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Abstract. When embarking a cost reduction strategy, it is important to know what
causes the costs, how the costs are connected to value adding and to non-value adding
activities, and thereby conduct a knowledge-intensive production development. This
paper present a method on how to connect costs to production losses and how they
can relate to different cost factor groups. The method uses a digital tool that was
designed in collaboration with a medium-sized tool manufacturing company, using
several manufacturing operations in sequence.

The tool is designed to be used for management monitoring and for strategic
decisions. The method uses a performance-based cost model for discrete part
manufacturing and incorporates an approximation when dividing the calculated loss
costs. To ensure the accuracy of the model a sensitivity analysis was conducted. The
result shows that only smaller errors occur due to this approximation and amount to
a few percent when extremely high losses are in effect. The novelty of the paper is
the variation of the cost model, ensuring that costs can be divided on each of the cost
factor groups and investigated performance parameter. In addition, the designed
layout of the result presentation in the digital tool, is a further development of the
previous presented production performance matrix, which contribute to a
comprehensive overview used for production monitoring.

Keywords. Cost analysis; manufacturing; knowledgeable; decision support; value-
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Introduction

Manufacturing companies are constantly struggling to be more competitive through
improvements and cost reductions. In Western-European countries, such as Sweden,
manufacturing strategies to reduce costs, increase quality and shorten lead-times are
examples of such efforts. A trend existing for a long time is to allocate production of
labour intensive operations to low cost countries [1]. However, the reasons to preserve
or to reshore production are correlated to building and maintaining capabilities to create
and sustain competitive advantages through deployment of key assets and resources, to
preserve or develop a competitive manufacturing (CM) [2] organization. In both cases,
costs are important, but the reason behind the strategy differs. When embarking a cost
reduction strategy, it is important to know what causes the costs, how the costs are
connected to value adding and to non-value adding activities [3], and thereby conduct a
knowledge-intensive production development, to ensure that the improvement efforts
actually reduce the costs as expected. Learning organizations are closely related to
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knowledge-intensive organization or organization with absorptive capacity, where there
are endeavour and capacity to learn, gain, and share knowledge. To achieve an
organization with improvement initiatives it is important to have activities that spread
and encourage knowledge together with an open and supportive environment [4]. One
way to reach knowledge and understanding in a manufacturing organisation is to
monitoring operations and use data and information to obtain insights [5].

This paper present a method on how data from production monitoring can be connect
to production costs. The method includes production losses and how they are relate to
different cost groups. The method uses a digital tool that was designed in collaboration
with a medium-sized tool manufacturing company, using several manufacturing
operations in sequence. The tool is designed to be used for management monitoring and
for strategic decisions and aims to support a knowledge-intensive organisation from the
work floor up to the management, facilitating sound decisions towards positive
development in the organisation and its operations.

The objective was to develop a tool that:

1. Provide production costs that incorporate both losses and loss-free production

2. Provide cost of losses distributed on the three main cost drivers; material,
personnel and equipment

3. Can be used for monitoring

4. Can be used for strategic decisions

5. Isvalid for different production conditions

The tool aims to support decisions both in the workshop and in the company board
room, with a goal to gain deeper insight on cost drivers and loss allocation, as costs and
economic output is important for the manufacturing strategies.

This paper is structured as following; first, a literature study on performance
measurement systems and systematic production analyses, followed by model
presentation. To ensure that the model is valid for many different production conditions,
a sensitivity analysis is conducted. The paper ends with discussions and conclusions of
the results.

1. Performance measurements system, Production performance matrix and Costs

To gain knowledge and find suitable development paths in a production system, some
sort of a well-developed performance measurements system (PMS) is needed, providing
measures that can be used for continues improvements and monitoring [6]. The PMS is
showed to be an important part to a company’s product service system (PSS) [7], which
in turn is valuable when aiming to reach strategic goals and for the company’s
competitiveness. However, the use of PMS is not unproblematic. Among other things,
there are the interdependencies of different KPIs and measurements [8], increasing the
likelihood of sub-optimization. There is also the trend of an increased number of
measures [9][10] that could contribute to costly maintenance and use of the PMS together
with deficient overview of the measures. The receiver and user of the information the
measurements provide can be on different levels in a company [6][9], and hence the
monitoring and actions in relation to the measures can be different, adding to the
complexity.
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The Balanced Scorecard (BSc), one of the prominent tools in PMS [6], was
introduced to complement financial performance measurers in industrial companies [11].
The original BSc has four different perspectives; financial, customer, internal business,
and innovation and learning [11], in which the three last perspectives can be supported
with use of the a Production Performance Matrix (PPM) [12] to evaluate and monitor a
production system. To conduct production development it is important to understand root
causes and not only treat the symptom but the reason to the problem. A working method,
first develop for statistical process control and used for finding and solving problem in
operations is the PDCA-cycle (Plan-Do-Check-Act) [13]. The PPM has been used in
several different applications to evaluate and develop production operations and
manufacturing systems [14][15]. The aim is to link effects and results to factors and root
causes, providing a systematic way to monitor, analyse and evaluate an operation based
on quality issues, downtimes, and speed rate losses.

Manufacturing execution systems (MESs) are widely used to gather data and
measures for production monitoring and improvements such as Six-Sigma projects [16].
For highly automated industry with advanced machinery and sensors, data gathering can
be made more or less automatic, but for industry with a lot of manual work the level of
detail and accuracy can somewhat be lost due to manual data entering. To ensure the data
quality, the input data need to be accurate and consistent, making the PPM a useable tool
for this purpose [17]. Jacobsson and Skélén [17] used the PPM to divide cost of losses
on factors and to report cost of production, cost of downtime, cost of material, and cost
of labour.

An alternative to the PPM is the matrixes presented by Yamashina and Kubo [18].
The matrixes gives type of losses and if they affect the process or the system, casual
losses, their links to result losses such as idling, indirect material losses, and energy
losses, and cost related to the losses. In their publication they present how to conduct a
detailed manufacturing analysis that provide cost of losses. The result is a cost function
that relates to the overall equipment efficiency (OEE). The cost calculations are very
similar to the one presented in Stéhl et al [19] but only provide the costs of losses, not
the total manufacturing costs.

The main requirements of the model is to visualize the actual cost related to the four
main cost drivers at the company, personnel, material, tools and equipment,
incorporating losses. Both cost of value-adding and non-value adding activities, included
losses are to be monitored. The use of fundamental measures that are not aggregated
could lessen the occurrence of sub-optimizations, which make the PPM suitable for
production monitoring.

2. Model development and presentation

The model incorporates cost of tools, equipment, material and personnel, and how
quality losses, material waste, availability losses and speed rate losses affect each of these
cost groups. For example, instead of only presenting the cost of personnel, the method
present the total cost of personnel together with the cost of personnel due to quality
problem, due to availability losses and due to speed rate losses. In this way a board or a
production manager can get a better understanding of what’s driving the costs and
understand that not only the actual salary level is the factor for personnel costs, but also
the efficiency and performance of the manufacturing operations. The aim is to promote
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knowledge driven decisions that drive the company to adopt strategies for performance
and quality improvements.

The method uses a performance-based cost model for discrete part manufacturing
and incorporates an approximation when dividing the loss costs [19], which is
investigated through a sensitivity analysis, to ensure a reasonable accurate result. The
tool is designed so that each process step in a production line is represented in a matrix
providing the cost of each of the cost groups and performance parameters together with
a percentage of the total costs. In addition, the tool provides information on the total cost
of'losses, cost for value adding activities, and number of parts/time frame included in the
investigation.

2.1. Cost parameters and equations used in the model

The cost model used is presented in Stihl et al [19], assuming that the utilization of the
production is 100 % during the analysed time frame. In the case of lower utilization, this
is noted as downtime. The parameters used in the equations can be found in Table 1.

Table 1: Parameters in the cost formulas.

Parameter Explanation

ka Cost of purchased tools (for one product)

kg Cost of purchased workpiece materials (for one product)
kep Hourly machine costs (running)

Kes Hourly machine costs (idling)

kp Personnel costs per hour

N Number of produced items

No Number of produced items with correct quality
qs Share of material waste

qp Speed rate loss

do Quality ratio loss

Js Downtime rate

to Ideal cycle time

Tou Setup time

The cost equation used to calculate the total part cost in one production station is
presented in equation 1. The total cost presented in equation 1 entails four cost factors;
Tools (A), Materials (B), Equipment (C), and Personnel (D) as stated with the brackets
A-D.
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To calculate the cost of losses, approximations have been made according to
equation 2-10. The equations will only provide and approximately correct answers as the
loss parameters are in the denominator providing and inverse relation between them and
the cost. However, the functions presented in equation 2-10 assume a linear relation. The
error of this assumption will be further explored in section 4. In the functions, the total
cost of a factor group (tool, material equipment and personnel) is stated and the cost
associated with the cost when excluding the parameter in question is subtracted. The
parameters investigated in connection to the four factor groups are material waste share,
quality ratio losses, downtime ratio losses and speed rate losses.
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2.2. Model layout and input data.

In the digital tool, data from each batch is logged. Number of entered parts/products,
start and stop time together with the total downtime is registered, when the first part starts
to be produced, giving the setup time, number of parts/products reaching the correct
quality and the material waste associated with the actual product. The ideal cycle time
for the produced product is registered in the system. From this information costs
associated with the different losses can be estimated and presented as in Figure 1. The
figure shows the accumulated costs in three production lines and a last summarizing table
providing the cost of loss free production (value adding activities), the losses connected
to value adding activities not utilized in the end product, total production costs and cost
of losses associated to the four cost factors. In the white boxes to the left the total number
of ingoing parts is presented and to the right the outgoing/finished number of parts. The
number of part correspond to the selected batches analysed. In this way it is possible to
select the extent of the analysis, either incorporate all product produced, a certain product
group or product produced during a specified time period.
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Operation 1 190 185 47

Operation 2 185 175 56

Operation 3 175 170 Production hours| 311

Figure 1. The interface of the result in the cost analysis tool.

3. Sensitivity analysis

A simplified sensitivity analysis was performed on the developed model. The total cost
of losses for each of the factors Tools (A), Materials (B), Equipment (C), and Personnel
(D) where computed using the above functions presented in equation 2-10 and compared
with the associated cost in equation 1 minus the ideal cost as described in equation 11.
The analysis provide the error for each cost factor (A-D) and the total error. In the
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sensitivity analysis the setup time T, is considered to be equal to 0. Table 2, contains the
all values used in the analysis.

Table 2: Parameters and their values in the sensitivity analysis.

Parameter Value Unit

ka 15.5 kr

kg 989 kr

Kep 149 kr/hrs

Kes 97 kr/hrs

kp 286 kr/hrs

N 10 No.

No N/(1-qq) No.

to 10 min

Ta 0 min

k= kala + [koly + [ (6 Ny) +] + [k—D (to-No)] (1)
60 - N . 160N, 5

The result from the analysis shows that the Material waste share qg does not
contribute to any errors and that the cost factors Material and Tools do not contribute to
errors. The analysis also show that losses only associated to downtime and quality does
not contribute to errors. However, when speed rate losses occur in combination with
quality losses or with two other loss parameters there are errors in the formulas. Below
in Table 3, a selection from the stativity analyse is presented, showing the range of error
occurring. The errors occur in C, D cost factors with a negative error in C, and a positive
error in D. High values in availability losses, gs, contributes to an increased negative
error in the Equipment costs C. The occurrence of both positive and negative errors can
contribute to a lower total level of error. However, for high levels of downtime losses,
the error in C are larger than in D, which can be seen by the negative errors occurring for
high level losses in that parameter. The increase in error does also rapidly increase with
high level losses (above 50 %). In the analysis Material waste and Quality losses cannot
amount to no more than 100 %.

Table 3: Selected result from the sensitivity analysis.

Loss parameters Errors in kr Cost
qs qo qs qr A B Cerror Derror Total error Production Error in %
error error inKkr in kr in kr cost in kr

in kr in kr

0% 90% 0% 90% 0 0 -2016.75 3857.14 1840.39 16387 11.23%

0% 0% 90% 90% 0 0 0 0 0 7385 0.00%
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90% 0% 0% 90% 0 0 0 9721 0.00%
0% 90% 90% 0% 0 0 0 15607 0.00%
10% 10% 10% 0% 0 0 0% 1214 0.00%
10% 10% 0% 10% -0.3 0.6 0.28 1215 0.02%
20% 20% 0% 20% -1.56 2.98 1.42 1536 0.09%
50% 50% 0% 50% -249  47.62 22.72 3913 0.58%
90% 0% 90% 90% 0 0 0 15467 0.00%
0% 10% 10% 10% -0.3 0.6 0.26 1113 0.02%
0% 50% 50% 50% -41.1 47.6 6.49 2372 0.27%
0% 70% 70% 70% -341.76  259.26 -82.5 5506 -1.50%
0% 90% 90% 90% -13849.5 3857.1 -9992.35 73852 -13.53%
50% 50% 20% 20% -2896  47.62 18.66 3977 0.47%
50% 50% 50% 20% -10.28 11.9 1.62 3964 0.04%
5% 5% 50% 50% -2.16 2.51 0.34 1298 0.03%
5% 5% 90% 50% -9 251 -6.49 2374 -0.27%
10% 5% 50% 50% -2.16 2.51 0.34 1354 0.03%
90% 5% 50% 10% -0.24 0.28 0.04 9628 0.00%
20% 10% 90% 50% -19 5.29 13.71 2703 0.51%
0% 80% 0% 80% -398.37 7619 363.53 6380 5.70%
0% 30% 0% 80% -42.68  81.63 38.95 1823 2.14%
0% 40% 10% 40% -11.87  21.16 9.3 1744 0.53%
0% 80% 30% 80% -509.67  761.9 252.23 7065 3.57%
0% 10% 90% 20% -4.75 1.32 -3.43 1914 -0.18%
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4. Discussion and conclusions

Not surprisingly, the largest errors are obtained when there are high losses in quality,
availability and production speed, where 90 % in losses in each of the three parameters
contribute to an error of 13.56 %. However, it is not likely that a production line has that
high amount of losses. When investigating a more likely worst-case scenario with 20 %
material waste, 10 % quality losses, 90 % availability losses and 50 % speed rate losses
the error is found to amount to 0.51 %. As the C factor in combination with downtimes
contributes to a negative error and the D factor to a positive, the internal error is higher
than the total. However, in the case above the error in the C factor corresponds to an error
of about -0.7 % and in the D factor 0.2 %. The sensitivity analysis show that the errors
obtained when using the suggested formulas provide an accurate enough result and
should be able to be used in production for cost analyses and production cost monitoring.
At the company, where the model has been developed, much of the data gathering will
be performed manually. Hence, the in-data errors will probably be higher than the error
obtained using the suggested approximations.

The objective was to develop a tool that 1. Provide production costs that incorporate
both losses and loss-free production, 2. Provide cost of losses distributed on the three
main cost drivers; material, personnel and equipment, 3. Can be used for monitoring, 4.
Can be used for strategic decisions, and 5. Are valid for different production conditions.
The digital tool includes both total, loss-free and cost related to losses and how these
costs are related to the different cost factors tool, material, equipment and personnel. By
showing the cost related to losses the potential for improvements is provided as the
technical and organizational limitation of the operations. When estimating cost for new
facilities or systems, this information can be used for cost estimations. The tool captures
the losses induced for adding value to a product that does not meet the quality criteria in
later operations. This supports the organization in implementing quality checks, when
needed, and to further have more efficient utilization of resources. The tool also provides
the cost of both material waste and quality losses where the first one support investigation
of both product and operation design for better material utilization. In addition the tool
support decision makers in seeing what type of losses that contribute to the highest cost
for the operation in investigation. The tool contains 16 different combination of cost
losses, probably not all are of high interest for a company and can therefore be excluded
to minimize number of KPIs. The company must, based on their operation, decide on
what to report and analyse.

The novelty of the paper is the variation of the cost model, ensuring that costs can
be divided on each of the cost groups and investigated performance parameter. In
addition, the designed layout of result presentation is a further development of the
previous presented production performance matrix, which contribute to a comprehensive
overview used in production monitoring. This paper contributes to knowledge-intensive
product realization by presenting a structured method that provides information for
decision makers, used for long and short-term strategies. The presented tool is designed
to support evaluation and monitoring of three different production steps with different
process conditions. The sensitivity analysis suggests that used approximations are
sufficient and provide accurate enough results. However, the tool need more testing and
further study at the company and by other users are needed to assure both user-
friendliness and verification of the used cost models. A further development would also
be to incorporate and specific report more cost drives/factors, such as materials handling
and maintenance.
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