Journal of Environmental Accounting and Management 10(1) (2022) 49-72

Environmental

e Journal of Environmental Accounting and Management WL&H

Journal of

Management SCIENTIFIC
PUBLISHING

Journal homepage: https://lhscientificpublishing.com/Journals/JEAM-Default.aspx _

Sustainability with a Cost Perspective — Driving the Industry to Embrace Sustainable
Thinking

Windmark Christina'f, Anna Ericson Obergz, Mats Winroth3, Peter Almstrom?>, Martin Kurdve?,
Carin Andersson’

! Lund University, Faculty of Engineering, Department of Production and Materials Engineering, Lund, Sweden

2 Volvo Construction Equipment AB, Sweden

3 Chalmers University of Technology, Department of Technology Management and Economics, Gothenburg,
Sweden

Submission Info Abstract

Communicated by Feni Agostinho Previous research has shown that sustainable improvements need incentives
Received 12 September 2020 to carry them through. An assumption is that it may be easier to incorpo-
rate sustainable thinking in an organization if the organization understands
Accepted 30 March 2021 | \hich actions it is that are having a positive effect on sustainability and
Available online 1 April 2022 | on tangible costs. This paper aims to highlight the synergy effects that
occur in the intersection between production costs, performance and sus-
tainable improvements and to present a possible way of modelling these
Keywords || effects. The study has used three methods of analysis: literature review, a
web survey sent to representatives in the Swedish manufacturing industry,
Sustainable production | and economic simulations using a case study. The literature review and the
Performance survey are used to identify important costs and incentives for sustainable
Cost simulation | improvements. The study is limited to the production shop floor level, in-
corporating only aspects directly affecting, and affected by manufacturing
~ Casestudy | gperations.

Sustainability driver | Thjs paper takes a holistic approach to sustainability drivers, cost drivers
Survey | in industry, and economic simulations, creating an overall insight. From
the literature review and the survey, intersections between sustainability
measures and cost drivers could be found in the areas of site-occupancy
area/floor space, resource consumption, and efficiency. Apart from laws
and regulations, economic aspects and management attention are perceived
as the most important drivers, but also obstacles for sustainability improve-
ments. The study aims to support industry to embrace sustainable thinking,
presenting a quantitative method to visualize the synergy effects of sus-
tainability and measurable improvements from production development,
using performance measurements when estimating manufacturing costs.
The possibility to connect manufacturing cost with environmental impact,
through use of performance parameters is demonstrated in a case study;
where the significant environmental and economic impact of rejections is

analyzed for the machining of steel frames.
©2022 L&H Scientific Publishing, LLC. All rights reserved.

Corresponding author.
Email address: Christina.windmark @iprod.lth.se

ISSN 2325-6192, eISSN 2325-6206/$-see front materials © 2022 The Authors. Published by L&H Scientific Publishing, LLC. This is
an open access article under the CC BY license, (https://creativecommons.org/licenses/by/4.0/). DOI:10.5890/JEAM.2022.03.006



50 Windmark Christina et al / Journal of Environmental Accounting and Management 10(1) (2022) 49-72
1 Introduction

The list of reasons for contributing to a more sustainable way of living, consuming and producing, is long, but
may be hard to incentivize the needed changes into operational management. As agreed at the Paris summit
2015, followed by the agreements at the Marrakech Climate Change Conference 2016, more must be done to
stop global warming. The UN sustainable development goals (SDGs) (United Nations, 2020) is a global spread
way of quantifying how our nations and companies can reach to reach sustainability. The pressure from the
society on manufacturing companies to be more sustainable is high especially since the manufacturing sector
consume about half of the yearly global consumption of energy (EIA, 2019).

The primary goal for corporations is to make profit and to satisfy shareholders, leading to varying (some-
times little) concern and attention to sustainability. However, laws and regulations, as well as market pressure on
sustainability, are pushing companies towards an increased awareness of specific sustainability aspects (Garg,
2015). Such external incentives are often dependent on region and country, placing a significant part of the
responsibility on corporations to reach beyond regional legal provisions. Organizations, such as WWF, are also
challenging companies to contribute to increased sustainability by establishing voluntary agreements about, for
example, reducing their environmental footprint by reducing energy consumption (WWE, 2017). Laws and
regulations at larger corporations are however handled at a higher hierarchical level, quite far away from the
day-to-day operation. To attain sustainability awareness throughout an entire organization, operational incen-
tives and drivers need to be identified. A first step could be to identify measures for improvement that are already
in use, with connections to sustainability. Previous research (Zackrisson et al., 2017) has shown that about 90%
of the indicators used in seven case companies have some kind of connection to sustainability. An assumption
is that it is easier to incorporate sustainable thinking into an organization if measures with positive effects on
both sustainability and tangible cost parameters are clearly understood. This field has been covered by many
researchers, especially in connection to lean and green assessments (Léon & Calvo-Amodio, 2017). The moti-
vation, however, for this study is to identify and investigate sustainable measures connected with the shop floor
level that significantly influence production costs, using a cost-model incorporating performance. This to facil-
itate tangible connection between technology, economy and sustainability through shared measures. Previous
research and reports have presented how performance parameters can be related to sustainability (Amrina & Yu-
sof, 2011; Global Reporting Initiative, 2017; Hon, 2005) and to manufacturing cost (Ittner et al., 2002; Stahl et
al., 2007). However, there are very few publications on how measured operational manufacturing performance
are used on product or batch level to connect sustainability and manufacturing costs. The objective of this study
is to present a possible way to find the intersection between measurable improvements on manufacturing per-
formance and manufacturing sustainability and the synergy effect on manufacturing costs on product level in a
manufacturing system. A further motivation is to provide decision makers in the manufacturing industries with
the insights and a method on how performance, cost and sustainability explicitly can be connected, with the
aim to support the industry to embrace sustainable thinking. The paper presents a method on which companies
can assess their system and processes from a sustainable point of view, combining economic measures with
environmental and social measures.

The incentives for increased sustainability can depend on in which regions and countries the companies op-
erate, where their customers are located, and what type of products they produce. Yale University and Columbia
University, together with World Economic Forum presented in 2018 the Environmental Performance Index
(EPI), which is a worldwide yearly recurrent index, ranking 180 countries using 24 indicators for sustainability.
Sweden has a history of good ranking and in 2018 the country was ranked as number five (EPI, 2018). This
is a motivation for looking at Sweden at a national level and this paper will investigate the perceived common
drivers and obstacles for sustainability from representatives from Swedish manufacturing industry, to support the
assumption that alignment between tangible costs with sustainability would drive sustainability improvements.

The study is limited to measures connected to decisions, actions, and developments in production operation.
Sustainability, in this article, refers to the aspect of the triple bottom line, social, environmental, and economic
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Fig. 1 The research design.

sustainability (Elkington, 1994; United Nations, 1987). To clarify the objectives in this paper, three research-
questions are stipulated:

RQ1: What cost drivers are perceived as important in Swedish manufacturing industries?

RQ2: Which sustainability improvement drivers and obstacles are perceived as important in Swedish man-
ufacturing industries?

RQ3: Is it possible to find measurable correlation between important cost drivers and sustainability indicators
and what level of impact can selected sustainability measures have on manufacturing costs?

2 Research design and methods

This study has employed a web-survey method and literature reviews to gather data and information. The
aim was to identify positive economic impact of sustainability measures by connecting them to operational
cost drivers. An industrial case was used to demonstrate a method of how to simulate cost sceneries from
sustainable improvements. First sustainability drivers and obstacles, cost drivers, and cost-models in literature
were identified. Based on the findings in literature about cost drivers, sustainability drivers, and obstacles, a
survey was used both to identify perceived cost drivers in Swedish manufacturing industries and to verify the
impact of costs and economic aspects on sustainability improvements. The research design is presented in Figure
1, where the correlation between the three methods used in the research are presented together with what method
that is used to answer each of the three research-questions.

A literature review to find cost-models for production operations incorporating sustainability aspects was
performed. Frequent cost parameters from these models, together with cost drivers from the survey results, gave
a list of relevant cost drivers. A cost-model was selected and used to analyze synergy effects between sustainable
measures and essential cost drivers. The selection of cost-model was based on its ability to include manufac-
turing performance and capability. Finally, the model was applied to a case study at a Swedish manufacturing
company within the heavy vehicle industry, producing earth-moving equipment. The cost simulations are based
on a case involving machining of steel frames that are the main structure of earth moving equipment. The cycle
times are approximately 1.5h in an Innse milling machine. The simulations were performed in the mathemat-
ical software Mathcad; and present a scenario analysis giving the possible cost outcome for different levels of
improvements. Mathcad is a mathematical program that can handle numeric and symbolic computations in an
easy readable way.

The survey was sent to 23 Swedish manufacturing companies within the authors’ networks. The aim of the
survey was to receive the perceived view from decision-makers working with production system developments.
There were no limitations on the number of answers per company as production managers and sustainability
managers could have different views on what they considered important. The importance of individual concerns
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and drives is among others emphasized in Bansal (2003). The total number of responses was 18. The response
time for the survey was between February 2017 and September 2017. The survey was anonymous, not linking
answers to a specific company. The respondents were asked to tell how they perceived the view of cost and
sustainability at their company. This to better understand the mind set of employees and companies in the
Swedish manufacturing industries.

The respondents to the survey could voluntarily state their position at the company. In the accompanying
e-mail, the authors asked for respondents that work with production development or sustainability. The respon-
dents’ roles are either CEO/board member (three), process/production manager (five), quality manager (one),
sustainability manager (four), process developer (one), or unspecified (four). Since different types of produc-
tion operations have different levels of impact on energy consumption, costs, and environment, the respondents
were asked to state what type of operations were performed at the company. To make the comparison between
companies easier the different operations are divided into three company levels:

* Level 1: low energy-cost; usage of chemicals almost non-existent e.g. assembly.

* Level 2: medium level of energy use; moderate use of chemicals e.g. machining, sheet forming, cold
forming, extrusion, injection molding, welding, and logistics.

* Level 3: high usage of energy and chemicals e.g. hot forging, heat treatment, casting, varnishing/coating,
and chemical treatment.

Level 2 and Level 3 can involve operations included at lower levels.

All respondents work for companies with production sites in Sweden. To grasp the global presence of the
companies, questions about market and production sites were asked. The respondents were also asked about
company size in relation to number of employees, whether it was a micro (Mi) (<50 employees), small (S)
(50-250 employees), medium (M) (250-500 employees) or large (L) (>500 employees) company. A summary
of the respondents and their companies is presented in Table 3 in Section 4.

The survey design had four main parts. The first, involving a respondent’s position at the company and
company information regarding type of production, size, and global spread. The second, stating the cost drivers
from literature, asking the respondents to mark the five most important cost drivers. (To ensure that the cost
drivers considered as most important were included, the respondents had to state the three most important cost
drivers in free text answers independently of those presented). The third part of the survey relates to sustainability
assessment of the companies. A Likert scale is used for the evaluation of sustainability. In the fourth part,
the respondents answered what they considered as drivers, obstacles, and catalysts for future sustainability
improvements.

The answers to RQ1 and RQ2 are available from the survey results. RQ?2 is used to find the drivers and
obstacles for sustainability in production corporations, substantiating the actions concerning RQ3, whereas RQ1
relates to the cost-model selection. RQ3, finding measurable correlations between cost and sustainability and
possible cost-impact is achieved by using the economic simulations based on the case study, which is illustrated
in Figure 1.The case study is focusing on relating how changes in manufacturing performance affect manufac-
turing costs and carbon dioxide (CO,) emissions. Carbon emissions (carbon emission equivalents) was chosen
both because of its importance as a sustainability indicator but also because data availability and the possibil-
ity to connect the indicator to both cycle time, equipment availability and material waste, which all three are
important manufacturing performance measures.
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3 Literature review on sustainability and production costs

3.1 Drivers and obstacles for sustainability

The idea of finding synergy effects between profitability and sustainability in a corporation is not new and has
received a lot of attention e.g. Dummett (2006), Hart, et al. (2003), Hauschild et al (2005), Thollander and Ottos-
son (2008), Ocampo et al. (2014), Le Roux and Pretorius (2016), and Eashwar and Geetha (2017). A model for
investigating the trade-offs between quality, costs, green manufacturing, safety, and time is presented in Eashwar
& Geetha, (2017). Drivers for initiating the reduction of green impact are not only forced by government-led
programs and regulatory standards, but also from the view of meeting market needs, making money, and capi-
talizing on opportunities (Oxborrow & Brindley, 2012). In Ocampo et al. (2014) the importance of shareholder
pressure is raised, stating that companies are having a hard time initiating this transition themselves. Although
internal drivers and motivations, such as corporate culture, top management support, and the development of
sustainable manufacturing are essential, they need to align with external motivations. Therefore, companies
must develop or select a strategy that addresses both external and internal drivers. In Hauschild et al. (2005) the
authors argue for not only including eco-efficiency in Life Cycle Assessments (LCA), but also company ethics
and a product’s environmental justification. The focus of the paper is the translation from LCA to sustainable
production. In Dummett (2006) a list of drivers for sustainability is presented giving reasons for companies to
embrace sustainability such as government legislation or threat of legislation, cost savings, market advantage,
protection or enhancement of reputation and brands, avoiding risk, or responding to accident or environmental
threat, a ‘champion’ within the organization, pressure from shareholders, pressure from consumers, pressure
from non-government organizations, and societal expectation. A framework for sustainable value is presented
in Hart et al. (2003), giving the drivers for sustainability in the context of the four dimensions of shareholder
value. The dimensions are defined in relation to whether the activity is internal or external and whether the
impact is today or in the future. Internal drivers for immediate sustainable values are given as the minimiza-
tion of waste and emissions reducing costs and risks, and drivers for future values, such as the development of
competence to strengthening innovations and technical agility. In Lee (2015) energy management for sustain-
able development is divided into the three bottom line aspects, economic, environmental, and social, providing
examples of barriers for energy efficiency in: market, financial factors, information and awareness, institutional
regulations, and technical factors. The paper also presents the results from a survey, answered by the Korean
steel industry, stating cost savings as the prominent factor for energy efficiency. Pressure from owners and top
management commitment are also ranked as important drivers. The same survey identified technical risk, ad-
herence to capital budget, lack of influences from energy managers, cost of identifying opportunities, analyzing
cost effectiveness and tendering, and lack of staff awareness as the top barriers for energy efficiency. In the study
presented in Mittal and Sangwan (2011), the aim is to identify obstacles for sustainable production in India. The
paper presents a literature review providing eleven factors of obstacles for production sustainability: lack of
information, high cost, fear of success, lack of alternative technology, lack of human resources, no/weak legal
structure, lack of public demand, lack of government support, pressure for low prices, slow rate of return, and
lack of performance measures. Drivers and barriers for energy efficiency improvements in the Swedish pulp-
and paper industry are investigated in Thollander and Ottosson (2008). The top barriers were reported as risk
of production disruptions, cost of production disruptions, inappropriate technology, lack of time, lack of access
to capital, slim organizations, and possible poor performance of equipment. The top drivers were reported as
cost reduction, people with real ambitions, long-term energy strategy, and the threat of rising energy prices.
In a literature study finding barriers for sustainability and material waste reduction in manufacturing industry
presented in Shahbazi et al. (2016) seven barriers were found to be the most cited. The seven barriers were
limited financial capability for environmental investments, lack of information, uncertainty of potential results,
market benefits and environmental benefits, low commitment and support from top management, unclear/ weak
strategic and business goals, employees’ attitudes, motivation and awareness, and lack or scarcity of advanced
technology and equipment with lower environmental impact. According to Le Roux and Pretorius (2016), one
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Table 1 Compiled list of cost drivers for production operations found in literature

Number of started orders Production volume Energy consumption
Adjustments Man-hours direct/indirect labor Material handling time and complexity
The complexity of the equipment Floor space Number of unique products
Equipment hours Quality control Number of customers
Equipment efficiency Direct material Cycle time
Production efficiency Material efficiency Improvement work
Maintenance Storage Complexity of product design
Tools Rework

common obstacle for practitioners in the industry to improving sustainability is that authority levels hamper
implementation. Decisions are made at a high level, interrupting or stopping the process at the level where
the improvements are needed. In Alayon et al. (2017) cost savings, legalizations, market dependency, pres-
sure from stakeholders, and employee retention are mentioned as drivers for sustainability improvements from
interviewed respondents working for twelve companies in the Swedish manufacturing industry within plastics,
metal-machining, foundry, engine manufacturing, hydraulic systems, and furniture manufacturing.

Conclusions to be drawn from the reviewed literature are that cost savings, pressure from higher levels, and
champions within an organization are the internal drivers for production sustainability on the manufacturing
shop floor. Lack of information, high cost, lack of alternative technology, lack of human resources, lack of
performance measures, and lack of commitment from management are factors directly connected to the shop
floor, acting as obstacles for sustainability development.

In the survey, the list of drivers for sustainability is based on the drivers presented in Dummett (2006), with
modifications. The list is short, when compared to other studies, but comprehensive, as it includes most aspects,
which is beneficial for this survey. The list has been modified as follows: Risk of accidents is divided between
environmental accidents and work injuries. Shareholders are limited to board decisions, as it is the members of
the board that stipulate company strategy, listed as one of the top drivers in Thollander and Ottosson (2008). The
list is supplemented with efficiency improvements, directives from higher levels, reduced personnel absence,
and reduction of personnel turnover, the last two related to employee retention which was one of the drivers
suggested in Alay6n et al. (2017). Decisions at higher levels are important for sustainability improvements to
occur, as discussed in Le Roux and Pretorius (2016).

3.2 Cost drivers and cost affecting factors

Traditional cost estimation based on direct material, labor and overhead costs has been recognized as not con-
taining enough detail necessary to estimate production costs in modern production systems (Mehra et al., 2005).
One reason is the importance of considering manufacturing capability, which is a necessary aspect for competi-
tiveness (Hayes et al., 1988). Kaplan and Cooper (1998) together with Johnson and Kaplan (1987), suggest that
costs in production are driven by the complexity of the plant’s operations. Furthermore, Hayes and Clark (1985),
connect production complexity with the number of product lines, the variety of flow patterns, and number of
inventory locations. The evolvement from the traditional economic system where overhead costs are divided
into several different cost drivers is presented e.g. in Foster and Gupta (1990), Datar et al. (1993), Banker et al.
(1995), Asiedu and Gu (1998), Tseng and Jiang (2000), and Ben-Arieh and Qian (2003).

Based on the findings in the literature above, a list of cost drivers was compiled, see below in Table 1. In
the survey, the list was presented to the respondents with the intention of finding the cost drivers considered
most significant. As the list mainly consists of cost drivers/cost affecting factors found in literature targeting
economic aspects, there are overlaps between factors as e.g. equipment efficiency and production efficiency.



Windmark Christina et al / Journal of Environmental Accounting and Management 10(1) (2022) 49-72 55

Table 2 Result in number of responses from the multiple-choice questions for each cost driver in the survey, in order of
importance according to the respondents (limited to five factors per respondent).

Cost drivers Responses Cost Drivers Responses
Man-hours direct/indirect labor 9 Rework 4
Production efficiency The complexity of the equipment

Adjustments Equipment hours

Direct material Tools

Number of unique products Storage

Complexity of product design Material handling time and complexity

Equipment efficiency Number of started orders
Quality control Number of customers
Material efficiency Floor space

Energy consumption Improvement work

S O O = = N W W W W

Production volume Maintenance

A A L O N O O

Cycle time

4 Survey results

This section presents the results from the survey, responded by representatives from Swedish manufacturing
industries. The survey starts with questions about company attributes, followed by cost drivers and cost affecting
factors. The cost drivers and factors relate to measures and occurrences at manufacturing shop floor level and
are deliberately presented in a general manner. For example, waste management is not mentioned as it can relate
both to material efficiency, and material handling-time and complexity. Another reason for this was to try to get
the respondents to be as objective as possible, and not relate things to sustainability in this phase of the survey.
The respondents were given a list of in total 23 cost drivers/cost affecting factors, based on findings in literature
(presented in Section 3.2), in a multiple-choice question, and were asked to mark what they perceived to be the
five most important factors. The result is displayed in Table 2. To investigate if there were cost drivers/cost
affecting factors not presented in the list but perceived as important for the respondents, the respondents were
asked to state the three most important cost drivers in free text answers. When comparing the answers, it was
possible to draw the following conclusions: Most of the top ten cost drivers are the same in both answers, but in
a different order. The free text answers had a greater representation of material handling and logistic costs, while
labor costs, product complexity and number of orders were reported as more important in the multiple-choice
question. However, three of the respondents added shipping as an important cost driver, making it one of the
top three drivers perceived as important in the free text answers. When comparing the answers it is possible to
draw the conclusions that the cost drivers reported in the literature are relevant to Swedish industry. However,
the results are not used with the intention to draw any statistical or generalized conclusions, but the aim is to
find what cost drivers that are perceived as important by the respondents.

4.1 Sustainability assessment

The respondents evaluated the sustainability work at their companies in relation to their views on perceived
potential, using a Likert scale. In the scale, number 1 represents “not performing well” in relation to company
potential, and number 5 represents “performing very well”. The answers are divided depending on the company
level. The respondents also stated if they felt there were any differences concerning sustainability due to pro-
duction location within the company, and if so what the reason for that was. The results can be seen in Figure 2
and Table 3. Respondents 3, 7, 14, 15, and 17 stated that there is only one production site within the company.
Almost 85%, 11 out of 13 respondents, felt that there were differences between production sites concerning
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Fig. 2 Evaluation of sustainability in the organization.

sustainability. The main reasons are given to be laws and regulations (7 responses) followed by commitment and
cultural differences (5 responses). The two respondents, answering that there are no differences in sustainability
due to production site, either have all their production sites in Sweden or are employed at a Level 1 company
only having assembly in their operations.

The respondents were also asked to evaluate the work on sustainability improvements conducted at their
company. They were given 14 different types of sustainability improvements areas on which they ranked the
commitment in their company from 1 to 5, where 1 stands for not at all and 5 very dedicated work with high
targets. Based on the answers Table 4 is designed. The table provides three different results, the total score for
each improvements area when multiplying number of answers for each of the five levels with the level number,
the average, and number of high ranks from the respondents, giving number of responses on level four and five.

The result is not statistically significant but provides an indication that waste disposal, productivity, pro-
duction efficiency, and energy efficiency are perceived by the respondents to be improved to a higher degree
than sustainable material, sustainable energy sources, reduction of additives and transportation efficiency, at the
respondents’ companies.

4.2 Drivers and obstacles for sustainability improvement

The respondents were asked about the drivers for and obstacles to sustainability that they felt existed in their
organization. A list, based on the findings in literature, was provided with the option to add aspects not included.
There was no limitation on the number of selected drivers and obstacles, the respondents were able to mark none
or all, see Figure 3 and Figure 4. After selecting drivers for sustainability within the organization, the respon-
dents were asked to state the main driver for sustainability. In addition, the 18 respondents stated 10 different
main drivers (one per respondent): profitability (four responses), board decisions (three responses), laws and
regulations (two responses), cost savings (two responses), commitment (two responses), business marketing and
brand (two responses), equipment recycling (one response), and customer demands (one response). This can
also be seen in Figure 3, where these are the highest number of reported drivers for sustainability. The two most
reported obstacles for sustainability reported in the survey and showed in Figure 4 are economic aspects and no
clear directives or goals.

In Figure 4, two respondents added one aspect each related to system integration and lack of resources
as obstacles for sustainability. Finally, the respondents were asked what they thought could facilitate future
implementation of sustainability, see Figure 5. The top factor reported was clearer directives from management
and superiors, in line with Le Roux and Pretorius (2016).
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Table 3 Company presentation, classification and perceived global differences in sustainability.

Respondent 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Size M L S s L L S L L L L L L Mi S M M L
Market
Global market X X X X X X X X X X X X X X X X
Smaller market X X

Level of Energy Consumption and Environmental Impact
Level 3 2 3 2 2 3 1 3 3 3 3 2 1 2 2 2 2 1

Production Site Location

Sweden X X X X X X
Scandinavia X X X X
Europe X X X X X X X X
South America X X X X X
North America X X X X X X X X X X
Asia X X X X X X X X X X
Africa X X X
Oceania X X X

Perceived Differences in Sustainability at Different Sites
Yes/No Y ¥y - NYY - YY Y Y Y Y - - Y - N

Perceived Reason for Differences in Sustainability due to Different Sites

Competes X X X X
Lack of resources X X X
Laws and regulations X X X X X X X
Maturity X
Business focus X
Commitment X X X X X
Culture differences X X X X X

5 Sustainability measures and estimations of manufacturing costs

Previous research indicates that a large number of the measures used for production evaluations and monitoring
have a direct or implicit connection to sustainability (Zackrisson et al., 2017). In this paper, only sustainable
measures, directly connected to production operations, are considered. A vast amount of research on sustainabil-
ity indicators and frameworks has been performed e.g. Global Reporting Initiative (2000, 2005, 2017), Veleva
and Ellenbecker (2001), Azapagic (2004), Fan, et al. (2010), Krajnc and Glavic (2003) and Nordheim and
Barrasso (2007). From the literature, it is possible to find that prominent sustainability indicators are related to
energy use, emissions, material use, use of chemicals and hazard substances, waste management, profitability,
customer satisfaction, employee satisfaction, and sustainable choice of suppliers. In Winroth et al. (2016), a lit-
erature review on sustainable indicators at the manufacturing shop floor level was conducted, to design a survey
for Swedish industry based on the findings. The survey was used to identify sustainability indicators relevant for
production managers in the Swedish manufacturing industries. Among the 27 indicators, perceived as most im-
portant, five had a significance level of 0.00025: energy use, number of customers, rate of customer complaints,
number of new customers per year, and employee satisfaction rate, giving the five indicators considered as most
important. From the presented survey result, it is possible to assume that the economic aspects of sustainability
are of high priority at production manager level in Swedish manufacturing industries.

There is a considerable number of cost-models for product-costs and production operations reported in the
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Table 4 Results from evaluation of sustainability improvements at the companies.

Type of improvement work Total score Average No. of high ranks
Waste disposal 74 4.1 15
Productivity 65 3.6 11
Production efficiency 65 3.6 11
Energy efficiency 62 3.8 11
Personnel satisfaction 62 3.7 10
Reduction and elimination of hazard waste 61 3.6 10
Sick leave reduction 61 34 9
Ergonomics of assembly 60 33 7
Material efficiency 55 3.1 6
Floor space efficiency 53 33 8
Sustainable energy sources 52 2.9 7
Sustainable material 52 3.0 5
Reduction of additives 50 2.8 3
Transport efficiency/reduced impact on environment from fuel 47 2.6 4

Drivers for sustainability

LAWS, REGULATIONS, STANDARDS

BOARD DECISION

COST SAVINGS

STRENGTHENING OF COMPANY NAME / MARKETING
CUSTOMER REQUIREMENTS

CHAMPIONS WITHIN THE ORGANIZATION

WORKING WITH ACCIDENT PREVENTION (PERSONAL INJURIES)
EFFICIENCY IMPROVEMENTS

MARKET BENEFITS

HIGHER DIRECTIVES

AVOID RISK OR RESPONSE TO ACCIDENTS THAT THREATEN THE ENVIRONMENT
REDUCED PERSONNEL ABSENCE

SOCIAL EXPECTATIONS

REDUCTION OF STAFF TURNOVER

PRESSURE FROM OUTSIDE ORGANIZATIONS

Fig. 3 Reported drivers for sustainability.

literature. Reviews summarizing the field can be found in Niazi et al. (2006), Xu et al. (2012), Jonsson (2012),
Stahl (2017), Salmi et al. (2016) and Windmark (2018). Depending on the model application and concept,
cost-models can be classified into different categories. The cost-model selected for case simulation is a compre-
hensive performance-based manufactured cost-model for part manufacturing, capturing multiple improvement
opportunities, such as quality, speed and availability losses, and material efficiency aspects described by Stahl
et al. (2007). The model was evaluated based on sustainability representation in Windmark and Andersson
(2016), where sustainability indicators from 12 selected papers were matched with the cost-model parameters.
The cost-model used for simulation is:
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Obstacles to sustainability

ECONOMIC ASPECTS 11
NO CLEAR DIRECTIVES OR GOALS 10

CONSIDERED TO BE UNNECESSARY AND NON-VALUE ADDING WORK [
NOT A CENTRAL ISSUE [
LACK OF TIME [

PRODUCTION SENSITIVE TO DISRUPTION 4

ENDANGERED QUALITY REQUIREMENTS 2
NO COMPARABILITY BETWEEN IT SYSTEM FOR ENVIRONMENT... &

LACK OF RESOURCES* 1

0 2 4 6 8 10 12

Fig. 4 Perceived obstacles to sustainability in the organization, * added by respondents.

What would facilitate future implementation of
sustainability?

CLEARER DIRECTIVES FROM MANAGEMENT / SUPERIORS 10
CLEARLY EXPECTED PROFIT OF SUSTAINABLE PRODUCTS AND SERVICES 6
INCREASED RESOURCES 6
CLEARER EXPECTED COST SAVINGS IN PRODUCTION 6
CLEARER LEGAL REQUIREMENTS AND STANDARDS 5
CHANGES IN PRODUCT DESIGN 4
LESS DISRUPTIVE PRODUCTION 4
CULTURE OF SUSTAINABILITY* 2
FREER POWERS TO EXERCISE FOCUSED SUSTAINABILITY WORK IN THE... 2

REDUCED RESOURCE CONSUMPTION * 1

Fig. 5 Effects that would facilitate future implementation of sustainability, * added by respondents.
Generic, with the option to incorporate different types of production operation
High level of detail to capture changes made on the factory shop floor
Including resource efficiency and utilization

Incorporating several sustainability aspects, such as quality, availability, utilization and efficiency as well
as many of the stated important cost drivers from literature and the survey

Including the reported important cost drivers/factors: labor costs, production efficiency, adjustments/number
of unique products, material costs, quality, and equipment costs. The cost driver/factor “the complexity of
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product design” is not explicitly included in the model, but the model captures quality problems, produc-
tion speed, adjustment needed and availability losses in general connected to complex design are included.

In Stél et al. (2012) the model is used to estimate the cost of different causes of availability losses, making it
possible to connect specific problems/phenomena to an estimated cost. Hence, the model can be used to capture
cost changes due to sustainability improvements. In Schultheiss et al. (2018), the model is used for assessing
the cost impact of reducing the lead content in brass machining. In their article, the model is compared with
other economic models concerning which and how many parameters included. It is found to be the model that
uses the highest number of parameters out of the 13 models investigated.

5.1 The cost model

The model used is a performance-based cost model for discrete part production for assessment on batch level
(Stahl et al. 2007). The performance factors used, thus affecting the final part cost, are presented in the list below.
The cost equation and all ingoing parameters are stated in Table 5. In addition, the cost model is complemented
with equations describing the relation between (1) process time and carbon dioxide emission per timeframe
based on energy consumption in equipment, (2) availability losses and carbon dioxide emission based on idling
equipment, and (3) rejection rate and material carbon dioxide emission based on rejection rate, including process
emissions for processed material. The relations are used for mathematical simulations in the case study.

* rejection rate

* material scrap rate in process

* downtime rate

* set-up time

« utilization based on reduced production
* speed loss rate

* cycle time

The cost model is based on four main cost items, material (kg ), running machine (k¢p), idling machine (kcy)
and personnel. To adapt the model to measure different energy consuming activities in the processes, the running
machine costs have been divided into two different entities, running during engaging of tool, with high energy
consumption due to the high forces and loads on the tools (kcp,) and running during tool handling (movement
of tool into correct positions and for changing tools) (kcpy). The difference in machine cost is related to the
energy consumption per hour. The three different hourly equipment costs are stated in equation 1-3. The cycle
time and production time configuration is presented in equation 4-5 and the adjusted cost model in equation 6.

Hourly machine costs during engagement in the process.

Ko - % +A-Kap+Kcun

kcpe = kee. 1
CPe TPlan + Kee ( )

Hourly machine cost during tool and material handling (transportation) in equipment

KO.%+A'KAP+KCUH Tk )
TPlan o

kepn =
Hourly machine cost during idling
Ko- 20PN L ALKy p

(I1—p)—1
+ kei- 3
TPlan ( )

kcs =
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Table 5 Presentation of the parameters in mathematical models used in the simulations

Nomenclature

A Area used in the production m?

CO», Carbon dioxide emission kg

CO2; Carbon dioxide emission during idling equipment kg
COxprocess Carbon dioxide emissions from the manufacturing process investigated kg

CO;y,, Material carbon dioxide emission kg

E. Energy consumption of equipment kWh

Ko Total investment in equipment EURO

k Manufacturing cost per part EURO/part
ka Tool costs EURO
Kup Process area costs EURO/mzlyear
kp Material cost per part EURO/part
kcpe Hourly machine cost during production during tool engagement EURO/part
kcpn Hourly machine cost during production during handling in equipment EURO/hr
kcs Hourly machine cost during equipment idling EURO/hr
Kcun Yearly maintenance cost EURO

kp Personnel costs EURO/hr
kee Energy cost per hour during tool engagement EURO/hr
Ken Energy cost per hour during handling in equipment EURO/hr
kei Energy cost per hour during equipment idling EURO/hr
n Technical lifetime year

No Batch size unit

Hop Number of operators per piece of equipment unit

)4 Internal rate of return -

qp Speed loss rate -

q0 Rejection rate -

qs Downtime rate -

gs Average downtime rate -

t Time min

to Ideal cycle time min

ton Ideal time per product handled in the equipment min

10e Ideal time per product during tool engagement min

tr Time factor for simulations -

T, Production time for the batch hr

Ty1an Paid and planned production time hr

Tsu Set-up time min

U System utilization -

w Wight kg

Weo2e Weight factor of CO, emission from energy kgCO,/kWh

Weoam Weight factor of CO, emission from material kgCO,/kg

61
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The total ideal cycle time involving engagement time and handling time in equipment.

to = toe + top. 4
Production time for the batch. N
0 )
T =T L . 5
P T gy Togs ®

Cost per part based on batch manufacturing, where adjustment from Stahl et. al. 2007 has been adopted to
handle two different operation times when the machine is running.
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5.2 Case design

From the survey and literature presented in Section 3, both internal and external drivers for sustainability were
found as main drivers. To support the aim to support industry to embrace sustainable thinking, the case study
involves a method to visualizing the synergy effects of sustainability and measurable improvements from pro-
duction development through manufacturing costs. The focus in the case scenarios will therefore be on internal
drivers. However, fulfilment of finding relevant internal drivers could facilitate reporting related to laws and
regulations, which is a very predominate external driver. From the survey, the top internal drivers for sustain-
ability improvements can be related to management commitment and improved economic results. It is possible
to assume that quantifiable economic improvements from sustainability work would make it easier for managers
to make decisions for sustainability. In the case study, CO; is used as sustainability measure, but other mea-
sures as emissions of other greenhouse gasses, water consumption, education/training level of employees, and
consumption of additives and chemicals could be used if sufficient information are available.

The review of literature and the survey give labor costs, production efficiency, adjustments/number of unique
products, material costs, quality, the complexity of product design, and equipment costs as important cost drivers.
From the literature review and the survey, intersections between sustainability measures and cost drivers could
be found in the areas of site occupancy area/floor space, resource consumption, and efficiency. Regarding floor
space, it is not only an important cost driver, but also a commonly reported sustainability measure in literature.
Resource consumption relates to e.g. energy, material, water, and equipment usage. Shorter cycle times give
less usage per product in relation to equipment, manpower, and energy (if the effect usage does not increase per
time-period). Improved utilization also contributes to increased economic performance and a more efficient use
of resources, in this aspect material efficiency is one of the strongest indicators.

The case study design is based on the selected cost model and the parameters found in the literature as
well as the opportunities revealed at the case company. In the case study, the cost effects of implementation
of different sustainability improvements are considered, such as cycle time reduction, equipment efficiency
(equipment idling), and material efficiency. The case study is performed as an example on how it is possible to
connect manufacturing operation performance, manufacturing costs and sustainability improvements, giving the
possibility of aligning sustainability improvements and cost reduction on part level and on process yearly level.

The case company produces 1,000 kg heavy steel frames used in the heavy vehicle industry for earth moving
equipment. In this study only the part of the value chain involving machining is included. The machining
operation is performed in a multidimensional milling machine. In the machining process, the set-up occurs
during production, using the method of external set-up, thus not causing any production interruptions. The
company has a very expensive and material intensive product, where quality defects are corrected by rework
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(welding) instead of rejection and scrapping, making final quality losses almost non-existing. The parts are first
welded, then machined and if quality problems occur they are welded again and if needed machined again. To
simulate the possible correlation between sustainability gains and cost reduction by reducing quality issues the
simulation of quality losses is fictitious but otherwise based on information from the company. The annuity of
investments in equipment is based on a 5% internal rate of return (p) and on the technical lifetime (n) of the
equipment. Calculations of the machine hour costs are displayed in equation (1) — (3). The engagement-time
(to) amounts approximately to one hour and the handling time of equipment (#;,) to approximately 30 minutes.
The total cycle time (¢y) is therefore about 1.5 h per part in the machining operation. The electricity cost is €0.05
per kWh. For confidentiality reasons other input values are not displayed.

The iron and steel industries are among the world’s largest energy consuming manufacturing industries,
contributing to about 5% of all CO, emissions (Ho et al., 2013). In this simulation 1 kg of steel corresponds
to 1.8 kg CO,, which is the reported correlation from two different research articles (Hasanbeigi et al., 2014;
Ho et al., 2013). The CO, emission of 1 kg steel is dependent on what type of energy source that is used at the
mill, and Swedish steel contributes to less emissions than for example steel from the US. However, because of
the international market, 1.8 kg CO»/ kg steel is used in this simulation. The CO; emissions per kWh used in
the simulation are based on the presentation of average emissions per consumption by country in the European
Union presented in (Moro & Lonza, 2018). For Sweden, the CO, emission is 45 g/lkWh and the average in the
EU is 428 g/kWh. These figures are from 2013, and the actual emissions of today might be slightly different.
The simulation will use both figures to illustrate the importance of considering the manufacturers energy source.
Here, the investigation is in-house at the company but the energy sources of other manufacturing plants within the
business group and sub-contractors are equally important. Plant within the company group when deciding where
to locate production and subcontractors as about 60 % of the manufacturing industry’s energy consumption can
be related to material production (Ashby, 2012). The lower level of CO, emission in Sweden originates from
the high use of CO;, neutral energy sources. About 50 % of the electrical power is from hydro and wind power,
adding nuclear power, 90 % of the total electrical production is covered (Swedish Energy Agency, 2021).

In the model, the energy cost within the hourly machine cost is separated into energy cost during equipment
running and during idling. Idling can occur both during production and non-productive times, e.g. nights
and weekends. The cost of energy during “no production” is divided into the yearly planned production time,
thereby added to the cost of energy during operation and during idling. It will then be possible to simulate the
cost savings of turning off equipment when it is not being used. In this simulation, there are three different
types of energy consumption in the equipment used, (1) active processing (tool engagement), contributing to
the highest amount of energy consumption (42 kW/h), (2) movements and tool handling in the equipment (33
kW/h), and (3) idling of the equipment (3kW/h). These three levels of energy consumption are related to the
three levels of operation where engaging correspond to the mean energy consumption when the machine is
in value-adding operation. The cost-model is altered accordingly to handle the three different types of hourly
equipment costs corresponding to the above. The simulations only take into consideration energy consumption
based on idling equipment, cycle time, and material rejection/waste. Other sustainability aspects to take into
future consideration, but not included here are, for example, floor space in buildings, product material scrap
(removed chips etc.), chemicals and additives usage in processes, and the training level of operators affecting
production performance. These aspects will not be part of this actual investigation, primarily because of poor
information/data accessibility. The cost for emission allowances will also be excluded from the estimations.

5.3 Scenario simulation

The simulations show how the changes in performance correspond to the part-cost in the manufacturing pro-
cesses and the CO, emission. In Table 6, the in-data is summarized.

Carbon dioxide emission per timeframe based on energy consumption in equipment, where wcpp is the
weight factor for CO; emission per kWh, E. is the energy consumption per hour, t is the processing time and ty
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Table 6 Non-confidential in-data used in the simulations.

Parameter Value Parameter Value

Engagement time lh Auvailability ratio 0-0.8

Handling time in equipment 0.5h Quality ratio 0-0.2

Total cycle time 1.5h Electricity cost €0.05/kWh

Setup time 0 CO, emission/kg steel 1.8 kgCO,

Energy consumption engaged machine 42 kW/h  Machine hour cost (tool handling) in relation to 99.4%
machine cost when engaging

Energy consumption, tool handling in machine 33 kW/h  Machine hour cost idling in relation to machine 64%
cost when engaging

Energy consumption, idling machine 3kW/h  CO; emissions EU (electricity) 428 g/ kWh
CO, emissions Sweden (electricity) 45 g/ kWh

a time factor to simulate the effect of changing the processing time.

E,
CO», :WCOZE’@'t‘tf @)

Equation 8 illustrate the carbon dioxide emission based on idling equipment during availability losses, where
Tpian 1s the total annual planed production time, and gy is the mean availability losses during the year.

COmi = W0, ¢ - Tyan 560 ®)

Equation 9 calculates the carbon dioxide emission associated to the active process during machining. The
carbon dioxide weight factor for energy use is multiplied with the energy consumption per hour times the time of
the activity. Equation 10 is used to estimate the material carbon dioxide emission per part based on rejection rate
including process emissions. In the equation the wcoy,, is the weight factor per kg steel, W the total weight of
the product, qg the quality rejection ratio and CO, the total emission for producing one product in the machining

process.

E,. E;,
COZprocess =WcCo,, * 673 “toe +WC0,, 6706 Ton (9)
COyy, = WcCoy,, * & (1 + QQ) + COZprocess (10)

In Table 7, the processing part-cost (manufacturing part-cost subtracted from the material cost) and emitted
CO; are related to changes in engagement time and handling time in the machining machine. If necessary data
was available, it would also be possible to connect changes in engagement time with changes in used additives
and cutting fluids. The result presented in Table 7 is also displayed in Figure 6, which shows the mathematical
scenario simulation showing the possible CO, savings from reducing production time in the used equipment.
The dotted vertical lines show the present state, the lower dashed black line corresponds to the CO, emission
from Swedish consumption, the upper black line the average in the EU, and the red line the part-cost. The
right and left diagrams in Figure 6 have the same scale both in costs and in carbon dioxide emissions, making it
possible to compare the results. There is no simulation of cost with different energy cost dependent on production
location due to the electric cost is not a significant part of the production cost in the manufacturing operation
investigated. In addition, the factor between the most expensive region in Europe compare to Sweden have a
factor two (Swedish Energy Agency, 2018), which would not make a notable difference in the simulations if
Swedish and average European electrical prices were used.

The scenario simulation in Figure 7 shows how the total cost of downtime during equipment idling during
active plant hours and total emission are affected by the total downtime rate during a year. The dashed line gives
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Table 7 Energy carbon dioxide emissions based on production location and process cost not including the material cost in
relation to changes in engagement time and handling time.

Energy emissions — Energy emissions — Change in processing
Sweden (CO;/part) EU Average (CO,/part) cost (€/part)
Current situation (ty=1.5h) 2.5kg 23.3kg -
Engagement time -20% 2.1kg 20.1 kg -14.0
Handling time -20% 2.3kg 21.8 kg -8.6
Engagement time +20% 2.8 kg 26.5 kg +14.4
Handling time +20% 2.6 kg 248 kg +8.5
30 )
et - /’_,/‘—'—":5
-

[

EUR/part

kg carbon dioxide

EUR/part
kg carbon dioxide/part

07 08 & .. -4 | 1.3 0.7 0.8 . S . 1.2 1.3
Variation in engagement time Variation in handling time

(a) (b)

Fig. 6 The correlation between (a) processing engaging time and (b) handling time and part cost (red) and CO, emission
per part (black) for EU average (line) and Sweden (dashed),where 1 on the x-scale represent the current state.

the current state, the lower black line corresponds to the CO, emission from Swedish consumption, the upper
black line the average in the EU, and the red line cost relates to equipment and personnel availability losses.
During downtime, the equipment is idling, using electricity, occupying floor space and the operator still has to
be available. CO, emissions can be reduced if the operator can turn off the equipment during longer planned
standstills, and if availability losses are improved, higher utilization of both energy, equipment and personnel
can be achieved.

In Figure 8, the carbon emission per product as function of the rejection rate is showed. The more rejections,
the more the final products need to carry of the carbon emissions of the rejected parts. The figures are based
on virgin materials. The red line also shows the cost function based on the rejection ratio. In this case study,
one product of virgin steel corresponds to about 1800 kg CO, emissions. Assuming that recycled steel material
resemble to about 30 % energy use (Chen et al., 2001) of manufacturing of new raw material, the environmental
impact of scraping one product correspond to about 360 hours active rework ( in the same production process)
(see calculations below).

(1800 (from material) + 2.5 (from process)) kg CO, / 0.045g CO, / kWh*33kW)*0.3 = 364 h

The scenario simulation shows how the part-cost and emission are affected by quality rejections based on
rejection rate. The CO, rate is 1.8 kg per 1 kg steel, based on a 1,000 kg steel frame. As can be seen in Figure
8, the part-cost does not have a linear relationship to the final rejection rate, due to the performance parameters
being in the denominators in the equation. The secondary y-axis shows the total CO, emissions that each part
must bear due to the rejection rate. Having a rejection rate of 1.5 % on 1000 kg steel frames would correspond
to an addition of about 27 kg CO,/part whereas 30 % reduced engagement time would correspond to a reduction
of about 4.75 kg CO,/part and the same reduction in machine handling time to 2.3 kg CO,/part based on energy
consumed in an EU average country. In the case of a total reduction of availability losses, a total of about 4300
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Fig. 8 Cost (red) and CO; (black) emission of virgin steel as functions of the rejection ratio. All other parameters in the
cost equation are fixed, downtime = 30 %.

kg of unnecessary CO, emissions could be saved, corresponding to 1.8 kg CO,/part if the production volume is
2400 parts per year. In a Swedish average company this would entail about 0.5 kg CO,/part and 0.24 kg CO,/part
for 30 % reduced engagement time and handling time, and if all downtime and equipment idling was reduced
0.18 kg COy/part per part could be saved. For the company investigated, improvements reducing all idling of
equipment and reduction of engagement time and handling time with 30 % would mean in total correspond to
about 0.9 kg CO,/part and cost saving on 50 %. Where most of the cost savings can be made from minimizing
availability losses. An interesting observation is that it requires less than one rejected product to reach the level
of CO, emissions as during all reported idling time in the equipment.



Windmark Christina et al / Journal of Environmental Accounting and Management 10(1) (2022) 49-72 67
6 Discussions

Sweden has historically had good results in the Environmental Performance Index (EPI) making it an interesting
country to analyze concerning the incentive for sustainable improvements at manufacturing companies. The
survey gives insight into how representatives in Swedish industry perceive the importance of cost drivers and
sustainability in their organization. The number of respondents is not high enough to make any general conclu-
sions and a higher number of responses from a larger number of firms is needed for a statistically sound result
for the whole manufacturing industry. However, the answers could be used as indicators of the perception in
Swedish manufacturing industries.

As revealed in Figure 2, the respondents from the survey companies with the lower levels of energy con-
sumption and environmental impact are those perceiving to be realizing their full company potential regarding
sustainability. The companies facing the biggest sustainability challenges are those having furthest away from
reaching their potential. Either the Level 3 companies have a harder time surveying and distinguishing between
which improvements to make or they have a too steep uphill struggle to start making adequate sustainability
improvements. The Level 1 companies are possibly able to pick low-hanging fruits and have no need to make
dramatic changes in their production to achieve increased sustainability, when compared to Level 3 companies.
From the survey, it was also possible to see that the sustainability areas the companies were working with the
least were in improving sustainable material, sustainable energy sources, reduction of additives and transport
efficiency/reduced impact on environment from fuels. The reason for this result can be several. In the sur-
vey, individuals working with the manufacturing operations were targeted and that could be an explanation for
a perceived low commitment for more sustainable transportations. One reason for low commitment for more
sustainable energy sources could be the overall low environmental impact from energy sources in Sweden. Com-
paring the average CO, emission in Sweden to an average EU country, the emissions are about ten times lower
per kWh (Moro & Lonza, 2018). However, the result indicates that the respondents perceive that commitment
for increased sustainability at the companies is more about improving in-house sustainability impact than the
sustainability impact from the whole supply chain.

Raw material of a product often entails more costs and energy than what is possible to save by improvements
in the manufacturing processes, making the sourcing of material highly important both from an economic and
an environmental perspective. This is particularly when the material is scrapped further up in the value chain.
This issue is also raised in Isaksson (Isaksson, 2005), concerning the concrete industry, showing the importance
of both viewing the production performance as well as product quality. Another possible way of improving the
sustainability of product is to change to a material with more environmental friendly compounds. A change
in material could affect the producibility of the product and hence can be related to change in manufacturing
performance and thereby changes in manufacturing costs (Schultheiss et al., 2018). The scenario simulation
shows that it is possible to connect performance parameters, such as, availability losses, cycle time and rejection
ratio to the sustainability measure of CO, emission, simultaneously showing the corresponding cost impact.
Figure 6 to Figure 8 show how cost and CO, emissions relate to each other in this specific case. Understanding
on how design of a product and of how to change the process to minimize process scrap rate and waste related
to design is also a possible way to reduce the total material waste (Shahbazi et al., 2018). Changes in product
design and process design are not taken into consideration here, but is very interesting for future investigations.

Drivers and obstacles/barriers identified in the literature are mainly from case studies of different specific
industry sectors and locations. In the survey, the most frequently reported driver for sustainability improvements
is laws, regulations and standards, which is also one of the top reasons stated in literature. The respondents also
mention this as one of the main reasons for differences in sustainability improvements between different produc-
tion sites, suggesting that the location of the operation has an impact on the level of sustainability commitment.
In addition, board and management directives, and resource distribution have central roles in initiating sustain-
ability improvements. Other top factors are expected financial gains, such as clear expected costs savings, and
expected profit. However, in many cases, this suggested approach would require measurements that are more
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detailed and more comprehensive assessment of KPIs and manufacturing costs.

Various laws and regulations prevail in different parts of the world and depending on where a plant is lo-
cated there are different levels of demand and political incentives for sustainability improvements. Even though
Swedish companies are considered to have high sustainability ambitions, laws and regulations are still the main
driving force for becoming more sustainable. From the survey, it was found that 11 out of 13 respondents at
companies with more than one production site perceived that there were differences in level of sustainability
at different locations. One of the two that did not perceive any differences only have assembly as production
method and the other have only Swedish production sites. Increasing the awareness of how economical and
sustainability improvements explicitly correlate, can motivate companies to have global improvement strategies
and thus reduce the importance of law and regulation in favor for board and management directions and financial
gains, which both are top factors found in the survey facilitating future sustainability improvements.

When comparing cost drivers to obstacles for sustainability found in the literature and from the survey, it
is possible to make the conclusion that there needs to be a pressure for sustainability improvements. It is also
important to realize that many of the obstacles reported in the literature are the actual lack of triggers/drivers. For
example, board decisions are found to be one of the perceived most important drivers for sustainability, but no
clear directives and goals from management is also one of the perceived most prominent obstacles. The results
from the survey indicate that the respondents consider social sustainability to be of lesser importance, since
only two respondents chose “reduced personnel absence” as important, and no one picked “reduction of staff
turnover” as drivers for sustainability. When making decisions on manufacturing development, it is important
to know how the decision will improve the system. By using performance parameters at equipment level,
such as speed losses, availability losses, and quality rejections, the knowledge level at both operator level and
management level can be increased, thereby facilitating increased sustainability awareness. Increased knowledge
and skill level of employees could upturn the importance of minimizing staff turnover and personnel absence, as
knowledgeable employees could be more valuable in both economic and sustainability aspects. This could be
an incentive for increased well-being at work, and thus increase the company sustainability. Sustainability will
not happen by itself but needs incentives. Increased system knowledge could facilitate decision making, which
is beneficial for both economy, occupational health and the environment.

The economic analysis conducted here is similar to the assessment made by Diaz-Elsayed et al. (Diaz-
Elsayed et al., 2013) where lean improvements and sustainability are connected by cost simulations. However,
the simulation here has a clearer correlation between performance measures and sustainability improvements
as the cost-model is presented with more detail. This method, linking measurable operational key performance
measures from a manufacturing process with both costs and other sustainability factors, could provide usable and
transparent information when connected data is available. This is especially true if companies further implement
the strategy of Industry 4.0 and big data. The analysis does not involve cutting fluids and other additives or the
tool material, which in a sustainability perspective can be considered as important. The arguments for not
involving additives in the study are partly because of the large variances in cutting fluid system as described in
Kurdve and Daghini (Kurdve & Daghini, 2012), some of the information is on a too high aggregated level for
useful analyses and because of a low economic impact on manufacturing cost in this particular case. However,
the insight of not having detailed information about the consumption of additives may catalyze future knowledge
on the matter at the case study company. Another important aspect not taken into consideration is the knowledge
level of operators. With more advanced equipment, the skill level in terms of handcraft operation is reduced,
but expertise in problem solving, programming and planning is often needed. Performance in the manufacturing
operations would be possible to connect to total hours, amount of and type of training, or work experience. More
studies would have to be performed together with more detailed performance measures.
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7 Conclusions

The outset of this study is the assumption that tangible cost connected to specific improvements could facilitate
sustainability improvements. It was not possible to find any clear most important cost driver, but production
efficiency, material costs, direct/indirect labor costs, adjustments, number of unique products, complexity of
product design, equipment efficiency, material efficiency, energy consumption, quality control, production vol-
ume, and cycle time where the top ranked cost drivers in the survey, answering RQ1. To answer RQ?2, there are
no clear main drivers or obstacles. The respondents perceive laws and regulations as one of the main drivers
for sustainability improvements, but clearer directives from boards and managements were also perceived as an
important factor for increasing sustainability focus in manufacturing. Economic aspects were perceived as both
drivers, but also as obstacles for sustainability improvements.

The paper shows that an existing performance-based cost-model can be used for aligning sustainability and
cost assessment. However, the cost-model needed to be complemented with calculations for CO, emissions
in this case. Some adjustments were also made in the cost-model to capture two different types of equipment
process-modes, with higher and lower energy consumptions. In that regard, the model used here shows promise
for future usage of specific and generic evaluations of production systems. The scenario simulation shows the
possible monetary and CO, savings of a steel product in a machining operation. The simulation provides the
information on what improvement in production efficiency (stated important cost driver) that provides the most
reduction in production costs and CO, emissions (RQ3). In the simulations, we can see the low impact on the
environmental load when increasing the efficiency of the production processing time, but the greater impact from
reducing scrapped or rejected material. This is not novel in itself, but by integrating manufacturing monitoring
measures with environmental measures, the option to monitor environmental and sustainability measures on a
daily basis can be facilitated. By daily monitoring and relating measurements to activities on the manufacturing
floor, the understanding of which action matters the most can support employees to be “champions” in their or-
ganization to contribute to more sustainable activities. It could also be easier for the manufacturing management
to set measurable goals and support their employees’ awareness of the impact of their actions and choices.

The presented model shows the relation between manufacturing cost and sustainability, using performance
parameters important for the manufacturing industry. In the simulations, it is easy to see the impact from man-
ufacturing losses, both on manufacturing costs and carbon emission and visualize the actual impact. Simple
calculations, using measurable performance measurements from manufacturing activities such as quality rejec-
tions and availability ratio can be used to assess the environmental load from such manufacturing losses.

Both the survey results and the scenario simulations indicate that sustainability awareness and improvements
could gain from a clearer alignment between sustainability and financial gain. However, the result from the sur-
vey is not statistically significant for the manufacturing industry in general due to the low number of respondents.
The results from this study indicate that there could be a considerable gain, both financially and in sustainability,
if performance is included in the estimation of the production cost. The option to see the alignment between the
two could promote decisions on sustainable improvement. The findings from both literature and in the survey in-
dicate that if the correlation between financial gain and sustainability were clearer, the probability for directives
and initiatives from board and management would be higher, facilitating future sustainability improvements.
Future research would be to further test the analyzing method, using in-depth data such as presented in (Orji
& Wei, 2016) where cutting data and more detailed information are complemented with performance measures
used here to calculate the cost and sustainability factors corresponding to more than CO; emissions. In addition,
further analyses is necessary to find the economic impact from the social dimension such as education hours and
skill level of personnel.
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