together with cathode copper. The yield at the
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work centres ranges from annealing’s 100% to 80% at the Rodex machines. The yield of the 

process is the product of the yields of the relevant work centres.

The time losses which are subtracted from gross hours to get net working time include 

preventive maintenance, maintenance, setups, startups, close-downs, problems, shortage of 

material, shift changes, coffee and lunch breaks, and other time losses due to absence, training 

etc. The causes of downtime and their descriptions are listed in Table 4-2.

Table 4-2 Causes of Time Losses

Cause of Time Loss Description

Preventive maintenance Minimizes unscheduled maintenance due to breakage

Maintenance Needed because of machine breakage

Setups Machine adjustments and die changes

Startups Production is resumed after a standstill

Close-downs Production is ceased for a period

Problems Problems which can be solved by the operator

Shortage of material There is no material to process

Shift changes Operators arrive late or leave early

Coffee and lunch breaks The operator leaves the work centre for 15-20 minutes

Other (training etc.) Operators are absent for some other reason

Preventive maintenance is scheduled to be performed regularly in order to minimize 

unscheduled maintenance due to machine breakage. Downtime resulting from preventive 

maintenance increases as more shifts are added and less time is available outside the working 

shifts. Unscheduled maintenance almost inevitably causes machine downtime except when 

breakages occur at the end of shifts and there is no production scheduled after the shift. Setups 

include machine adjustments and tool and die changes when the machine is set up to produce a 

different product. Downtime resulting from startups occur when production is restarted after 

having been shut down for a weekend or holiday or if the work centre does not operate 24 

hours a day. Some machines only require minor tasks before production can be resumed, while 

others, eg. annealing ovens, need a longer time. Similarly, close downs cause downtime if the 

machine requires special tasks when the work centre is shut down for a longer time. Downtime 

labeled as problems results when production ceases due to problems which can be solved by
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the operator and thus no service personnel is required. It is often difficult to distinguish 

between problems and unscheduled maintenance. Shortage of material causes downtime when 

the work centre is idle due to problems at the preceding work centre. Shift changes cause 

downtime when the operators leave the work centre before the shift is over and do not arrive 

promptly when the shift begins. The former being the major cause of downtime and the latter 

causing only minor time losses. Coffee and lunch breaks are classified as downtime if the 

operator is not replaced by another one for the duration of the breaks. Other downtime includes 

time losses due to reasons such as operator absences or training sessions, when a replacement 

is not available.

4.5 Collecting the Data

The data required for the capacity calculation was collected mainly by interviewing unit 

management and workers. The first to be interviewed were the product line managers. In these 

interviews the product families and the critical work centres in the production of the product 

families were identified as well as the number of shifts worked at the work centres. The 

managers were also asked to estimate the machine downtimes and maximum theoretical 

machine production rates. The theoretical production rates turned out to be very difficult to be 

estimated since different products are processed at different rates. The product yields at 

individual work centres were not very well known, whereas the yield of the complete processes 

were.

4.5.1 Foundries

Due to the nature of the process, the capacities of the foundries are easier to measure than the 

capacities of the mills. The production steps: raw material handling, loading, melting, casting, 

and sawing cannot easily be separated into individual work centres. There are differences in the 

potential production rates between the production stages, but the stages depend on each other, 

and thus no work in process inventories can build up. After interviewing the foundry foremen, 

it was agreed that three critical stages would be taken under examination. The stages are: 

melting (includes raw material handling and loading), casting, and sawing.

The OF-line at the Oxygen-Free foundry currently uses the continuous three shift system with 

four shifts which is described in section 4.2.2. All production stages operate the same number
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of shifts. This gives a total of 6,792 working hours per year. The production rate of the melting 

stage depends on the power of the melting oven and is easily calculated when the melting time 

and the weight and the number of cathodes are known. The weight of the cathodes to be melted 

is divided by the melting time.

. . number of cathodes x 110kg each
production rate =------- ^iii¿e minuter------- x 60 (4-1)

The production rate of the casting operation is slightly more complicated to calculate due to the 

many shapes and sizes of the cakes and billets being cast. Some smaller dimensions can be cast 

two or even three at a time. Because of the differences in production volumes, casting speeds, 

and product dimensions, the production rate of the casting operation is estimated by calculating 

an average rate weighted by the budgeted production volumes.

n , X

E (es, x cmw,- x pvj
production rate = —------- ^--------------- x 60 (4-2)

Â pv-
where
cs, = casting speed (cm/min) of product i
cmw/ = weight of one cm of product i
pv, = production volume of product i per time period

The production rate of the sawing machine can be calculated when the duration of a single 

typical sawing operation and the number of operations per billet or cake is known. The 

operation typically takes three minutes and the number of sawings per billet or cake can be 

estimated by calculating a weighted average, where the budgeted production volumes are the 

weights as in the example above. The production rates of the processes were well known by the 

foremen in charge, which made it was unnecessary to calculate them all manually.

At the foundries, the yield is not measured separately for each stage of the process. The process 

steps are so closely attached to eachother, that it is sensible to treat yield as the yield of the 

whole process from melting to sawing. At the semicontinuous lines, the downtime of the 

process is dictated mainly by the casting operation. The biggest downtimes are at the casting 

operations of the semi-continuous line at the OF-foundry and the Copper Alloy Foundry. 

Figure 4-1 shows the distribution of downtime at the casting operation of OF-foundry’s 

semicontinuous OF-line. The casting operation is very people-intensive and setups require
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more time than at the continuous lines. The main reasons for downtime at the casting operation 

are the changing and heating of the casting mould, coffee and lunch breaks, shift changes and 

maintenance. At the melting operation downtime results from preventive maintenance, which 

includes changing inductors and servicing the protective charcoal covers, and startups while 

waiting for the oven to heat up. Downtime at the sawing operation is caused by maintenance, 

setups, which includes changing the blade and adjustments, and coffee and lunch breaks.

OF-line - Casting

Maintenance
3,0%

Preventive Maintenance 
4,0%

Setups
4,0%

Coffee and Lunch Breaks 
8,0%

Shift Changes
19,0%

Startups 
Г i,o%
1 Other (Absences, Training, etc.) 

0,3%

Net Working Time 
60,7%

Figure 4-1 Downtime at the Casting operation of the semicontinuous OF-line

The downtimes of the wire-lines at the OF- and Copper Alloy foundries have lower time losses 

than the semicontinuous lines because shift changes and coffee and lunch breaks do not affect 

production. Also the continuous-casting method at the Copper Foundry makes the process less 

prone to downtime but unavoidable downtime results from preventive maintenance and 

changeovers, which require setup time. Startups occur when production is started after 

weekends and holidays. Shift changes and breaks do not affect production at the Copper 

Foundry. Time losses at the Profile Foundry are the smallest. Only setups, startups and 

maintenance cause some downtime.

4.5.2 Mills

Production at the mills differs significantly between the units. The Tube Mill and the Rolling 

Mill are the largest units and the production facilities comprise many work centres which
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process a large number of products of different shapes and sizes. Production is divided into 

production lines and products into product families. The Profile Mill and Drawing Mill are 

smaller units with fewer work centres. Material entering the two larger units first undergoes 

hot-processing. At the Tube Mill, billets are heated and extruded when glowing hot. At the 

Rolling Mill cakes are hot-rolled. After hot-processing the work in process moves through 

several cold-processing stages. At the Tube Mill cold processing work centres include bull 

blocks, a tube rolling machine, spinners, a drawbench and cutting machines. Correspondingly, 

at the Rolling Mill cold processing stages include rolling machines, milling machines, cutting 

machines, and a welding machine. Due to the structure of copper, the metal hardens when 

cold-worked, and thus work in process has to be annealed between the stages whenever 

cold-working cannot be continued. Production at the Rodex-lines of the smaller units, the 

Drawing Mill and the Profile Mill, is somewhat different. Initial processing is done by 

extruding copper wire through a matrix, which processes the wire into the required shape. 

Some products only require this one production stage while others go through subsequent work 

centres.

At the mills, the product line managers were interviewed and the critical work centres and 

product families were chosen. Unlike at the foundries, the work centres at the mills do not all 

operate the same number of shifts. The machine downtimes were estimated by the managers, 

as well as the theoretical maximum production rates of the machines. The latter was done by 

estimating the production rate of a typical product in each product family. The downtimes are 

not monitored continuously and therefore it was necessary to interview the foremen as well. At 

the most critical work centres the machine operators were interviewed.

The maximum theoretical production rates were not well known by anyone at the mills. Only 

the theoretical production rates of the ovens and the hot-processing machines, the press at the 

Tube Mill and the hot rolling machine at the Rolling Mill, were known. Capacity planning is 

done by using historical data of how much can be produced in practice. This means that most 

of the production rate estimates were far lower than the theoretical production rates. One way 

of calculating the theoretical production rate when the practical rate is known, is to divide the 

practical rate with the machine’s net working time percentage. This method can only be used if 

the downtimes are accurate. To estimate the production rate for a product family, a typical 

product or a few typical products should be identified and a weighted average of their 

theoretical production rates calculated. The weights being their production volumes (Equation
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4-3). The theoretical production rate of a product is the inverse of its leadtime at the work 

centre.

2 (rs/xmw/xpv,-)
production rate = —------ я x ^ ^4"3^

Ä pv'
where
rs, = running speed (m/min) for product i
mw, = weight of one metre of product i
pv, = production volume of product i per time period

The yields were known at process level but not at machine level. In some cases the sum of 

estimated machine yields did not equal the process yield, indicating that the machine yields 

were incorrect. Interviewing personnel at all levels brought the figures in line with the yield of 

the complete processes. Most of the time the percentages given by the foremen and the 

machine operators were almost identical. The downtime information received from the 

interviewees differed significantly. Managers and foremen tended to estimate longer 

downtimes due to shift changes and coffee and lunch breaks, whereas machine operators often 

claimed downtime results more from unscheduled maintenance.

Downtime is very difficult to estimate at Poricopper due to the different pay systems m use. 
Often a piecework pay system is used and the workers are normally able to complete the work 

well in advance, sometimes even in only half a shift. This means that the machine is idle for 

the other half of the shift and production resumes only when the next shift starts. In this 

situation the idle time should be called “downtime caused by pay system” which is 50 percent. 

This is mainly caused by the obsolescence of the pay system in which improvements m 

production technology and productivity have not been taken into account. When there is 

sufficient market demand, the system should be flexible enough to allow another shift to take 

over as soon as the previous shift has completed its work.

Cross-training personnel more would enable workers at idle machines to take over when 

operators are needed at other machines, especially at capacity constraint machines. Presently, 

workers are not widely cross-trained or the pay system does not motivate workers to keep the 

bottleneck machines running. At a capacity constraint machine, the Achenbach cold-rollmg 

machine at the Rolling Mill, which was previously manned by three persons, a fourth person 

has been added so that the machine could be kept running during breaks. However, according
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to managers this has not increased production as much as planned. Figure 4-2 shows the 

distribution of downtime at the Achenbach cold rolling machine.

Rolling Mill - Achenbach

Coffee and Lunch 
13,0%

Net Working Time 
61,6%

Problems
1,0%

4,0%
Setups 
6,0% '

Other (Absences, Training, etc.) 
1,0%

Preventive Maintenance 
0,4%

Figure 4-2 Downtime at the Achenbach cold rolling machine

Time usage is not recorded accurately at Poricopper. The only way worker time usage is 

monitored is by means of paper reports, in which machine operators write how much has been 

produced in a shift and how much time has been spent in setups and repairs. At the Tube Mill 

there is a simple computer-based system called Putte, which has formerly been used to record 

machine utilization but at the moment is only in use at the coiling machines. The workers’ 

opinions on computer-based monitoring is negative and the present paper reporting system is 

considered to be adequate. In the future the Putte system is going to be discontinued and new 

systems are being evaluated at the Tube Mill. The reason for the failure of Putte seems to be 

that the system was not accepted by the personnel. If a similar type of system were to be 

introduced in the future, a significant change in the general attitude towards downtime control

is needed.
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4.6 Capacity Calculation Model

The capacity calculation model is an important part of this study. It calculates the available 

production capacity of production units when the required input data is entered. The model 

also includes costing and optimization parts but the most important part is the capacity part of 

the model. The required data has been collected from the foundries, Rolling Mill, Tube Mill, 

Drawing Mill, and Profile Mill. The cost part and the product mix optimization parts are 

included only in the Drawing Mill calculation. The input data collected for these additional 

parts is not as accurate as in the capacity calculation part and therefore the displayed 

information cannot be used as is. They have been constructed in order to show how a product 

costing and profit optimization part can be added to the model.

4.6.1 Capacity Estimation

The capacity model of the foundries consists of a Lotus 1-2-3 sheet, on which the input data is 

entered and the results are displayed. The figures in the model are either blue or black in 

colour. Table 4-3 shows the capacity calculation model of the OF-line at the OF-foundry.

Table 4-3 Capacity calculation model of the OF-line at the OF-foundry

О outokumpu
OF foundry/ OF-line

Theoretical Production Rate Resource P rolles

WORKING TIME (HOURS) melting casting sawing
shifts 4 4 4 max t/h metting yiekJ% tvt melting casting

Gross time 6592 6592 6592 OFE-.OF 8,0 17.5 20.0 94% OFE-.OF 0,13 0.06 0,05

Prevents maintenance 1% 4% 1% HK01S 8,0 17.5 20.0 94% HK015 0,13 0,06 0.05

Maintenance 1% 3% 2% OFC.OFT 8.0 22.0 20,0 87% OFC.OFE 0.14 0.05 0,06

Setup 0% 4% 2% HK015 8.0 22.0 20,0 87% HK015 0.14 0,05 0,06

Startup
Close down

0% 1% 0% ZTK015 8.0 20,6 20,0 87% ZTK015 0.14 0,06 0.06

0% 0% 0% required r 4856 2114 1942

Problems 3% 0% 0% •vsfrbteh 4990 4001 4417

Shortage of material 0% 0% 0% Maximum production with the current product mix Maximum production for single product

Shift changes
Golfee and lunch breaks

19% 19% 19%
0% 8% 8% tons metting casting sawing min tons melting casting bottleneck

Other (absence, training, ) 0% 0% 1% OFE-.OF 27679 50984 61245 1.03 OFE-.OF 27 944 57 983 73 451 27944

TOTAL TIME LOSSES 24% 39% 33% HK01S 965 1777 2135 1.03 ■IK 015 1 949 31 988 47 456 1949

NETWORKING ЛМЕ 76% 61% 67% OFC.OFI 7479 13777 16549 1.03 OFC.OFE 8 213 43 405 50 331 8213

UTILIZATION (EFFECTIVE) 97% 53% 44% HK015 304 560 673 1.03 -IK015 1 231 36 423 43 349 1231

UTILIZATION (THEORETICAL) 74% 32% 29% ZrK015 437 804 966 1.03 ZTK015 1 360 34 253 43 478 1360
1.03

Realized production and 4-shift working hours

CAPACITY (TONS) / Product mix capacity 448 552 688 544 640 584 352 456 608 632 656 432
Product mix (t) % tons Jan Feb Mar Apr May Jun Jul Aug Sep Od Nov Dec Total

OFE-.OF- 26 934 75% 27679 27 944 683 1 806 2914 1 785 7188

HK015 939 3% 965 1 949 0 46 143 107 296

OFC.OFE.OF 7 278 20% 7479 8 213 1 100 441 726 1 111 3378

KK015 296 1% 304 1 231 70 80 47 10 207

ÜK01S 425 1% 437 1 360 44 61 35 53 193
0

PRODUCTION 1 897 2 434 3 865 3 066 0 0 0 0 0 0 0 0 11262

BUDGETED SALES 35 8721 2 438 3 004 3 744 2 960 3483 3178 1 915 2 481 3 309 3 439 3 570 2 351 35872

CAPACITY 36 864 2 505 3 087 3 648 3 042 3 579 3 266 1 968 2550 3 400 3 534 3 669 2 416 36864

BUDGETED UTILIZATION 97% 97% 97% 97% 97% 97% 97% 97% 97% 97% 97% 97% 97%

CAPACITY UTUZATION 76% 79% 100% 101% 0% 0% 0% 0% 0% 0% 0% 0% 31%
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The blue figures are the inputs, which are entered after having been collected from the 

production unit under obsevation. The black figures are the outputs that are calculated by the 

model. The gross working hours per year and time losses are entered in the Working 

Time-table. Three critical stages (melting, casting, and sawing) have been identified in the 

production process. The theoretical production rates of the production stages and the yield of 

the whole process are entered in the Theoretical Production Rate-table. The Resource 

Profiles-table shows the time in hours required to produce one ton of product when yield has 

been taken into account.

The Maximum Production with the Current Product Mix-table shows how much production 

can be increased at each production stage if the products are produced in the same ratio as 

entered in the Product Mix-column. The figure next to the table is the coefficient, which 

determines the capacity in tons when multiplied by the volume entered in the Product 

Mix-column. The mix capacity is shown in the Capacity Tons-column. The Maximum 

Production for Single Product-table shows how much of each product can be produced at each 

production stage if all excess capacity at the bottleneck resource is devoted to that product and 

the production volumes of the other product families do not change. The lowest of these 

figures determines the maximum production. It is shown in the Maximum Production-column. 

The realized monthly production is entered in the appropriate cells. The required calculations 

are similar to the ones in the capacity calculations of the copper mills. They are explained later 

in this chapter.

The capacity calculation model of the copper mills comprises three sheets: input sheet; 

follow-up sheet; calculation sheet. The cells which represent machines of the production stages 

that the product family does not go through can be left empty. The first table on the input sheet 

is where the number of shifts, gross working hours, and time losses are entered. The critical 

machines are listed according to the general routing of production. The products being 

produced and the budgeted product mix are entered in the second table on the input sheet. 

Realized monthly production is also entered in this table. The third table is for the maximum 

production rate and yield at each work centre. It must be noted that the maximum production 

rate is the theoretical maximum rate at which the machine can operate without the risk of 

additional breakage. The theoretical production rate does not include setups and other time 

losses. Table 4-4 shows an example of the input sheet.
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Table 4-4 Input sheet of the Drawing Mill capacity calculation model

О outokumpu
Drawing Mill 
Capacity calculation
MACHINE TIME LOSSES Press Finnpower Wecker VP45 VP 80 VK13&15 VK5 SchumlO Annealing Sawinq Straight.
shifts 2.0 2,0 0,5 2.0 2.0 2+2 3.0 2,0 3.0 2.0 0.5
TOUTS 3488 3488 872 3488 3488 6972 5088 3488 5088 3488 872
3reventive maintenance 10% 5% 0% 5% 3% 5% 3% 8% 8% 2% 2%
Maintenance 7% 3% 1% 5% 2% 1% 1% 4% 2,0% 1.0% 1.0%
setup 8% 5% 5% 16% 21% 18% 17% 20% 5% 5% 6%

Startup 2% 1% 1% 4% 4% 4% 4% 4% 4% 2% 2%
Closedown 2% 1% 1% 4% 4% 4% 4% 4% 4% 2% 2%
Problems 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Shortage of material 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Shift changes 12% 12% 6% 12% 12% 12% 12% 12% 6% 8% 6%

Soffee and lunch breaks 15% 15% 15% 15% 15% 15% 15% 15% 15% 15% 15%
Dther (absence, training, ) 6% 6% 6% 6% 6% 6% 6% 6% 6% 6% 6%
TOTAL TIME LOSSES 62% 48% 35% 67% 67% 65% 62% 73% 50% 41% 40%

MET WORKING TIME 38% 52% 65% 33% 33% 35% 38% 27% 50% 59% 60%

JT1UZATION (EFFECTIVE) 91% 47% 52% 69% 92% 89% 89% 77% 75% 67% 84%

JTIUZAT10N (THEORETICAL 35% 24% 34% 23% 30% 31% 34% 21% 38% 39% 50%

Realized Production and 3-shift Working Hours

ЗАРАСГТУ (TONS) Product mix capacity maximum 448 344 544 456 440 480 256
3roduct/Tuote mixit) % tons production ian feb mar apr may И iul
ГЕ-ОК 2 700 49% 2 938 3300 278 205 172 300
Welding Tubes 350 6% 381 540 28 17 23 17
Rods and Profiles 1 100 20% 1 197 1197 103 107 133 102
Hollow Conductors 800 15% 871 927 35 56 32 35
ZrK 550 10% 599 903 56 40 44 23

=>RODUCTION 500 425 404 477 0 0 0

BUDGETED SALES 5 500 484 372 588 493 476 519 277

SAP AC TTY 5 985 1 527 405 640 536 518 565 301

BUDGETED UTILIZATION 92% 92% 92% 92% 92% 92% 92%

SAPACÍTY UTILIZATION 95% 105% 63% 89% 0% 0% 0%

MAX PRODUCTION RATE Press Finnpower Wecker VP 45 VP 80 \Л<13&15 VK5 SchumlO Annealinq Sawing Straight.

ГЕ-ОК 5.8 3.7
Welding Tubes
Rods and Profiles 6.0 1,7 1.3

0.7 0.9 0.6
0.8 2.5

-follow Conductors 4.6 4.0 1.4 0,6 0.6 0.6
ZrK 3.0

Y1ELD% Press Finnpower Wecker VP 45 VP 80 VK13&15 VK5 SchumlO Annealing Sawing Straight.

ГЕ-ОК 89% 88%
Welding Tubes
Rods and Profiles 86% 100% 95%

90% 95% 100%
80% 100%

Hollow Conductors 70% 100% 95% 90% 80% 100%
ZrK 87%

The follow-up sheet displays information on the load at each work centre as a percentage of 

available hours, ie. effective capacity in hours. As the monthly production information is 

entered on the input sheet, the machine utilization is shown on the follow-up sheet. During 

some months, utilization exceeds 100 percent, which means that either machine downtime has 

been lower than usual or the month's product mix has differed from the budgeted product mix. 

The raw material requirement is also calculated on the follow-up sheet and is displayed in the 

top right comer. It is calculated by dividing the end product tons with the product of the work 

centre yields. Table 4-5 shows an example of the follow-up sheet.



Table 4-5 Follow-up sheet of the Drawing Mill capacity calculation model ( 3 of 11 
machines displayed )
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O o uto kum p u Drawing MH / Vetämö

Actual machine load
Press Jan Peo Mar Apr НЯау Jun юг Aug Sep Oct Nov Dec

ГЕ-ÔK
Welding Tubes
Rods and Profiles 
Hollow Conductors
ZrK

54

23
11
19

40

23
18
13

34

29
10
15

59

22
11
8

0

0
0
0

0

0
0
0

0

0
0
0

0

0
0
0

0

0
0
0

0

0
0
0

0

0
0
0

0

0
0
0

actual h 
available h 
utilization

ITT
117

92%

—ST
90

106%

88
142

62%

IÖO
119

84%

0
115
0%

— 0
125
0%

0
67

0%

0
75

0%

0
131
0%

0
125
0%

Ö
133
0%

0
88

0%

Finnpower Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
ГЕ-ÔK -----------
A/elding Tubes
Rods and Profiles 
Hollow Conductors 
ZrK

80 83 103 79 0 0 0 0 0 0 0 0

actual h
available h 
utilization

—ЯГ
160

50%

53
123

68%

-------79
194 163

53% 49%

0 0
157 171
0% 0%

Ö
91

0%

0 0
103 180
0% 0%

17
171
0%

0 0
183 120
0% 0%

Wecker Jan Feb Mar Apr May Jun Jul Aug Sep Oct NOV Dec
ГЕ-ОК
Welding Tubes
Rods and Profiles 
Hollow Conductors 
ZrK

13 20 12 13 0 0 0 0 0 0 0 0

actual h 
available h 
utilization

----- 13--------20 13 Ö 0 0 0 0 0 0 0
50 38 61 51 49 53 29 32 56 53 57 37

26% 53% 19% 25% 0% 0% 0% 0% 0% 0% 0% 0%

The required calculations to determine the capacity of the process are displayed on the 

calculation sheet. In the Product Mix/Machine-table, the product mix information entered on 

the input sheet is displayed as product mixes for each work centre according to which work 

centres the products flow through. In the Resource Profiles-table, the product load profiles for 

the products at each work centre show how long it takes for the work centre to process one ton 

of each product. The load profiles are the inverses of the production rates when yield has been 

taken into account. That is, when the theoretical production rates have been multiplied by the 

yield percentages of the subsequent machines. In the third table, the resource requirements for 

the products at each work centre are calculated. The sum of these resource requirements is the 

total resource requirement for the work centre. The available hours represents effective 

capacity and is calculated by multiplying gross working hours on the input sheet with the net 

working time percentage, also on the input sheet. The maximum production with the current 

product mix table displays the capacities of the work centres in tons when products are 

produced in the same ratio as entered on the input sheet. It is calculated by multiplying the 

quotient of the available hours in the Resource Requirements-table and the resource profile in
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the Resource Profiles-table with the quotient of the resource requirement of the product family 

and required hours, both in the Resource Requirements-table (Equation 4-4).

MP=fxf (4~4)

where
MP= Maximum production with the current product mix
ah= Available hours at the work centre
lp= Load profile of the product family at the work centre
rr= Total resource requirement of the product family at the work centre
rh= Total required hours at the work centre

The coefficient next to the Maximum Production-table shows how much production can be 

increased before the first bottleneck emerges. The smallest of these coefficients is the 

maximum production increase coefficient of the product mix. It shows how much idle capacity 

there is before the first bottleneck for the whole mix emerges. For example, if the coefficient is 

1.05, production of all product families can be increased by 5 percent before the first 

bottleneck emerges. After this, there is still idle capacity for the production of other product 

families if they do not share the constraint resource. The Possible Production Increase for 

Single Product-table displays information on how large an increase in production is possible 

for each product, assuming that the production quantities of the other products remain 

unchanged. The possible production increase is calculated by dividing the difference between 

available hours and required hours by the relevant product family’s load profile (Equation 4-5).

MPI = (4-5)

where
MPI= Maximum Production Increase for single product 
ah= Available hours
rh= Required hours
lp= Load profile

The maximum production increase is determined by the first bottleneck and the name of the 

bottleneck work centre is displayed beside the table. An example of the calculation sheet is 

shown in table 4-6.



61

Table 4-6 Calculation sheet of the Drawing Mill capacity calculation model

O outokumpu Drawing Miu

Production mix/machine

t/a Press Finnoower Wecker VP45 VP 80 VK13&15 VK5 SchumlO Annealing Sawing Straight.
ПЕ-ОК 2700 2700
Suutinputket 
Pyär&prof tangot 1100 1100 1100

350 350 350
1100 1100

johdin putket 800 800 800 800 800 800
ZrK 550
Total 5150 1100 800 800 1100 1150 1150 2700 1150 1100 1100

Resource Profiles

h/t Press Finnoower Wecker VP45 VP80 VK13&15 VK5 SchumlO Annealing Sawing Straight.
ГЕ-ОК
Suutinputket 
:>yör&prof tangot 
Johdinputket
ZrK

0,20

0,22
0,32
0.33

0.77
0,37 0,99

0,96
1,42

2,08

1,11

1.67

0,27
1.67

1.67
125 0,40

Resource Requirements

Straight.Schum 10VK13&15Wecker VP45Press

required h
available h

Maximum production with the current product mix

t/a Press Finnpower Wecker VP45 VP80 VK13&15 VK5 SchumlO Annealing Sawing Straight.

ГЕ-ОК
Suutinputket 
^yör&prof tangot 
johdinputket
ZrK

2963

1207
878
604

2343
1551 1160

1197
395

902

393

898

3485
465

1062
1646 1308

Max increase coefficient =

Possible production increase for single product

t/a Press Finnpower Wecker VP 45 VP 80 VK13&15 VK5 SchumlO Annealing Sawing Straight.

ГЕ-ОК
Suutinputket 
^yör&prof tangot 
Johdinputket
ZrK

600

536
370
353

1243
751 360

97
194

132

190

127

785
376

376
546 208

coefficient
1.10
1,12
1,09
1,10
1,10
1,09

max incr bottleneck 
600 Press 
190 VK5 
97 VP80 

127 VK5 
353 Press

The input sheet also displays information that is calculated on the calculation sheet. Total time 

losses is the sum of the time losses resulting from the different factors causing downtime. Net 

working time is the time that is left over and is available for production. Utilization (effective) 

shows how much of the effective capacity is being utilized. Similarly, utilization (theoretical) 

shows how much of the theoretical capacity is being utilized. Since there are unavoidable time 

losses, this figure can never reach 100 percent. The column titled capacity tons in the second 

table shows capacity information from the Maximum Production with the Current Product 

Mix-table on the calculation sheet. The maximum effective capacity of the product mix is the 

budgeted production mix, that has been entered, multiplied by the production increase 

coefficient on the calculation sheet. The column titled Maximum Production shows the 

production increase information from the Possible Production Increase for Single Product-table 

on the calculation sheet. Below the product information in the second table of the input sheet,
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realized production is the sum of the realized production that is entered at the end of each 

month. Budgeted production is the budgeted production mix spread out over the months 

according to the monthly gross working hours. In this way, less production is budgeted for the 

holiday months. Capacity shows the capacity available each month. Budgeted utilization is the 

utilization that has been planned for the period and Capacity utilization is the actual capacity 

utilization each month.

4.6.2 Product Costing

The product cost part of the model shows which costs could be taken into account when 

comparing production costs between facilities producing the same products. Direct costs that 

increase in the same proportion as production volume include the cost of materials, yield loss, 

and packing. The cost of materials is the cost of raw materials in the end product and yield loss 

cost is the difference between the raw material cost that is scrapped and its scrap value. Costs 

that increase in the same proportion as machine hours are allocated to products using required 

machine hours as the allocation basis. These costs are variable and can thus be taken into 

account if CBPA is to be used. Table 4-7 shows the cost part of the capacity model.

Table 4-7 Cost part of the capacity model

Machine Usage 1000FIM Press Finnpower Wecker VP45 VP 80 VK13&15 VK5 SchumIC Annealinç Sawing Straight. Total

1898 226 51 308 274 929 922 1094 525 694 109 7030

=П“ЭУ 491 0 0 4 21 24 8 15 334 0 0 897

Air/Water 92 0 26 26 0 0 0 4 189 26 0 363

Repairs/Preventive maint. 1683 10 5 56 40 60 5 682 74 89 1 2704

Tools 1636 13 37 13 249 88 166 404 0 0 0 2606

Total 5799 249 119 407 584 1101 1101 2199 1122 809 110 13599

168 120 25 96 22 105 101 246 129 230 17 1260

Wachineusagecost^FIM/h^ 4662 152 323 392 531 460 581 2675 518 421 209 10924

Product family cost FIM/h Press Finnpower Wecker VP45 VP80 VK13&16 VK5 SchumIC Annealinf Sawing Straight. packing mater. mat. loss Total

TE-OK 913 723 200 8000 434 10270

Welding Tubes 655 645 863 367 8000 290 10820

Rods and Profiles 1022 117 511 526 84 234 8000 693 11187

Hollow Conductors 1482 118 389 959 968 863 500 8000 1042 14321

ZrK 1554 690 8000 260 10504

Overheads can be allocated to products after a thorough АВС-analysis. The only cost in the 

calculation which is considered fixed in the short-run is wages because it is not flexible due to 

the union agreements and laws controlling lay-offs. This means that the excess capacity cost is 

the cost that arises from keeping the work centre manned when there is no scheduled 

production. If downtime at a bottleneck resource can be reduced, thus increasing effective
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capacity, productivity will increase due to the lower costs per unit. The excess capacity cost 

will also increase if production volume remains unchanged. In the model, total wages are 

divided by the required hours at the work centre. If an additional person is added to the work 

centre, the increase in total wages has to be entered manually. The effects of adding or 

removing a shift is taken into account in the calculation.

4.6.3 Optimizing the Product Mix

The Optimization part of the model contains a method for optimizing the product mix. Using 

the Lotus 1-2-3 Solver or similar linear programming tool, the product mix that maximizes 

total contribution can be calculated. The linear program, which is set up to determine the 

optimal volumes at the Drawing Mill, is shown in Table 4-8.

Table 4-8 Linear program to optimize product mix at the Drawing Mill

Resource Profiles
Press Flnnp. Wecker DB45 DB80 DM13,15 DM5 Schumi0 Anneal Saw Straight.

TE-OK 0.20 0.27
Welding Tubes 1.42 1.11 1.67
Rods and Profiles 0.22 0.77 0.88 1.25 0.40

Conductors 0.32 0.37 0.99 2.08 1.67 1.67
ZrK 0.33

Required ? ? ? ? ? ? ? ? ? ? ?

Available 1325 1814 567 1151 1151 2440 1933 942 2544 2058 523

Sellinä Price Contribution per Ton Max Demand Optimal Mix Contribution

TE-OK 17500 7230 3240 ? ?

Welding Tubes 35500 24680 420 ? ?

Rods and Profiles 16500 5313 1320 ? ?

Conductors 44000 29679 960 ? ?

ZrK 21500 10996 660 ? ?

Total Contribution: ?

Maximize Total Contribution
Subject to the following constraints: 
Hours of Press required <= 1325 
Hours of Finnpower required <=1814 
Hours of Wecker required <= 567 
Hours of DB45 required <=1151 
Hours of DB80 required <= 1151 
Hours of DM13,15 required <= 2440 
Hours of DM5 required <= 1933 
Hours of SchumaglO required <= 942 
Hours of Annealing required <= 2544 
Hours of Sawing required <= 2058 
Hours of Straightening required <= 523

Volume of ТЕ-OK <= 3240 
Volume of Welding Tubes <= 420 
Volume of Rods and Profiles <= 1320 
Volume of Conductors <= 960 
Volume of ZrK <= 660

Product volumes >= 0
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The required inputs are the selling prices of the product families and maximum market 

demand In the Drawing Mill optimization calculation it is assumed that maximum market 

demand is 20 percent higher than the budgeted product mix. A more accurate estimate of 

maximum market demand can be done by means of a market research study. The contribution 

per ton is the difference between the selling price and the product cost calculated in the product 

cost part of the model. The resource profiles are calculated in the capacity calculation part. The 

results suggest that the production of ТЕ-OK, Welding Tubes, and ZrK should be maximized 

and the remaining capacity should be used to produce 870 tons of Rods and Profiles and 880 

tons of Conductors, even though Conductors has the highest contribution per ton. Table 4-9 

shows the optimization sheet of the capacity calculation.

Table 4-9 Optimization sheet of the Drawing Mill capacity calculation model

h/t Press Finnpower Wecker VP45 VP80 VK13&15 VK5 SchumlC Annealing Sawing Straight

TE-OK

Welding Tubes

Rods and Profiles

Hollow Conductor

ZrK

0,20

0,22

0,32

0.33

0,77

0,37 0,99

0,96

1,42

2,08

1,11

1,67

0,27
1,67

1,67

1,25 0,40

Required Hours 1325 673 322 873 837 2431 1933 876 2167 1088 348

Available Hours 1325 1814 567 1151 1151 2440 1933 942 2544 2058 523

LP Results

tons selling price contr./ton demand opt. mix contribution

TE-OK 17500 7230 3240 3240 23424904

Welding Tubes 35500 24680 420 420 10365644

Rods and Profiles 16500 5313 1320 870 4622262

Hollow Conductor 44000 29679 960 880 26117559

ZrK 21500 10996 660 660 7257336
Tota 71787705

The optimization part of the model provides information based on only the profitability of 

products. When making decisions on what product to produce, other factors have to be 

considered as well. The less profitable products may have to be produced in order to keep 

major customers, who also buy more profitable products, happy. All the factors affecting 

product mix decisions have to be taken into account.
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4.7 Updating the Inputs in the Model

The model is sensitive to changes in the production environment. The reliability of the results 

depends on the accuracy of the inputs. In order to keep the model up to date, the input 

information has to be updated whenever changes in the input data occur. Downtime is the input 

which changes most easily. It changes when the product mix changes significantly or when 

capacity levels are changed by adding or removing shifts. Changes in product mix affect 

downtime because setups for the production of each product require different amounts of time. 

The production of some products wear out machines more than others and thus cause more 

downtime resulting from maintenance. Products that are produced in large batches require 

more setups than products which are produced in smaller batches.

The maximum production rate can change due to technology improvement or due to changes in 

working techniques that shorten the duration of tasks such as the changing of a reel, which is a 

necessary part of production. The maximum production rate can decline when the machines 

age and cannot be run as fast as before without the risk of breakage. Also the yield at work 

centres can change if production technology improves. Better quality control in the production 

flow will improve yield if inferior work in process can be located and scrapped earlier. Yield 

can also deteriorate if machines wear excessively or production methods become less efficient. 

Whatever the reason for the changes in the input data, it has to be taken into account when 

using the calculation. The task of updating the input data should be the responsibility of a 

specific person, for example the foreman in charge. The person should have a good overall 

picture of the whole production process at the relevant unit. The reporting part of the 

calculation should be updated by a person who already records production volumes. This will 

minimize extra work and the realized production information will be available as soon as 

possible.

Computer-based utilization monitoring has not been succesful at Poricopper. The existing 

Putte system at the Tube Mill will be discontinued in the future. Nevertheless, computer-based 

utilization monitoring is the most accurate way of recording downtime on the factory floor. 

Before a new system is to be installed however, a change in the attitudes among machine 

operators towards downtime monitoring has to take place. The importance of high utilization at 

bottleneck machines during periods of high demand must be understood by all personnel 

involved in production. A modem utilization control system designed by Arrow Engineering is
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in use at JA-RO, a subsidiary of Outokumpu. JA-RO’s experiences of the system could be 

useful when making decisions on aquiring a similar system for Poricopper. The Arrow 

Engineering system is a fixed system like Putte, but when analyzing bottleneck utilization, the 

system need not be fixed. A portable diagnostic tool which can be moved from machine to 

machine is useful when the factory’s bottlenecks change due to for example product mix 

changes. The tool can be connected to machines in a factory environment to report cycle times 

and downtimes. The system should be capable of analyzing trends occuring by day or shift and 

also by reason, such as oil leaks or part jams. Analyzing trends in downtimes will make it 

easier to spot the reasons for downtime and eliminate them. Information on such a system is 

available at, for example, http://www.factorvware.com/.

Updating the model when new machines are added or existing machines are removed is not as 

simple as changing input data. The same applies to the situation where the number of product 

families changes. In these cases, the equations have to be copied from neighbouring cells. By 

using Lotus Script the model could be improved with the possibility of changing the number of 

machines and product families in the calculation, without upsetting formulas and cell 

references.

4.8 Benefits of the Model

The model brings several benefits compared to the present way of managing capacity at 

Poricopper. The most obvious benefit is the new way of measuring capacity, which reveals 

inefficiencies in the production environment. Another clear benefit is the help the model 

provides in long term capacity planning. The model lets production planners use 

what-if-analysis to test the effects of changes in the production environment. Reporting 

realized production to management is simplified by using the calculation. A reporting tool 

common to all units eliminates the need to understand many different kinds of production 

reports. Also benchmarking in a demanding production environment is important in 

streamlining production.

4.8.1 Capacity measurement

The capacity model provides a umform way of long-term capacity measurement at Poricopper. 

Compared to the present way of calculating capacity using historical data on how much has
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been produced and practical production rates, the model introduces a new way of capacity 

measurement. The model uses theoretical production rate as the starting point, thus revealing 

the effect of downtime, which has until now been hidden in the practical production rates. The 

downtime percentages are visible and can be altered to suit the prevailing situation. Also, the 

effect of yield losses on production rates is considered separately at each machine. This makes 

the resource profiles in the calculation more accurate, since the profiles are converted to show 

the amount of time the machine has to process a ton of work in process in order to produce the 

amount of end product in the product mix, taking into account that the machines earlier in the 

process have to produce enough to compensate for the yield losses in the following production 

stages.

Both the theoretical and effective utilization percentages are calculated. From these figures the 

potential bottleneck capacity increase can be estimated. If the effective utilization is close to 

the theoretical utilization, there is less chance of increasing effective capacity than if there is a 

larger difference between the utilization percentages. A large difference indicates high time 

losses and/or high yield losses. Whatever the reason, bottleneck machines must be focused on 

when reducing time losses.

The costing part of the model provides a way of combining cost data to the capacity calculation 

to acquire information on product costs. The example in the Drawing Mill model is simplified, 

but nevertheless it includes the costs that are truly variable and therefore can be taken into 

account when using TOC or CBPA in controlling production at bottleneck machines. The 

excess capacity cost arising from keeping non-bottleneck work centres manned even when they 

are idle is shown separately. This will immediately show management how much extra cost in 

the form of wages the excess capacity causes. Wages are considered fixed in the short run. The 

optimization part gives valuable information on the profitability of individual product families. 

The cost information is directly linked to the optimization part of the model and the optimal 

product mix which maximizes profitability is easy to recalculate by running Solver.

4.8.2 Capacity Planning

Since the capacity model is based on resource requirements planning, it can be used as a 

long-term capacity planning tool at the production units. At Poricopper, the potential 

production capacity is highly dependent on the product mix because the product families have
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very different load profiles. The product mix is built according to the sales budget and if the 

sales department uses the calculation to check if the mix is feasible, opportunity costs resulting 

from the inability to fill required demand can be minimized. The calculation also shows how 

much the production of each product family can be increased after the optimal product mix has 

been budgeted using linear programming or other optimization methods. This information can 
be used by the sales department to accept or reject additional orders or to promote the sales of 

one product while de-emphasizing the promotion of another.

The model can be used for company-wide capacity planning if it is used at similar production 

facilities elsewhere. Unnecessary investments can be avoided if there is excess capacity at an 

other facility. For example, if demand of a certain product is higher than the capacity at a 

production facility and the needed capacity is available at an other facility, the information on 

the needed capacity is directly transferable to the other facility. When the production 

capacities are measured in the same way, the information concerning production capability will 

be comparable. If also the cost part of the model were to be used at other facilities producing 

the same products, information on the production costs could be used to choose the most 

cost-effective production facility for a certain product.

4.8.3 What-If Analysis

The model can be used for what-if analysis to test the impact of various improvement measures 
on production capacity, such as the reduction of downtime or the increase of machine 

production rates. Testing improvement measures at bottleneck or capacity constraint work 

centres will show how much extra production capacity could be gained if a specific measure 

was to be undertaken. Other potential bottlenecks can be made visible if the existing bottleneck 

capacity is increased to the point where it equals or exceeds the capacity of the next bottleneck.

The product cost part of the model can be used to test the effect of increasing or decreasing the 

available capacity at work centres. If a shift can be removed, the excess capacity cost of 

keeping excess capacity will be reduced. If improvement measures increase unused capacity, 

and thus the excess capacity cost increases, the excess capacity should be exploited in some 
way. It can be used e.g. to produce new products or it can be marketed to other departments. If 

the excess capacity cannot be exploited, capacity should be reduced. Unfortunately, this often 

means laying off personnel. By adding the sales prices of the product families to the
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calculation, an optimal product mix can be calculated by using СВР A and/or LP. The effect of 

productivity improvement measures can be forecasted from the changes in product cost when 

the inputs in the calculation are changed.

4.8.4 Reporting

The model can be used as a reporting tool to report realized production and monthly machine 

utilization. The model will show the machine utilization percentage when the production 

volumes have been entered. It takes into account the public holidays and holidays specific to 

the unit in question by allocating less available hours to those months. The follow-up page can 
be used to control how well the budget has been followed. If a reason to alter the product mix 

arises, it can be done to keep the capacity figures accurate. Production personnel can probably 

identify the causes of deviations in production, because the factors determining production 

capability: production rates, time-loss information and hours worked are visible.

The follow-up page reveals errors in the input data. If the utilization of a certain month exceeds 

100 percent of effective capacity, the reason can be for example that time losses have 

temporarily been lower than usual during that particular month. However, if the utilization of a 

machine is continuously over 100 percent, the input data must be checked. The reason for 

extemely high utilization figures is most probably that either the maximum theoretical 

production rate is higher than the estimated rate that has been entered or that time losses have 

been incorrectly estimated.

4.8.5 Benchmarking

If the model is used at similar production units, it can be used for internal benchmarking. This 

requires that the input data from the units: downtime, yield, production rate, are all defined in 

the same way as in the calculation. The outputs: utilization, mix capacity, maximum 

production increase, product cost, and optimal product mix will be comparable between the 

units. Of course, differences in labour laws and other external regulations must be taken into 

account. When the maximum output and required inputs to achieve the outputs are known, a 

comparison of productivity and profitability between the units can also be made. 

Benchmarking total productivity means comparing outputs to all inputs required to achieve the 

outputs. If the inputs are different, they have to be weighted by for example their values. If the
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value of outputs is compared to the value of the inputs used, the result is profitability. 

Productivity benchmarking should be done partially, that is, the inputs should be compared to 

the outputs separately. The ratio between outputs and working hours used will give labour 

productivity and the ratiobetween outputs and material inputs will give the productivity of 

materials. The efficiency of labour and material usage is directly visible in the time loss and 

yield percentages respectively.
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5 Results and Implementation

The results of this study support the statements that there is no single way of measuring 

capacity. When analyzing the capacities of different production units, a common approach to 

defining capacity must be found. Before capacity can be measured accurately, all the factors 

and the ways in which they affect the results, must be evaluated. Also matters affecting the 

factors must be taken into account. Some of the factors, such as downtime, change frequently 

for instance whenever the product mix changes significantly, while others, such as yield, only 

react to bigger changes, like changes in production technology. The results of the capacity 

analysis show that the personnel has a key role in determining how accurate the results are. If 

questions are understood differently by different interviewees or if the interviewer understands 

the answers given by the interviewees incorrectly, significant errors in the input data can occur. 

This in turn will affect the reliability of the results. The situation where personnel at different 

levels give very different answers, creates a situation where the interviewer has to try to make 

sensible assumptions according to how the interviewees explain their answers.

5.1 Results of the Capacity Analysis

The results at the foundries are generally similar to what was expected before the study. Only 

the time-losses at the Profile Foundry seem a little optimistic. This is probably because the 

downtime at the Profile Foundry is more difficult to estimate than at the other foundries due to 

the utilization figures being much lower than elsewhere and because a significant part of idle 

time exists due to no scheduled production. The process capacities at the foundries depend 

mostly on the melting capacity of the furnaces. Another constraining stage at the 

semicontinuous lines is casting, which is people-intensive, and thus suffers from downtime 

caused by shift changes and other events when operators are not present. The UP-lines and the 

continuous-casting line at the copper foundry are not affected by this kind of downtime.

The results at the mills are close to what was expected after the first interviews. The capacity 

constraint machines were identified fairly well by the interviewees. At the Rolling Mill, the 

machines with the highest utilization figures are the annealing ovens, the Achenbach Cold 

Rolling Machine and the Hot Rolling Machine. The lowest utilization of only 10 percent is at 

the Sheet Cutting and Packing work centre of the Wide-line. The time loss percentages appear 

a little on the optimistic side, especially at the Hot Rolling Machine and the Cold Rolling
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Machine of the Wide-line, where downtime due to shift changes is claimed to be zero. The 

yield losses at the Thick-line are far higher than at any other machine at the Rolling Mill. The 

utilization percentages of the most heavily utilized machines are displayed in Figures 5-1, 5-2, 

and 5-3. Theoretical utilization represents the percentage of gross working hours utilized while 

effective utilization represents the percentage of available hours utilized. The difference 

between theoretical and effective utilization is the amount of time losses. In most cases, a large 

difference indicates that the effective capacity can be increased by organizing working time 

more effectively.

Rolling Mill

Annealing (thick) I 

Annealing (-wide) I 

Annealing (narrow) I 

Achenbach I 

Hot Rolling I 

0%

Figure 5-1 Utilization rates at the Rolling Mill based on theoretical and effective 
capacities

At the Tube Mill, the capacity constraint work centres are extrusion, rolling, IGW, and the 

drawbench of the Industrial Tubes-line. The IGW machine only affects WX production and 

therefore does not constrain the production of other product families. The majority of 

production is initially processed by the Rawmat stages, extrusion and rolling. This means that 

problems at these machines could disrupt the production of all product families that use the 

resources. The time losses at the Tube Mill were not easy to determine. Downtime due to 

coffee and lunch breaks are dubious at the Tube Rolling Machine and the IG-drawing machine. 

It is difficult to believe that there are no time losses at all at the inline oven even though this is 

what the interviewees asserted. The utilization in the calculation is only 47 percent and 

everything tlmt is scheduled can be processed. If the utilization were to increase, some 

downtime would almost inevitably arise from breakages and other problems even if the 

machine could be kept running during operator absences.

I Theoretical 
I Effective

20% 40% 60%
Utilization

80% 100%
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Tube Mill

Extrusion 

Rolling 

I GW 

Drawbench

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Utilization

■ Theoretical 
Я Effective

Figure 5-2 Utilization rates at the Tube Mill based on theoretical and effective capacities

The time loss percentages of the Drawing Mill are the most credible. The press, through which 

most of the production flows, is a capacity constraint resource with a utilization percentage of 

91. The 80-ton drawbench has a slightly higher utilization, but only the Rods and Profiles- 

product family uses the resource. Therefore the press is the most critical work centre at the 

Drawing Mill. The Finnpower head making machine has a utilization of only 47 percent and 

therefore it might be wise to lower the number of shifts from two to one and cross train 

personnel at the Wecker or the 45ton drawbench, in case the Finnpower becomes a constraint 

resource. Raw material stocks could probably be kept at a lower level, because shortages never 

occur.

Drawn Products

Press 

80t drawbench 

Rodex (Drawing Mill) 

Bar Bench 

Rodex (Profile Mill)

0% 20% 40% 60% 80% 100%
Utilization

■ Theoretical
■ Effective

Figure 5-3 Utilization rates at the Drawing and Profile Mills based on theoretical and 
effective capacities

The Rodex-line at the Drawing Mill has a net working time of around 50 percent at all work 

centres. Coffee and lunch breaks is the largest single cause of downtime at all machines except
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the Rodex machines, where setups consume 25 percent of gross working hours. Downtime due 

to shift changes is fairly significant with a 12 percent share. The Rodex-line seems to be 

operating fairly close to its limits, with the Rodex-machines utilizing 94 percent of effective 

capacity. The Bar Bench has an even higher utilization figure of 97 percent. At the Profile Mill 

the constraining resource is clearly the C-400 Rodex-machine. It has a utilization of 91 percent 

of effective capacity. The Profile lines’ utilization is 76 percent and the other resources have 

plenty of excess capacity. Profile lines 1 and 3 are presently operating close to their limits but 

Profile line 2 has excess capacity. Comparing the required hours at the Thread Rolling machine 

to available hours shows that the number of shifts could be lowered from three to only one. 

The number of shifts at the Profile-lines and Drawing Machines M4 and VI1 could also be 

lowered. Table 5-1 shows the capacity constraint resources at each production unit, the major 

causes of downtime, and their yield and utilization percentages.

Table 5-1 Capacity constraint resources at each production unit, major causes of 
downtime, yield and utilization percentages

Rolling
Mill

Tube
Mill

Drawing
Mill

Drawing
Mill(Rodex)

Profile
Mill

Utilization
CCR Major causes of downtime Yield % Eff./Theor.

Hot rolling startups, close downs 99 95/60
Achenbach coffee and lunch breaks, shift changes 97 94/58
Annealing maintenance 98 93/78

Extrusion coffee and lunch breaks, other 91 84/52
Rolling other (absences, training, etc.) 100 87/70
IGW setups,problems,coffee and lunch breaks 94 91/53
Drawbench find.) setups, other 93 89/44

Press coffee and lunch breaks,shift changes 70-8? 91 /35
80t drawbench setups, coffee and lunch breaks 95 92/30

Rodex (2x) setups 70-85 94/47
Bar bench coffee and lunch breaks, shift changes 92-94 97/47

Rodex C400 coffee and lunch breaks, shift changes 80 92/50
Profile line 1 coffee and lunch breaks, shift changes 95 96/49
Profile line 3 coffee and lunch breaks, setups 95 99/33

The product cost and optimization parts of the Drawing Mill capacity model show that the 

contribution generated by products varies significantly between the product families. However, 

the contribution per unit-approach is not the appropriate way of prioritizing products. Product
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prioritizing must be done according to the highest rate of return per unit of constraint 

consumed. Thus, constraint capacity should be allocated to the product that generates the 

greatest throughput per minute of constraint time consumed. TOC should be introduced in the 

machine-intensive departments (Campbell et al. 1997). Costs in these departments are costs of 

long-term capacity. Fixed costs should not be allocated to products because resources cannot 

be redeployed in the short run (ie. they represent sunk costs).

The results of this study indicate that there is potential for cost savings by balancing the 

production lines. Idle time at several work centres could be lowered by removing shifts. 

Cross-training personnel to be able to manage several machines, would reduce the risk on 

additional downtime caused by absences of machine operators at constraint machines. The 

reduction of excess capacity at non-bottleneck work centres would enhance profitability by 

increasing productivity and reducing the break-even point of the company. This is especially 

important at times of low market demand.

5.2 Suggestions for Improvement

The production control at the mills is not organized as effectively as possible. Producing to 

order means that all extra production that is produced is not stored in inventory, but is scrapped 

instead. The present pay system supports this because the workers are paid according to 

production tons and the amount of end product being scrapped does not have any effect on 

wages. This could be avoided by controlling when the production of an order has been 

completed and stopping production there. In order to assure that enough product is produced to 

fill a specific order, some extra product has to be produced in the earlier stages, but this should 

be avoided at bottleneck machines. Instead, time buffers should be kept in places where 

production could be disrupted by problems at the bottleneck machine.

Annealing furnaces at the LWC-line at the Tube Mill are a capacity constraint resource and 

still work in process from the coiling machines is annealed even when the order has been filled 

and it is clear that the extra end product will be sent to the foundries as scrap. It would be more 

sensible to cease production and scrap the work in process at an earlier stage. Before 

Poricopper changed to stockless production, there were large inventories of finished products 

with high warehousing costs. When Poricopper introduced production to order, the finished 

goods inventories ceased to exist. This has lead to the situation explained above, where large
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quantities of finished products are scrapped. This is not in line with the idea in the theory of 

constraints of keeping stock buffers, which are small inventories of finished products kept to 

prevent the adverse effects of demand variability and unforeseen events in the production 

process. The cost of maintaining stock buffers would probably be far lower than scrapping all 

extra finished products. Of course, the cost of scrapping finished products depends on what 

basis the finished products are valued, that is, market value, purchase value, production costs 

or some other basis.

The reported downtime due to material shortages is surprisingly low. In most cases raw 

material stocks never run out. This means either that the raw material ordering from the 

foundries is extremely accurate or that there are excess inventories of raw material stored at the 

units. Unfortunately, according to the interviewees, the latter is closer to the truth. The raw 

material inventories at the foundries are also large, because shortages of cathodes or scrap 

metal never occur. Generally, there seems to be significant potential for cost savings in raw 

material inventories.

The sales department orders capacity and sometimes cancels it too late for production to be 

able to use the extra capacity or does not specify the orders until very late, which makes it 

difficult to schedule production effectively. This results in unused capacity, which cannot be 

utilized, because it is normally impossible to schedule other jobs to be completed using the free 

capacity as it might disrupt the production of other important orders. A deadline for order 

specification should be introduced according to the capabilities of production in scheduling 

orders. It should be carefully controlled that the deadline is obeyed by the sales department.

5.3 Implementation of the Capacity Calculation Model

The implementation of the calculation model should be done carefully. It must be remembered 

that some of the input data may be inaccurate due to misunderstandings between the 

interviewer and the interviewee and incorrect estimations. The data should be carefully 

analyzed and corrected by the personnel at the units before the model can be used for capacity 

measurement purposes. The steps in the implementation process of the model are as follows.

1. Understand the idea of the calculations in the model

2. Assess the feasibility of the model separately at each unit

3. Analyze the input data that has been collected from the units
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4. Select a person or several persons to update the model and input data

5. Compare the results of the calculation to realized production levels

Before anything else can be done, the idea behind the model must be understood by all persons 

involved in updating input data or using the results of the calculation. For example if the time 

losses contain all absences of machine operators, the time loss percentage will be too high 

because only a part of absences actually cause downtime. The machine will only be idle if there 

is no replacement available. Similarly, if the production rates entered in the Maximum 

Production Rate-table on the input sheet are practical production rates instead of theoretical 

production rates, the capacity will appear too low.

The feasibility of the model should be discussed at all units. The machines that are included in 

the model were chosen together with the product-line managers. If the production conditions 

change before the implementation of the model and some machines become less critical or 

other machines become more critical, they should either be removed or added to the model. 

The correct way of determining maximum theoretical production rates has to be determined at 

each machine. Machines producing many different products will have to be given weighted 

average production rates. The data collected from the units must be analyzed at each unit. The 

best way to do this is to have a meeting with persons representing all production stages in the 

process who discuss the production rates of the equipment and reasons for the time and yield 

losses. In the long run the most accurate way of measuring production rates and time losses is 

by means of an electronic diagnostic system.

Updating the structure of the model and the input data should be the resposibility of a specific 

person or several persons. The person should be someone with a good picture of the 

downtimes and their causes. The person will have to recalculate production rates and yields 

whenever the product mix changes significantly or the production process changes in any way. 

Suitable persons for updating the model when needed are for example foremen. The results of 

the calculation should be monitored and compared to the real-life situation. If the results 

deviate significantly from the production figures, it is an indication of inaccuracies in the input 

data. In this case the input data should be re-estimated as soon as possible.

The cost and optimization parts cannot be implemented as they are. Before the cost part can be 

used for budgeting or pricing purposes, the data has to be updated. In the example in the 

Drawing Mill calculation, the figures are rough estimates. However the differences in the
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product family costs are visible even when the data is not accurate enough. The selling prices 

of the products in the optimization part are also on a rough level, but linear programming does 

not necessarily need exact data as long as the differences between the contributions are correct.

5.4 Recommendations

Analyzing the results of this study reveals several inefficiencies in the present way of 

managing capacity at Poricopper. The theories described in this study can be used to improve 

the situation. The need for improvement measures has been percieved by management, a 

concrete sign of this being the launch of the Pori 2000-project. In the short run Poricopper 

needs to streamline its production capacity to suit the prevailing situation. In the long run, 

however, this is not enough. Poricopper needs to transform its static production culture to a 

flexible one, which is capable of adapting to fluctuations in market demand and prices. The 

recommendations for improvement are listed as follows.

■ Implement the capacity calculation model

■ Balance production lines

■ Renew pay system

■ Monitor capacity

■ Implement TOC

The capacity calculation model created in this study should be implemented as soon as 

possible. The need for understanding the elements of capacity correctly exists in the production 

units. The steps for the implementation of the model are described in section 5.3. The results 

calculated by the model indicate the need for production line balancing. The big differences in 

the capacities of bottleneck work centres and non-bottleneck work centres demonstrate that the 

company is suffering from high excess capacity costs. These costs could be lowered by 

reducing the capacity of non-bottleneck resources or utilizing the excess capacity.

The current piecework pay system is obsolete. As a result, even the bottleneck machines are 

idle as soon as the scheduled production volume has been completed. The present pay system 

is fair because workers are paid according to output. If this kind of pay system were to be 

continued, the basis for the pay should be redefined. Future improvements in production 

technology have to be taken into account when defining the basis. It is unlikely that personnel 

costs could be lowered or even kept at the present level if the basis was to be redefined and the
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output quantities were raised. In the long run, personnel costs can be lowered by introducing 

skill-based pay (Schonberger&Knod 1997, 596). This pay system does not conflict with the 

concept of fair pay because every worker has the right to master a new skill. Until now 

cross-training at Poricopper has been minimal. Skill-based pay would encourage workers to 

learn to operate other equipment apart from their own.

If workers are cross trained, they can move to the place where the work is. The utilization of 

bottleneck machines could be raised dramatically if they could be kept running during lunch 

breaks and shift changes. Unscheduled maintenance could be lowered if the machine operators 

were trained to fix faults on the spot. Of course, if employees assume all these new tasks and 

are paid accordingly, the personnel costs may rise in the short run. In the long run, however, 

skill-based pay means less personnel, which in turn means lower costs in wages and also lower 

excess capacity costs. In reality, the right pay system should be designed individually for each 

company. At Poricopper the pay system could be built around a base pay, which is 

complemented by bonuses according to output and personal skills. Whatever the base pay 

system is, be it a minimum hourly wage or an output-based system, it should encourage 

cross-training.

The capacities of the production units should be monitored more efficiently. The 

implementation of the capacity calculation model will redefine the term capacity at Poricopper 

and provide a tool to monitor the capacities of the production units. Monitoring the constraint 

resources that control the capacities of the production units will enable the units to estimate 

future capacities if the present bottlenecks are relieved, for example by reducing downtime. 

The CCRs that represent potential bottlenecks are revealed by their high utilization rates before 

they become bottlenecks. Monitoring capacities will also improve the co-operation of the sales 

department and the production units when information on capacities is readily available. 

Monitoring capacity also includes monitoring the factors restricting capacity. Poricopper 

should acquire a portable system, which can be used to measure the utilization, downtime and 

cycle time at bottleneck machines. Production rates can be calculated from the cycle time data. 

It is unnecessary to install a monitoring system to all production equipment because 

non-bottleneck machines do not determine capacity and totally accurate data from these 

machines only results in information overflow. A portable system can be moved to other areas 

when the bottleneck moves to another location. Yield losses and scrap should also be 

monitored at bottleneck machines and at subsequent machines.
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Theory of constraints should be implemented at Poricopper. When talking to production 

personnel on the factory floor, the locations of the capacity constraint resources are often well 

known. Once the bottleneck and other OCRs have been identified, the bottleneck capacity will 

act as the drum as described in section 2.8.3. With the help of a diagnostic system, the capacity 

can be determined accurately. Time buffers should be placed in front of OCRs and other places 

where disruptions at the OCRs will have an effect of throughput. The sizes of the buffers 

depend on the CCR production schedules and the durations of disruptions at upstream 
machines. Stock buffers should be kept in case of disruptions after the OCRs. This will 

eliminate the need for producing extra end product to account for yield loss and other 

disruptive factors. The product cost information at the production units should be based on 

TOC. The costs in the production departments at Poricopper represent the cost of maintaining 

long-term capacity. This is supported by the following observations:

■ The work flows are machine-paced

■ The resource costs are depreciation-oriented

■ The tasks of employees depend on existing machine technology

These observations support the recommendation of implementing TOC. In addition to the 

equipment costs being sunk costs, most of the labour costs at Poricopper do not change with 

the level of activity in the short-term. Labour will be present whether machinery runs at 60 or 

90 percent of capacity. This means that the three principal measures of TOC: throughput, 

inventory, and operational expense are appropriate measures in the machine-intensive 

departments at Poricopper.
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6 Conclusions and Further Research

This study has described the theory of analyzing production capacity and controlling the flow 

of production through the system, as well as discussed the different product costing methods of 

manufacturing departments. The capacity calculation model, based on the resource 

requirements panning -method was used to analyze the capacities of the production units at 

one of the production facilities of Outokumpu Copper Products. This chapter concludes with a 

summary and suggestions for further research.

6.1 Summary

This study supports the statements in literature that capacity is an important concept describing 

the manufacturing capability of a production facility. Especially at a time of low market 

demand or low end product prices, the correct way of managing capacity becomes a necessity. 

Capacity management includes choosing the suitable measure of capacity, identifying the 

different factors affecting capacity, the ability to combine those factors to create an 

understanding of the capacity of the production facility, and to make the right decisions based 

on the results of capacity measurement. This study has given an overview of the concept of 

capacity and how it can be measured and managed. Several capacity planning tools, including 

resource requirements planning, the basis of the capacity calculation, have been explained. 

Also manufacturing costs have been examined and several approaches towards product costing 

and maximizing total profit have been described.

A theoretical framework has been used to determine the capacities of the production units at 

Outokumpu Poricopper. The case study includes a capacity calculation, which can be used to 

measure the capacities of all production units. The calculation is based on the resource 

requirements planning (RRP) capacity planning method. The calculation shows the load at 

each work centre and this information together with another theory, the theory of constraints 

(TOC), can be used to control the production flow at the units. The product cost and 

optimization parts of the calculation are rough examples of how a product costing calculation 

could be added to the capacity model. The benefits of the capacity calculation model include 

improved capacity measurement, help in capacity planning, the possibility of what-if-analysis, 

simplified reporting, and the possibility for internal benchmarking. The results of the case 

study indicate the need for several improvement measures, such as improving the control of
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capacity at the units, developing the pay system, implementing the capacity calculation model 

constructed in this study, and implementing TOC.

6.2 Further Research

The theoretical framework in this study can be extended to cover short-term capacity 

management. This will include job scheduling and priority rules. The importance of efficient 

scheduling at bottleneck operations is clear. In this study it has been considered on a rough 

level. The effect of manufacturing lead times and customer service levels could be the basis of 

further research. This brings us to the term fill-rate bottleneck, which was introduced in section

2.8.2 (Glasserman&Yang 1999, 62-67). The fact that fill rate bottlenecks, that is, bottlenecks 

that determine the system-wide fill-rate, are not the same resources as the bottlenecks that 

determine the maximum flow of production makes it an interesting topic. In fact, even the least 

utilized facility can be a fill-rate bottleneck. Research on fill-rate bottlenecks will also entail 

queuing theory and lead time analysis.

The empirical research in this study could be extended to other production units. Using the 

same theoretical framework at other production units in the same or similar industry would be 

an easy task. Measuring the capacities of other units within the company would increase the 

benefits of this study. This would involve a similar empirical study as was conducted at 

Poricopper. Capacity management also plays an important role at companies in other 

industries. The framework would probably have to be redefined before examining compames 

in different production environments. The calculation model can be transferred to other 

production facilities, but the critical machines and the input data has to be determined 

individually at each facility. The effects of labour laws and other potentially constraining 

external matters should be examined and compared between the environments in which the 

different production facilities operate. The feasibility of implementing TOC at the other 

manufacturing facilities of Outokumpu Copper Products should be examined. The product 

costing research in this study could be extended to cover all departments to design an 

information system using both ABC and TOC. This would involve conducting an ABC 

analysis in the people-intensive departments and focusing on time at bottleneck resource 

instead of product contribution per ton in machine-intensive departments. Such an information 

system would provide management with information such as the total excess capacity cost at

the production units.
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Drawing Mill / Vetåmö
Appendix 9-2

Press..... "
TE-OK
Suutinputket 
Pyör&prof tangot 
Johdinputket
ZrK

jan "T
54

23 
' 11 

19

feb i 
40

23
18
13

mar* T
34
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10
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apr i 
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22
11
8
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0
0
0

§

Д

aug
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0
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0

sep
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0

oct
0

0
0
0

1

0
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0
0

actual h 
available h 
utilization
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95
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91%

------- 88 100 S 0 0 0 0
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67% 88% 0% 0% 0% 0% 0%

Ô
129
0%

0 и
111 101
0% 0%

Finnpower "I 
TE-OK
Suutinputket 
Pyör&prof tangot 
Johdinputket 
¡ZrK

feb mar ' apr

1031 79

iul aug sep oct nov dec

80 83 0 0 0 0 0 0 0 0

actual h
available h 
utilization

80 83 103 79 0 0 0 0 0 0
95 143 179 156 177 181 118 106 192 177

84% 58% 58% 51% 0% 0% 0% 0% 0% 0%

0 и
152 138
0% 0%

mav iun i jul aug sep oct
Itbok

¡Suutinputket 
Pyör&prof tangot

I Johdinputket 
¡ZrK

13 20 12 13 0 0 0 0 0 0 0 0

actual h 
available h 
utilization

13 20 12 13
30 45 56 49

43% 46% 21% 26%

0" 0 0 0 0 0 0
55 57 37 33 60 55 47

0% 0% 0% 0% 0% 0% 0%
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Production mix/machine
t/a

TE-OK 
¡Suutinputket 
¡j Pyör&prof tangot 
¡Johdinputket 
¡ZrK

Press Finnpowel Wecker VP45 
2700'

Total

1100
800
550

”5150

1100

1100'

800, 800

800 800

VP80 VK13&15 VK5 Schumi (Anneáiíñc| Sawing TStraight.1 
^ ^ 2700

1100
350

800

1100! 1150

350

800

11501 2700

350

800

1150

1100

1100'

Resource Profiles
h/t

TE-OK 0,20
Suutinputket
Pyör&prof tangot 0,22 0,77
Johdinputket 0,32
ZrK 0,33

Resource Requirements
h/a Press ’-innpowe

ITE-OK 529 j
Suutinputket

I Pyör&prof tangot 241 851
I Johdinputket 254 j
¡ZrK 1831
required h 12081 851
available h j 1325 ! 1814

Wecker VP45 VP80 VK13&15 VK5 Schumi OAnnealmg Sawing

0,37 0,99
0,96

1,42

2,08

1,11

1,67

0,27
1,67

1,67
1,25

1100

"HOC

Straight.

0,40

Wecker VP45 VP80 VK13&15 VK5 Schumi Wnnealinc Sawing Straight.]

730
498 389 583

1058 1375 440

292 794 1667
I

1333 1333
.

I 292 794 1058 21651 1722 730 1917 1375 440
¡ 567 1151 1151 24401 1933 942 2544 2058 523

Maximum production with the current product mb< 
t/a ' “

TE-OK 
Suutinputket 
Pyör&prof tangot 
Johdinputket 
ZrK 

Press :innpowe Wecker Г VP45 

2963

1207
878
604

2343
1551 1160

VP80 VK13&15 VK5

5iI

3485
395 393

1197
902 898

Possible production increase for single product__
t/a Press ?innpqwêj_Weckêr

TE-OK 
Suutinputket 
Pyör&prof tangot 
Johdinputket 
ZrK

”600

536
370
353

1243
751

VP45 VP80 VK13&15 VK5 Schumi OAnnealing
785

194 190 376

97
360 132 127 376

Sawing 1 Straight. max increase bottleneck 
600 Press

546 208
190 VK5 

97 VP80 
127 VK5 
353 Press



Appendix 9-4

Resource Profiles
h/t Press Finnpower Wecker VP45 VP80 VK13&15 VK5 SchumlO Annealing Sawing Straight. _j

TE-OK 0,20 0,27
Suutinputket 1,42 1,11 1,67

Pyör&prof tangot 0,22 0,77 0,96 1,25 0,401

Johdlnputket 0,32 0,37 0,99 2,08 1,67 1,67 I
ZrK 0,33 I
Required Hours 1325 673 322 873 837 2431 1933 876 2167 1088 348

Available Hours 1325 1814 567 1151 1151 2440 1933 942 2544 2058 523

LP Results
tons ¡selling price contr./ton demand optimal mix contribution

TE-OK 17500 7230 3240 3240 23424904
Suutinputket 35500 24680 420 420 10365644

¡Pyör&prof tangotl 16500 5313 1320 870 4622262
Johdinputket 44000 29679 960 880 26117559
ZrK 21500 10996 660 660 7257336

Total 71787705
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Profile Mill Profiilitehdas Appendix 11-2
Actual machine load

C400 ¡an feb mar apr may jun jul aug sep oct nov dec
Kom mutaationi (r) 62 70 58 73 0 0 0 0 0 0 0 0
Kommutaationi (pr 50 57 69 72 0 0 0 0 0 0 0 0
Kommutaattorit (prt 23 19 20 26 0 0 0 0 0 0 0 0
Kommutaattorit (pit 
Kommut.&erikoisjd

14 19 34 16 0 0 0 0 0 0 0 0

Erikoisjohtimet (r) 28 15 32 23 0 0 0 0 0 0 0 0
i KylmätyssälangatS 12 28 16 8 0 0 0 0 0 0 0 0
1 Puolijohteet 0 0 0 0 0 0 0 0 0 0 0 0
actual h 189 208 229 220 0 0 0 0 0 0 0 0
available h 187 280 351 307 347 356 231 209 378 347 298 271
utilization 101% 74% 65% 72% 0% 0% 0% 0% 0% 0% 0% 0%

Nauhavals jan feb mar apr may jun ja' aug sep oct nov dec
Kommutaattorit (r) 
Kommutaattorit (pr 
Kommutaattorit (pit 
Kommutaattorit (prt 
Kommut.&erikoisjol 
Erikoisjohtimet (r) 
KylmätyssälangatS 
Puolijohteet

92 51 107 77 0 0 0 0 0 0 0 0

actual h 92 51 107 77 0 0 0 0 0 0 0 0
available h 157 236 296 259 292 300 195 176 319 292 251 229
utilization 59% 22% 36% 30% 0% 0% 0% 0% 0% 0% 0% 0%

Prof 1 jan feb mar apr may jun jul aug sep oct nov dec
Kommutaattorit (r) 
Kommutaattorit (pr 
Kommutaattorit (pr 
Kommutaattorit (pr 
Kommut.&erikoisjo 
Erikoisjohtimet (r) 
KytmätyssälangatS 
Puoliiohteet

189 216 262 274 0 0 0 0 0 0 0 oi

actual h 189 216 262 274 0 0 0 0 0 0 5 Ö
available h 182 272 342 298 337 346 225 203 368 337 290 264
utilization 104% 79% 77% 92% 0% 0% 0% 0% 0% 0% 0% 0%

Prof 2 jan feb mar apr may jun jul aug sep oct nov dec
Kommutaattorit (r) 
Kommutaattorit (pr 
Kommutaattorit (pr: 
Kommutaattorit (prt 
Kommut.&erikoisjo 
Erikoisjohtimet (r) 
KylmätyssälangatS 
Puolijohteet

31 25 27 35 0 0 0 0 0 0 0 o;

actual h 31 25 27 35 0 0 0 0 0 0 0 0
available h 104 156 196 171 193 198 129 не 211 193 166 151
utilization 30% 16% 14% 21% 0% 0% 0% 0% 0% 0% 0% 0%

Prof 3 jan feb mar apr may jun jul aug sep oct nov dec
Kommutaattorit (г) 
Kommutaattorit (pr 
Kommutaattorit (pri 
Kommutaattorit (pri 
Kommut&erikoisjol 
Erikoisjohtimet (r) 
KyimätyssälangafS 
¡Puolijohteet

53 72 131 63 0 0 0 0 0 0 0 0

actual h 53 72 131 63 0 0 0 0 0 0 0 0
available h 88 132 166 145 164 168 109 99 178 164 140 128
utilization 61% 54% 79% 43% 0% 0% 0% 0% 0% 0% 0% 0%

VK M4&V1 jan feb mar apr may jun ¡Jul ayg ®ÉP oct nov dec
Kommutaattorit (r) 
Kommutaattorit (pr 
Kommutaattorit (pr 
Kommutaattorit (pr 
Kommut.&erikoisjo 161 133 52 97 0 0 0 0 0 0 0 0

¡Erikoisjohtimet (r)
KylmätyssälangatS
Puolijohteet

41 92 53 27 0 0 0 0 0 0 0 0

actual h 202 224 104 124 0 0 0 0 0 0 0 0
available h 304 456 572 500 565 579 377 340 616 565 485 442
utilization 66% 49% 18% 25% 0% 0% 0% 0% 0% 0% 0% 0%

VALANNETARVE mix tons cap.tond
Kommutaattorit (r 3125 3148
Kommutaattorit (p 1 316 1 326
Kommutaattorit (p 694 700
Kommutaattorit (p 658 663
Kommut.&erikoisj 796 802!
Erikoisjohtimet (r) 387 389
Kytmätyssälangat 706 711
Puoliiohteet 255 257
total 7 937 7 996

VK М2 jan feb mar apr maY jun i“! aug sep oct nov dec
Kommutaattorit (r) 
Kommutaattorit (pr 
Kommutaattorit (pri 
Kommutaattorit (prt 
Kommut.&erikoisjo 
Erikoisjohtimet (r) 
KylmätyssälangatS 
Puolijohteet 0 0 0 0 0 0 0 0 0 0 0 0
actual h 0 0 0 0 0 0 0 0 0 0 0 0
available h 53 80 100 87 99 101 66 59 107 99 85 77
utilization 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%



Profile Mill / Profülitehdas Appendix 11-3

Production Mix / machine
t/a C400 Mauhaval! Prof 1 Prof 2

со2C
L ZKM4&V- VK М2
Kommutaattorit (r) 
Kommutaattorit (pr1 
Kommutaattorit (pr2 
Kommutaattorit (pr2 
Kommut.&erikoisjot 
Erikoisjohtimet (r) 
Kylmätyssälangat&l 
Puolijohteet

2500
1000
500
500

300
548
200

300

1000
500

500
772

548
200

Total 5548 300 TØØØ 500 500 1 320 200

Resource Profiles
h/t C400 Mauhaval: Prof 1 Prof 2 Prof 3 ZKM4&V- VK М2

Kommutaattorit (r) 
Kommutaattorit (pr' 
Kommutaattorit (pr2 
Kommutaattorit (pr2 
Kommut.&erikoisjot 
Erikoisjohtimet (r) 
Kylmätyssälangat&l 
Puolijohteet

0,42
0,88
0,93
0,88

0,43
0,43
0,43

1,43

3,33
1,25

3,33
1,43

1,43
2,00

Resource Requirements
h/a C400 Mauhaval: Prof 1 Prof 2 Prof 3 /KM4&V' VK М2

Kommutaattorit (r) 1042
Kommutaattorit (pr1 877 3333
Kommutaattorit (pr2 463 625
Kommutaattorit (pr3 439 1667
Kommut.&erikoisjot 1103
Erikoisjohtimet (r) 129 429

783Kylmätyssälangat&F 235
400Puolijohteet 85

required h 3270 429 3333 625 1667 1886 400
available h 3560 3002 3464 1984 1679 5800 1012

Maximum production with the current product mix
t/a C400 Mauhaval: Prof 1 Prof 2

co2C
L /К M4&V VK М2 coefficient

Kommutaattorit (r) 2722 1,09
Kommutaattorit (pr1 1089 1039 1,04
Kommutaattorit (pr2 544 1587 1,09
Kommutaattorit (prC 544 504 1,01
Kommut.&erikoisjot 2375 3,08
Erikoisjohtimet (r) 327 2101 1,09
KylmätyssälangatS 597 1686

506
1,09

Puolijohteet 218 1,09
Max increase coefficient =

Mahdollinen lisätuotanto (t/a)
t/a C400 Mauhaval! Prof 1 Prof 2 Prof 3 VKM4&\ VK М2

Kommutaattorit (r) 696
Kommutaattorit (pr' 331 39
Kommutaattorit (pr2 313 1087
Kommutaattorit (pr2 331 4
Korn m ut.&erikoisjot 2740
Erikoisjohtimet (r) 675 1801

2740Kylmätyssälangat&l 675
306Puolijohteet 682

max inen 
696 

39 
313 

4
2740

675
675
306

bottleneck 
C400 
Proff 
C400 
Prof 3 
VK M4&V1 
C400 
C400 
VK М2
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Rolling Mill / Valssaamo

Appendix 12-2

Actual machine load
hot roll jan feb mar apr may jun jul aug sep oct nov dec

Lev(5A ja 5D) 14 42 49 44 0 0 0 0 0 0 0 0
Lev(5B ja 5E) 9 15 19 25 0 0 0 0 0 0 0 0
Kap(3A,4A,4B,4E) 5 8 13 13 0 0 0 0 0 0 0 0
Kap(3D) 1 2 4 3 0 0 0 0 0 0 0 0
Kap(2A,2C,2D,3C) 9 25 33 26 0 0 0 0 0 0 0 0
Kap(3E) 3 3 5 13 0 0 0 0 0 0 0 0
Kap(5F) 5 4 5 5 0 0 0 0 0 0 0 0
Kap(45) 9 5 6 8 0 0 0 0 0 0 0 0
Pak(60 ja 61) 7 10 16 15 0 0 0 0 0 0 0 0
Pak(62ja 63) 0 1 4 2 0 0 0 0 0 0 0 0
Pak(70,71,80,81) 0 2 5 2 0 0 0 0 0 0 0 0
actual h 61 117 158 157 0 ó 0 0 0 0 0 0
available h 120 169 190 159 183 188 122 110 199 183 157 143
utilization 51% 70% 83% 98% 0% 0% 0% 0% 0% 0% 0% 0%

jyrsintä jan feb apr may ¡ul aug sep oct nov dec
Lev(5A ja 5D) 9 26 30 27 0 0 0 0 0 0 0 °
Lev(5B ja 5E) 6 9 12 16 0 0 0 0 0 0 0 0
Kap(3A,4A,4B,4E) 3 6 10 10 0 0 0 0 0 0 0 0
Kap(3D) 1 1 3 2 0 0 0 0 0 0 0 0
Kap(2A,2C,2D,3C) 7 18 25 19 0 0 0 0 0 0 0 0
Kap(3E) 2 3 4 9 0 0 0 0 0 0 0 0
Kap(5F) 4 3 3 4 0 0 0 0 0 0 0 0
Kap(45) 6 4 4 6 0 0 0 0 0 0 0 0
Pak(60 ja 61) 5 8 13 12 0 0 0 0 0 0 0 0
Pak(62 ja 63) 
Pak(70,71,80,81)

0 1 3 1 0 0 0 0 0 0 0 °

actual П 43 79 106 107 0 0 0 0 0 0 0 0
available h 121 172 193 162 186 191 124 112 202 186 160 145
utilization 35% 46% 55% 66% 0% 0% 0% 0% 0% 0% 0% 0%

cold roll jan feb mar apr may jun jul aug sep oct nov dec
Lev(5A ja 5D) 29 85 99 91 0 0 0 0 0 0 0 0
Lev(5B ja 5E) 18 30 39 52 0 0 0 0 0 0 0 0
Kap(3A,4A,4B,4E) 9 17 27 26 0 0 0 0 0 0 0 0
Kap(3D) 2 4 8 6 0 0 0 0 0 0 0 0
Kap(2A,2C,2D,3C) 19 50 68 52 0 0 0 0 0 0 0 0
Kap(3E) 6 7 10 26 0 0 0 0 0 0 0 0
Kap(5F) 10 7 9 11 0 0 0 0 0 0 0 0
Kap(45) 27 17 18 25 0 0 0 0 0 0 0 0
Pak(60 ja 61) 16 24 39 37 0 0 0 0 0 0 0 0
Pak(62 ja 63) 
Pak(70,71,80,81)

0 3 8 4 0 0 0 0 0 0 0 0

actual h 136 245 325 329 0 0 0 0 0 0 0 0
available h 253 357 401 337 386 396 258 233 421 386 332 302
utilization 54% 69% 81% 98% 0% 0% 0% 0% 0% 0% 0% 0%

annealing jan feb mar apr may jun jul aug sep oct nov dec
Lev(5A ja 5D) 121 360 420 383 0 0 0 0 0 0 0 0
Lev(5B ja 5E)

¡ Kap(3A,4A,4B,4E) 
Kap(3D)

I Kap(2A,2C,2D,3C) 
Kap(3E)
Kap(5F)
|Kap(45)
Pak(60 ja 61) 
Pak(62 ja 63) 
Pak(70,71,80,81)

75 124 160 212 0 0 0 0 0 0 0 0

actual h 196 485 580 595 0 0 0 0 0 0 0 0
available n 345 487 548 460 528 542 352 318 575 528 454 413
utilization 57% 100% 106% 129% 0% 0% 0% 0% 0% 0% 0% 0%

coros jan feb mar apr may jun jul aug sep oct nov dec
Lev(5A ja 5D) 15 45 52 48 0 0 0 0 0 0 0 0
Lev(5B ja 5E)
Kap(3A,4A,4B,4E)
Kap(3D)
Kap(2A,2C,2D,3C)
IKap(3E)
Kap(5F)
Kap(45)
Pak(60 ja 61) 
¡Pak(62 ja 63) 
Pak(70,71,80,81)

10 16 21 28 0 0 0 0 0 0 0 0

actual h 25 61 73 75 0 0 0 0 0 0 0 0
available h 63 90 101 85 97 100 65 58 106 97 83 76
utilization 39% 68% 73% 89% 0% 0% 0% 0% 0% 0% 0% 0%

Rawmat requireme mix tons Cap. ton*
Lev(5A ja 5D) 12 990 13134
Lev(5B ja 5E) 8 273 8364
Kap(3A,4A,4B,4E) 5 338 5 019
Kap(3D) 843 792
Kap(2A,2C,2D,3C) 15 587 15 760
Kap(3E) 4 803 4 856

lKap(5F) 2218 2 242
Kap<45> 5 482 5 543
Pak(60 ja 61) 6 074 4 541
Pak(62 ja 63) 488 370
Pak(70,71,80,81) 2 442 1 728
total 64 537 62 349



Appendix 12-3
Rolling Mill / Valssaamo
Production mix / machine

tons hot rol jyrsintä cold rol anneaing cut cut&pack weld coldrol anneaing cut6 CUt3 anneaingpeitt&pesosetcut&pacut&pack saw
Lev(5Aja 5D) 10030 10030 10030 10030 10030 10030
lev(5B ja 5E) 6249 6249 6249 6249 6249 6249
Kap(3A4A4B,4E 4000 4000 4000 4000 4000 4000 4000
Kap(3D) 625 625 625 625 625 625 625
Kap(2A2C,2D.3C 11440 11440 11440 11440 11440 11440 11440
Kap(3E) 3525 3525 3525 3525 3525 3525 3525
Kap(5F) 1750 1750 1750 1750 1750 1750
Kap(45) 4460 4460 4460 4460 4460
Pak(60 ja 61) 3925 3925 3925 3925 3925 3925
Pak(62 ja 63) 320 320 320 320

16923akí70,71,80,81 1692

Product Load Pro

48016

files

46324 46324 16278 16279 10030 6249 21175 25800 21340 19590 4625 3925 3925 320 3925 1692

hoursAon hot rol jyrsintä cold rol coro5 cut cut&pack weld coldrol cut6 cut3 aeitt&pestBetcut&pacut&pack
Lev(5 A ja 5D) 0.04 0.02 0.07 0,32 0,04 0,10
-ev(5B ja 5E) 0,04 0,02 0.08 0,31 0.04 0.26
Kap(3A4A4B,4E 0,04 0,03 0,08 0,06 0,18 0,06 0.17
Kap(3D) 0,04 0,03 0,08 0,06 0,16 0,08 0.32
Kap(2A2C,2D.3C 0,04 0,03 0.08 0,07 0,12 0,35 0,13
Kap(3E> 0,04 0,03 0.08 0,07 0,07 0.17 0.10
Kap(5F) 0,04 0,03 0.07 0.06 0,10 0,34
Kap(45) 0,03 0,03 0.11 0.06 0,07

0,37Pak(60 ja 61) 0,04 0.03 0.10 0,55 0,19
0,56Pak(62 ja 63) 0,04 0,03 0,10

0.48Pakf70.71.80.81 0.04

hours hot rol jyrsintä cold rol annealngi coros I cut [cut&pack weld coldrol anneaing cute cut3 annealngpeitt&pesèetcut&pacüt&pacfc saw
Lev(5Aja 5D) 367 228 752 3178 396 1003
Lev(5B ja 5E) 234 145 479 1968 257 1602
Kap(3A4A4B,4E 151 111 307 254 733 224 667
Kap(3D) 24 18 48 40 103 51 202
Kap(2A2C.2D,3C 441 325 896 752 1335 4046 1525
Kap(3E) 136 100 276 243 244 600 367
Kap(5F) 63 46 127 107 180 591
Kap(45) 155 114 479 284 319
Pak(60 ja 61) 172 137 408 2167 750 1454
Pak(62 ja 63) 14 11 33 178
Paki70.7l.80.81 69
rfvqinred h 1825 1235 3806 5147 654 1003 1602 1387 2372 6073 2167 869 2167 750 178 1454 806
available h 1923 1953 4061 5550 1020 2023 1814 1960 2646 6140 2402 2107 4111 1299 1793 1810 2013

Maximum Product ion with current Product Mix
hot rol jyrsintä anneaing cut cut&pack weld со tiro 0 anneaing cute CUt3 anneaing»itt&pesi eetcut&pacut&pack

Lev(5A ja 5D) 10565 15862 10702 10817 15656 20230
Lev(5B ja 5E) 6582 9882 6668 6739 9754 7074
Kap(3A4A4B.4E 4213 6326 4268 4461 4044 4432 9701
Kap(3D) 658 988 667 697 632 693 1516
Kap(2A.2C,2D.3C 12050 18091 12206 16169 12759 11566 12676
Kap(3E) 3713 5574 3761 4982 3932 3564 3906
Kap(5F) 1843 2767 1867 2473 1952 1769
Kap(45) 4698 7053 4759 6304 4974
Pak(60 ja 61) 4134 6207 4188 7445 6803 4888
Pak(62 ja 63) 337 506 341 3227
Pak(70.71.80,81 1782

Max increase coef
Possible Product on Increase

jyrsintä cold rol anneaing cut weld coldrol anneaing cute cut3 «itt&pesieetcut&pacut&pack saw
¡Lev(5A ja 5D) 2656 31636 3401 ----- 1275 9276 10200
Lev(5B ja 5E) 2598 30948 3327 1283 8909 825
¡Kap(3A4A4B,4E 2577 25805 3322 4309 366 4185 7428
Kap(3D) 2551 25539 3288 4265 407 2876 3830
Kap(2A2C.2D,3C 2524 25273 3254 8718 2345 190 1757
Kap(3E) 2524 25273 3254 8312 3949 394 2249
Kap(5F) 2714 27176 3499 9374 2654 199
Kap(4S) 2798 28016 2373 8990 3830
Pak(60 ja 61) 2223 20605 2450 3520 2878 963
Pak(62 ja 63) 2254 20897 2485 2907
Pak(70.71,80,81 2384 2534

Coefficient 
1,05 
1,05 
1,01 
1.01 
1,01 
1.01 
1.01 
1,05 
1,05 
1.05 
1.05 
1,01

max incrOottleneck 
1275 anneaing 
825 cut&pack 
366 anneaing 
407 anneaing 
190 anneaing 
394 anneaing 
199 anneaing 

2373 cold rol 
963 cutí pack 

2254 hot rol 
2384 hot rol
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Appendix 13-2

Tube Mill / Putkitehdas

Actual machine load
extrusion ¡an "lëb mar apr may jun jul aug sep oct nov dec

HR 101 86 121 87 76 0 0 0 0 0 0 0
LW 67 65 78 90 85 0 0 0 0 0 0 0
WX
IG 12 15 15 13 11 0 0 0 0 0 0 0
BD 22 24 18 18 12 0 0 0 0 0 0 0
CL 13 15 16 15 ie 0 0 0 0 0 0 0
IT.ST.FL 29 42 45 46 54 0 0 0 0 0 0 0
actual h 245“ 247 294 —269“ 255 0 0 B" 0 0 0 0
available h 217 326 409 357 403 414 269 243 440 403 347 316
utilization 113% 76% 72% 75% 63% 0% 0% 0% 0% 0% 0% 0%

bull blocks jan mar apr may jun jul aug sep oct nov dec
HR
LW
WX
IG
BD
CL
ff.ST.FL

184 158 220 160 140 0 0 0 0 0 0 0

actual h 184 158 220 160 140 0 0 0 0 ■ - 0 0 0
available h 147 221 277 242 273 281 182 165 298 273 235 214
utilization 125% 71% 80% 66% 51% 0% 0% 0% 0% 0% 0% 0%

rolling jan feb mar apr may jun jul aug sep oct nov dec
HR
LW 140 135 164 187 177 0 0 0 0 0 0 0
WX
IG 26 30 32 27 23 0 0 0 0 0 0 0
BD 47 51 39 38 26 0 0 0 0 0 0 0
CL 28 32 34 31 33 0 0 0 0 0 0 0
rr.ST.FL 62 87 93 96 113 0 0 0 0 ___ Oj 0 0
actual h . "351 335" 362 380 372 0 0 0 0 0 0 o"

available h 288 433 543 474 536 549 357 323 584 536 460 419
utilization 104% 77% 67% 80% 69% 0% 0% 0% 0% 0% 0% 0%

bull blockt jan feb mar apr may jun jul aug sep oct nov dec
HR
LW 69 67 82 93 88 0 0 0 0 0 0 0
WX
IG 13 15 16 13 12 0 0 0 0 0 0 Oj
BD 23 25 19 19 13 0 0 0 0 0 0 0
CL 14 16 17 16 16 0 0 0 0 0 0 0
IT.STFL 31 43 46 48 56 0 0 0 0 0 0 0
actual h 150 167 “T86 189 185 0 0 0 0“ 0 0 0
available h 229 344 431 377 426 437 284 257 464 426 366 333
utilization 65% 48% 42% 50% 43% 0% 0% 0% 0% 0% 0% 0%

10,11-kela jan "feb mar apr may jun jul aug sep oct nov dec
"HR
LW
WX
IG
BD
CL
IT.ST.FL

373 319 446 322 283 0 0 0 0 0 0 0

actual h 373 31'9" 446 322 "283 0 0 0 0 0 0 tr
available h 344 515 646 565 638 655 425 385 695 638 548 499
utilization 108% 62% 69% 57% 44% 0% 0% 0% 0% 0% 0% 0%

4,5,6-vetok jan "leT mar apr may jun jul aug sep oct nov dec
HR
LW
WX
IG
BD
CL
rr.ST.FL

470 402 561 406 356 0 0 0 0 0 0 0

actual h 476 402" 561 406 356 "O 0 0 0 0 0 0
available h 483 725 909 794 898 921 599 541 978 898 771 702
utilization 97% 55% 62% 51% 40% 0% 0% 0% 0% 0% 0% 0%

to,12:13,14 jan feb mar apr may jun jul au9 sep oct nov dec
HR
LW 741 716 870 994 938 0 0 0 0 0 0 0
WX
IG
BD
CL
IT.ST.FL

137 161 169 143 124 0 0 0 0 0 0 0

actual h 877 877 1039 1137 1062 0 0 0 0 0 0 tr
available h 969 1453 1822 1591 1799 1845 1199 1084 I960 1799 1545 1407
utilization 91% 60% 57% 71% 59% 0% 0% 0% 0% 0% 0% 0%

VALAN NETAR Vf mix tons Cap. ton
HR 18 733 20 6671
LW 14 055 15 506;
WX 1707 1 884
IG 2 765 3050
BD 4 346 4 795
CL 3 508 3 870
rr.ST.FL 10 440 11 518
total 55 555 61290

IGW jan feb mar apr may jun jul aug sep oct nov dec
Ihr
LW
WX
IG
BD
CL
IT.ST.FL

71 109 147 149 137 0 0 0 0 0 0 0

actual h 71 109 147 149 137 0 0 0 0 0 0 0
available h 155 232 291 254 287 295 192 173 313 287 247 225
utilization 46% 47% 50% 59% 48% 0% 0% 0% 0% 0% 0% 0%
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