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Abstract

Sustainability in manufacturing operations has become the subject of increasing

attention in the recent years. At the operational level, knowledge about mate-

rial and energy flows circulating in the production system provides information

regarding costs, efficiency and environmental impact, as well as opportunities for

improvements. Several methods have been proposed for flow assessment and flow

cartography, but work combining production scheduling and flow assessment remains

scarce. To address this issue, we propose comprehensive guidelines in order to iden-

tify waste reduction opportunities and integrate them in a scheduling problem. This

work combines sustainable production principles with environmental and material

flow assessment to promote waste prevention at the operational level of production,

by identifying the main waste-generating activities that can be improved through

scheduling. From a decision-maker’s point of view, more informed choices can be

made regarding the production scheduling and the opportunities for operational

improvement. From a research perspective, a framework for the identification and
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integration of waste-minimizing opportunities in scheduling problems is proposed.

Four steps permit the product system definition, flow inventory, economic and envi-

ronmental impact assessment and scheduling problem identification. An application

to a hub-cap production system serves to highlight the benefits of this methodology,

showing that hazardous waste generation could be reduced by 10% using adequate

scheduling.

Keywords: Waste minimization, Flow control, Environmental and cost

assessment, Scheduling, Manufacturing

Acronyms: ABC - Activity Based Costing ; ABEC - Activity Based Environ-

mental Costing ; EAM - Environmental Activity Management ; EMA - Environ-

mental Management Accounting ; FU - Functional Unit ; GA - Genetic Algorithm

; ITO - Input Throughput Output ; LCA - Life Cycle Assessment ; MEW-PFM

- Material, Energy and Waste Process Flow Modeling ; MFA - Material Flow Ac-

counting ; MFAM - Material Flow Assessment in Manufacturing ; MFCA - Material

Flow Cost Accounting ; MFN - Material Flow Network ; MILP - Mixed Integer

Linear Programming ; MIOT - Monetary Input Output Table ; PIOT - Physical

Input Output Table ; QHSE - Quality, Health, Safety and Environment ; VSM -

Value Stream Mapping ; WFM - Waste Flow Mapping.

Wordcount : 11393

1. Introduction

In the arising context of resource scarceness and environmental issues, new tools

are being developed in order to promote greener manufacturing methods and mit-

igate the impacts of industrial production. Industrial companies (including the
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building industry) were responsible for around 83% of the world’s solid waste pro-

duction in 2011 (Song et al., 2015). The waste hierarchy advocated by the European

parliament (European parliament, 2008) promotes the prevention, reuse and recy-

cling – in this order – of waste as the most efficient management techniques to

reduce industrial waste. From an environmental standpoint, prevention makes the

most sense as it reduces resource and energy consumption, harmful emissions as

well as the need for expensive waste treatment plants. It is also economically vi-

able as it enables savings on material, production and waste management costs and

can improve brand image as well as facilitate compliance with regulations. While

the environmental benefit of reducing waste generation is broadly acknowledged by

industrial companies, imprecise accounting makes it hard for industrialists to truly

grasp its economic potential (Jasch, 2008).

To promote the reduction of industrial waste generation, we propose an approach

based on operations scheduling, which “deals with the allocation of resources to tasks

over given time periods and its goal is to optimize one or more objectives”, i.e. oper-

ations sequencing and machine assignment (Pinedo, 2008). “Sustainable scheduling”

refers to the design of production schedules that reduce environmental impact. One

of the advantages of sustainable scheduling is that it does not require large invest-

ments, and can be implemented and updated on relatively short timescales. While

this topic has been investigated for several years, researchers have been focusing

on reducing energy consumption, and waste-minimizing scheduling has remained

largely ignored. To facilitate the emergence of waste-minimizing scheduling in both

industrial companies and academia, we study the links between waste generation
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and operations scheduling in order to:

• Identify waste prevention opportunities through scheduling in a production

system;

• Estimate potential gains regarding both the environmental and economic as-

pects;

• Provide a scheduling problem description which includes waste minimization

in its objective function.

To study these links, we choose to focus on flow assessment, or the study of how

resource flows (be they materials or energy) circulate within a production system

and how they are consumed at the operational level. Flow assessment is partic-

ularly relevant to our case since it has the ability to track waste flows and their

characteristics, as well as include operational information in the flow description,

and especially scheduling related information.

From a decision-maker’s perspective, knowledge regarding the cost and environ-

mental impacts of the various flows is important in order to consider trade-offs,

especially since the real cost of waste flows tends to be severely underestimated

(ADEME, 2016). From a research perspective, solving shop-floor scheduling prob-

lems has traditionally been done bearing only economic objectives in mind, such as

the makespan or lateness (Giret et al., 2015) – for more information on scheduling

problems involving waste minimization, see Le Hesran et al. (2019a). Providing envi-

ronmental information linked to operational parameters would facilitate the integra-

tion of environmental aspects into the objective functions when modeling scheduling
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problems, taking advantage of the growth of multi-objective optimization in recent

years.

Several methodologies exist for flow assessment (Jasch, 2003), involving economic

or environmental criteria. They can be used at different decision levels, i.e. the oper-

ational, tactical and strategic ones, although they tend to be ill-adapted to improving

production scheduling (Gould et al., 2016). To address this research gap, we first re-

view the existing methodologies for flow assessment, then propose a new framework

which includes economic and environmental criteria, while simultaneously focus-

ing on the operational level of production. By incorporating parameters related to

schedule efficiency into the quantitative and qualitative flow assessment, we mean for

this methodology to facilitate the rapid identification, assessment and improvement

of waste-related issues in scheduling manufacturing processes. Combining principles

of sustainable production with material flow assessment and scheduling, this work

focuses on the following research question: how can flow assessment support the

identification and characterization of waste-minimizing shop-floor scheduling prob-

lems? In this paper, we provide a new framework and guidelines for the identification

of waste-minimizing scheduling problems using flow assessment. By focusing on a

topic that has remained largely unnoticed by researchers, we aim at providing new

possibilities for industrialists to reduce their waste generation. Additionally, the

dual consideration of both environmental and economic aspects and the possible

tradeoffs it provides should work as an incentive for companies to implement new

measures.

In the next section, an overview of the current literature on flow assessment is
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done, and the advantages and shortcomings of existing methodologies are identi-

fied. Based on the gathered information, we define the specifications needed for

our proposed methodology to answer our research question, and a framework for its

implementation is proposed in Section 3. A practical case is studied in Section 4

followed by discussion, and conclusions are drawn in the last section.

2. Literature review and positioning

In this section, the current literature regarding flow assessment and activity char-

acterization is reviewed, especially at the operational level. As this study focuses

on material flow assessment and waste-minimizing scheduling, the combination of

the following keywords was used during the literature search: material, flow, mod-

eling and waste. Terms referring to urban waste collection and management were

excluded: municipal; national; regional. The Web Of Science search engine was

used to identify peer-reviewed articles featuring the aforementioned combination of

keywords in their title, abstract and keywords. All articles resulting from this lit-

erature search were screened to check whether they belong to our scope, and the

ones deemed most relevant selected. Further research was made by looking at the

references and methodologies cited in the selected papers as well as the articles cit-

ing our sampled papers. This review has focused specifically on studies published in

the English language. One way to enrich it might be to consider articles written in

German or Japanese, as these two countries have been at the forefront of research on

material flow assessment. In addition to their consideration of environmental and

economic criteria, the reviewed studies have been grouped according to the decision

level they consider in their methodology, respectively the strategic and tactical (i.e.
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referring to mid and long term decisions or investments) and operational (i.e. short

term decisions and production planning) levels. Figure 1 shows the structure of

the following subsections based on the decision level and criteria considered in the

reviewed methodologies.

Figure 1: Content of the literature review sections based on decision level and criteria

2.1. Strategico-tactical approaches

Most applications of material flow assessment methods take place at the strategic

and tactical levels of decision-making. They can cover production sites, regions or

even national economies, and often provide information regarding possible invest-

ments or process improvements that can increase resource efficiency. While they

are usually not suited for improving production scheduling, they can provide in-

sight regarding data collection, environmental indicators or cost assessment. In the

following paragraphs, the reviewed methodologies are grouped into three categories

depending on whether they include environmental, economic or both environmental

and economic criteria.
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2.1.1. Environmental criteria

Environmental Management Accounting (EMA) is a framework first developed

in Germany, and later formalized internationally (United Nations Division for Sus-

tainable Development, 2001). Its aims are the identification, collection, analysis

and use of information regarding material and energy flows within a system as well

as their related costs and environmental impacts (ISO 14051, 2011). In most or-

ganizations, production and product pricing is done based on general accounting,

which is destined to stakeholders and financial regulators. This leads to a dilution

of information, with certain environmental costs (e.g. waste related costs) being

included in broader categories, hence a loss of visibility regarding potential savings

(Jasch, 2003). EMA aims at solving this issue by proposing a combined approach

between flow assessment, general and analytical accounting. It uses metrics that are

both physical (for flows) and monetary (for costs, revenues and savings), and can

be used for the performance assessment of a system or the evaluation of environ-

mental projects. Within the EMA framework, several tools are proposed to improve

environmental performance. One of those is Material Flow Analysis (MFA), which

aims at identifying the various material flows circulating within a system in order

to detect possible inefficiencies. It is based on the principle of material balance,

which states that material flows entering a quantity center eventually leave it under

the form of either product or material loss. MFA is useful for figuring out where

inefficiencies in resource consumption happen, providing the decision-maker with a

map of flows in the system. By reducing resource consumption, it is possible to

reduce the environmental impact. MFA is mostly used on large scales, such as the
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regional and national ones (Patrício et al., 2015) or across whole industries (Wang

et al., 2016).

Life Cycle Assessment (LCA) is defined by the ISO 14040 (2006) as “a technique

for assessing the environmental aspects and potential impacts associated with a

product”, based on its whole life cycle from raw materials extraction to end-of-life.

LCA provides a comprehensive environmental assessment of products and mate-

rial flows, with existing databases describing the impact of materials and processes

for multiple criteria such as resource depletion, effects on human health or on the

ecosystem. As it is much more specific than other methods, LCA is often used

in complement with other EMA methods in order to provide comprehensive envi-

ronmental information. Its applications are mostly focused on strategic planning,

scenario comparison and product development and improvement (ISO 14040, 2006).

2.1.2. Economic criteria

Activity Based Costing (ABC) aims at accurately reflecting the costs of each

activity performed in an organization. It is based on traditional cost accounting

techniques, with two main purposes. The first one is to prevent cost distortion,

which occurs when multiple costs (such as waste costs) are grouped into overhead,

losing the respective source of each cost. The second purpose is to prevent non

value-added activities by avoiding inefficiencies in production (Ishter and Akram,

2015). Activity Based Environmental Costing (ABEC) follows the same principles

as ABC, but assigns the costs of all environmental activities to their corresponding

products. This allows product costs to truly reflect their environmental costs instead

of being allocated to overheads. While ABEC is shown to improve environmental
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performance when implemented, especially regarding resource usage, results show

low adoption rates (Phan et al., 2018). Its primary focus is on the accurate cost

assessment of activities, which include environmental activities, and environmental

impact reduction comes as a consequence of considering environmental costs.

Viere et al. (2010) propose a Verbund-Model (or network model) based on Petri

nets for scenario comparison. They use Petri net components, transitions (i.e. trans-

formation and transportation processes), places (i.e. storage) and arrows (i.e. con-

nections between places and transitions) to model the production system, and flows

are represented as Sankey diagrams (Schmidt, 2008). Costs are assigned to flows

based on the results provided by the material flow network. Implemented in a chemi-

cal company, the Verbund-Model is used to create scenarios of future demand, prices

or production parameters. The authors report use in strategic planning such as fore-

casts regarding shortages or surpluses of materials on several years or identification

of projects to avoid future issues.

2.1.3. Environmental and economic criteria

As an extension of MFA, Material Flow Cost Accounting (MFCA) is one of the

main tools within the EMA framework for flow assessment. It is defined as a “tool

for quantifying the flows and stocks of materials in processes or production lines

in both physical and monetary units” (ISO 14051, 2011). MFCA’s main goal is a

better knowledge of the nature and costs of material flows and energy use in order to

support decision-making in production and improve the environmental and financial

performances. Similarly to MFA, it is based on the material balance principle within

a system, but adds the cost of each flow to the information provided. By observing
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which flows represent the biggest impact or cost, it becomes possible to identify

inefficiencies in the system and propose improvement measures. These measures

tend to focus on process improvement or product and plant design (Wang et al.,

2017), although some cases of efficiency improvement through lot-size are proposed

by Zhao et al. (2013). More detailed information on the MFCA process is available

in ISO 14051 (2011). While the introduction of the ISO 14051 standard might

facilitate its adoption in industrial companies, research has so far concentrated on

the implementation process of MFCA within a company rather than on extending

potential applications, especially to the operational level.

Propositions have been made to improve the applicability of MFCA, such as

Schmidt (2013) who propose an extension of MFCA (Ext-MFCA) that adds en-

vironmental information to each flow besides physical and economic data. Using

mathematical equations, each flow is linked to its corresponding greenhouse gases

emission equivalent. This permits to easily switch between physical, economical

and environmental representations. This information provides new insight for the

decision-maker, since the physical and environmental dimensions are not necessarily

correlated (i.e. a flow with a high impact on physical metrics might not have a high

environmental impact, and conversely). Schmidt et al. (2015) improve energy flow

modeling in MFCA to provide more accurate information on energy consumption

and cost estimation.

The Extended Activity Based Environmental Costing (ExtABEC) method is

described in Cagno et al. (2012), which considers not only the products but also

by-products and wastes as cost objects, in a similar approach to MFCA. A 12 step
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methodology is proposed, with a set of four cost indices to evaluate the production

efficiency. Their method is implemented in an Italian company where they estimate

that waste contribute for 8% of the cost of a product.

Study of material flows is also present in the building industry, which is the main

waste producer in volume (Llatas, 2011). In this specific case, material flows and

their resulting waste flows are usually calculated predictively in order to organize

the construction or destruction plan to minimize their impact, as well as estimate

their costs. In Li et al. (2016), a Work Breakdown Structure is used to determine

each individual component of the construction plan, and waste-conversion indices

serve to calculate their respective waste flow based on their materials requirements.

On a larger scale, Input-Output tables enable monitoring of flows at the level of

national economies or industrial sectors. The Physical Input-Output Table (PIOT)

is a variant of the Monetary Input-Output Table (MIOT). PIOTs share a lot of

similarities with the MFA methodology (Nakamura et al., 2007), although waste

tends to be overlooked, for which a first solution was proposed in Nakamura and

Kondo (2002) and examplified in Nakamura and Nakajima (2005). They rely on

a matrix representation of inputs (at varying degrees of processing) and processes

in order to calculate the different flows, and conversions can be made from MIOT

to PIOT for both economic and environmental assessments. A framework for con-

structing PIOTs with environmental criteria is proposed in Hoekstra and van den

Bergh (2006).

2.2. Operational approaches

While strategic and tactical approaches mostly focus on the flows themselves,

operational approaches tend to consider the processing units and their characteristics
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in the system description. This is particularly relevant to our research question, since

waste-minimizing scheduling concerns primarily originate from the processes.

2.2.1. Environmental criteria

Gould and Colwill (2015) propose a new framework for Material Flow Assessment

in Manufacturing (MFAM). In their five-step methodology, the authors first define

the production system scope, carry out the material flow inventory and assessment,

then propose an improvement scenario, an interpretation phase being applied dur-

ing the whole process. They identify three manufacturing processes that can affect

material flows, namely transformation, storage and transport. Transformation pro-

cesses can have environmental and economic impacts on the various flows, while the

storage and transportation steps are mostly related to scheduling considerations.

After the flow inventory and assessment step, the authors propose to model im-

provement scenarios, where factors such as process sequencing, process substitution

or process optimization are investigated. This step is supposed to be iterative, as

each measure taken might introduce additional problems. This framework is imple-

mented in Gould et al. (2016) in the case of two production lines with five processes

each and more than 1000 products using over 1000 raw materials. Based on the first

three steps, the cleaning operations associated with product changeover are deemed

the most impacting, and the improvement scenario aims at minimizing the resource

consumption from these changeovers. To this end, a Genetic Algorithm (GA) is

proposed and compared with a comprehensive search method, and results show that

the GA is more suited for instances with more than nine products. In Gould et al.

(2017), the same production system is considered but the system scope is reduced to

13



a single process responsible for the resource intensive changeovers. Improvement sce-

narios with process design changes are modeled and tested using k-means clustering

and ant colony optimization, providing the most efficient scenario regarding resource

usage and process design changes. The authors conclude on future extensions for

this study, such as improving the MFAM methodology to include order quantities

and fulfillment requirement, or adding flexibility to their algorithm to accommodate

rescheduling. The inclusion of cost considerations is also important, especially in

the case of process design changes where retrofitting is needed. The addition of

multi-parameter assessment (to balance water, energy and materials consumption)

will also be a future focus. This methodology enables the decision-maker to focus

on the most impacting issues and implement improvement measures accordingly. It

is a generic method, and while it can lead to changes on scheduling, it does not

provide information regarding costs and the economical aspect of the improvement

scenarios.

2.2.2. Economic criteria

The Input-Throughput-Output (ITO) method (Schubert et al., 2011) aims at

gathering information on processes at the operational level. At the core of the ITO

method is the flexibility of the information it can process regarding input, through-

put and output. While the EMA framework focuses on costs and material flows, the

ITO method aims at characterizing activities based on their operating parameters.

In addition to physical flows that enter and exit an activity, information related to

its operation is also included. Machining parameters or geometrical characteristics

are gathered, which allows for a parametric description of the process (or at least
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its aspects pertaining to improving efficiency). This is particularly relevant for our

research question, as the modeling of a production system requires obtaining the

different parameters that affect it; in our case information regarding scheduling is-

sues. Using parametrization, it also becomes possible to model the output flows

of an activity based on its input characteristics and operating parameters. If this

process is extended to the whole system, it allows for a characterization of all flows

based on the characteristics of the raw materials used and the processes they go

through.

Value Stream Mapping (VSM) is a lean management method that aims at iden-

tifying all non value-added activities along a production or supply, for the improve-

ment of economic performance – e.g. reducing waiting times, inventory or overpro-

duction. See Rother and Shook (2003) for a detailed explanation of VSM imple-

mentation. It is based on the description of all consecutive production processes,

including storage and transportation. VSM provides a current-state mapping of

all operations and the transitions between them, with operational information such

as processing and setup times or inventory space. Based on the current-state map

and identified non value-added activities, a future-state map is devised to assess

the possible improvements resulting from implementing lean measures. While VSM

does include material flows in its mapping, those flows mostly concern products and

parts used rather than physical quantities of materials. Although the term “waste”

is commonly used in VSM, it typically represents non value added activities rather

than material waste.
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2.2.3. Environmental and economic criteria

VSM was originally created for the improvement of economic performance, but

several studies have attempted to integrate sustainable development indicators into

its implementation (Faulkner and Badurdeen, 2014). In Vinodh et al. (2015), a

framework is proposed for a Sustainable VSM (Sus-VSM), in which green metrics

are included in order to improve economic, environmental and social performance.

The authors study the case of an automotive parts production plant, and collect

both physical data (material and power consumption) and operational information

(lead time, cycle time). Information on each activity is also collected, such as

processing times or in-process inventories. A state map of the production line is

made, including the gathered data related to the environmental and social metrics,

and lean improvement measures are proposed according to different scenarios. While

less extensive than MFCA regarding flow assessment and less precise than ITO in

terms of activity description and linking, this approach has the benefit of grouping

in a same representation environmental, economic and social metrics as well as

operational parameters. In Brown et al. (2014), the Sus-VSM method is applied to

different manufacturing environment (low variety - high volumes, high variety - low

volumes and low variety - medium volumes respectively), showing its flexibility in

regards to the shop floor configuration.

Lambrecht and Schmidt (2010) use Material Flow Networks (MFN) based on

Petri nets to improve the efficiency of a waste incineration plant. They provide a

prototype add-on to the LCA software Umberto in which production parameters

are embedded in transitions and places (i.e. transformation and storage processes).
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This allows for simulations of the production process with variable input parameters.

Using successive simulations, their aim is to optimize the material flows for better

efficiency. Although their add-on does lead to improvements in efficiency through

better product mix, the authors also comment on its black-box nature which results

in no analytic information about the material flow model, hiding potential improve-

ments. A methodology for the mathematical modeling of MFNs is proposed in

Lambrecht and Thißen (2015), and implemented in the case of a tungsten recycling

facility in Lambrecht et al. (2018).

2.3. Multi-level approaches

The previously described methods focus on specific decision levels. We now

review the methodologies that integrate both operational and strategic/tactical as-

pects in their implementation. This includes the information used, the modeling

level or the decision support provided.

Despeisse et al. (2013) present an approach for the systematic identification of

improvement opportunities in resource efficiency. They propose an Integrated Fac-

tory Modeling tool (Integrated FM), which spans different decision levels such as

plant and process planning, supporting facilities or production scheduling. A pro-

duction plant of a company is modeled using the IES Virtual Environment modeling

and simulation tool (IESVE, 2019), and an analysis is made to identify improvement

measures. Their simulation is extensive but requires a lot of data (physical, architec-

tural, operational) in order to be carried out. The scale of the study (factory level,

including supporting facilities and buildings) might not be suited to the modeling

of a scheduling problem as it expands beyond the scope of the operational level.
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Smith and Ball (2012) introduce a methodology for sustainable manufacturing

through Material, Energy and Waste (MEW) flows. Based on the IDEF0 modeling

methodology (Colquhoun et al., 1993), they propose a MEWProcess Flows Modeling

(MEW-PFM) representing the activities of a system as well as their input, control,

output and mechanism. A hierarchical decomposition of activities can provide more

detailed representations. A quantitative analysis is made on process flows, and a

Pareto analysis ranks them based not only on their quantity, but also on the ability

to influence them. A sequence of 16 guidelines is provided for the implementation

of the methodology. The authors comment on the lack of dedicated metrics and

tools for the modeling and evaluation of shop floor performance. This study brings

insight on data collection and system modeling, but does not consider scheduling in

its improvement methodology.

Finally, Kurdve et al. (2015) propose a Waste Flow Mapping (WFM) approach

in a multi-site case study, examining wasted material flows, costs, material effi-

ciency and operational efficiency in waste management systems of 16 automotive

production sites. The identified waste flows are grouped into streams with simi-

lar characteristics, facilitating the implementation of improvement measures. Three

steps are considered, namely a first mapping of value and non-value adding outputs,

followed by horizontal and vertical efficiency analyses. Improvements in waste han-

dling, management and treatment are then proposed based on the waste hierarchy

advocated in Kurdve and Bellgran (2011).

2.4. Literature review analysis

All previously described methodologies can be grouped according to their deci-

sion level and criteria considered. As shown in Figure 2, only five out of seventeen
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Figure 2: Methodologies grouping according to their included criteria and decision-level

methodologies consider both economic and environmental criteria on the operational

decision level. While those five studies do consider operational parameters in their

approach, scheduling is not explicitly considered as an improvement lever. Only De-

speisse et al. (2013) include production schedules in their model (Integrated FM),

and only Gould et al. (2016) use production scheduling to improve the environmen-

tal performance through the use of a GA (MFAM), although economic performance

is not considered in the results. Finally, the decision-support tools provided take

different forms: some enable the decision-maker to identify inefficiencies, and others

directly provide improvement scenarios.

Several conclusions can be drawn from this literature review. First, an inves-

tigation of the existing flow assessment methodologies highlights the absence of

dedicated tools relating flow assessment and waste-minimizing scheduling. Second,

although none of the reviewed methodologies are directly fit to answer our research

question, they provide insights regarding the problem at hand which can be used to

build our required framework. LCA already has established and well-tried guidelines

for defining the perimeter of a study and in allocation methods for environmental
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impact assessment. MFCA comes with a lot of documentation and examples of

material flow inventory applications, both on environmental and economic aspects.

From the operational point of view, the ITO method is effective in describing process

parameters, and the MFN method provides examples of mathematical modeling of

the flows. Finally, MFAM shows that it is possible to identify inefficiencies in a

system using flow assessment and propose solutions through scheduling, even if this

approach does not expressly consider scheduling parameters or economic evaluation

in the flow assessment model. Although flow assessment is a promising tool in order

to promote waste-minimization through scheduling, no dedicated methodology for

this specific purpose has been proposed yet. This would allow for the unification of

heterogeneous field of research with no definite terminology and a variety of problem

types (Le Hesran et al., 2019a). In the following section, a new approach for the

identification of waste-minimizing scheduling problems is presented.

3. Proposed methodology

This methodology provides comprehensive guidelines to identify waste and schedul-

ing related problems within a system, facilitating the modeling of scheduling prob-

lems integrating waste minimization.

3.1. Goals and assumptions

The literature review shows that the existing flow assessment methodologies are

not suited to answer our research question, i.e. to support the identification and

characterization of waste-minimizing shop-floor scheduling problems. Indeed, they

either provide only partial answers considering only one of the environmental and

economic aspects, or do not focus adequately on the scheduling dimension. Using
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the insight provided by all these studies, we propose a methodology composed of four

steps. The originality of this article does not lie in the novelty of the methodological

steps proposed, as they are inspired from other preexisting approaches. Rather, its

added value consists in utilizing and combining knowledge from the aforementioned

studies in order to tackle a problem not yet covered by researchers. It is necessary

to keep the level of complexity low enough for an easy use in an industrial con-

text while still being representative of real-life situations. Several assumptions are

made to facilitate the implementation of this methodology. Firstly, the data used

is deterministic, with no uncertainty in parameters or unexpected machine failures.

Secondly, the definition of waste for the rest of this study is the one used in the Eu-

ropean environmental code (European Parliament and Council, 2008). This means

that emissions such as gases, noise or light, whether they originate from energy con-

sumption or from a process, are not considered. Also, no consideration is given to

energy flows in this methodology, although this could certainly be a future extension

given the numerous studies on energy flow assessment (Liu et al., 2018) and energy

efficient scheduling (Giret et al., 2015).

Figure 3 summarizes the four steps that we propose for supporting the identi-

fication and modeling of waste-minimizing shop-floor scheduling problems. These

steps consist in a first broad definition of the product system and its boundaries. It

is then split into subsystems, the impacts of which are estimated (Step 1). A flow

inventory (Step 2) and flow assessment (Step 3) are carried out on the subsystem(s)

with the most potential for improvement. Finally, based on the information from the

previous steps, a description of the waste minimizing scheduling problem is made
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(Step 4). These steps are explained in detail in the following sections.

Figure 3: Proposed methodology implementation steps

3.2. Step 1: Study scope

This methodology answers a need by companies to conform to environmental

regulations, to obtain a certification, to comply with larger corporate policy or

to improve brand image, without investing in new equipment. The choice of the

product system considered can be influenced by this motivation. For example, a legal

injunction to reduce a specific pollutant will make the product system responsible

for generating this pollutant the focus of this methodology. The aim of this first step

is to identify processes or activities within a product system where improvements

could be made regarding waste generation.

3.2.1. Substep 1.1: Product system definition

This first substep defines the scope of the system considered. Following the

guidelines of the ISO 14040 (2006) for LCA, several items should be clearly identified
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and defined, which are summarized in Figure 4.

Figure 4: Scope and boundaries definition

The product system is “a collection of unit processes with elementary and prod-

uct flows, performing one or more defined functions, and which models the life cycle

of a product” (ISO 14040, 2006). It can be a whole factory or a subpart of a system.

Each of these unit processes perform one or several functions, which all contribute

to the function of the product system as a whole. This function should be defined

in terms of objectives, such as the manufacturing of certain products, and specify if

any other characteristics are required for the production. Such characteristics can

be e.g. a minimum production rate or a certain product quality range.

Once the product system and its function have been defined, its boundaries can

be determined. The spatial boundary includes all unit processes that fulfill a part of

the system function as well as auxiliary processes (i.e. processes that contribute to

the overall objectives without directly being involved in the product manufacturing)

such as wastewater treatment plants or byproduct regeneration units. The input

and output flows that enter or exit the system boundary are called elementary

flows, and will be the basis of the impact assessment. This assessment relies on

determining the physical quantities of materials which circulate in the system. These

23



physical quantities are later translated into environmental (based on a number of

environmental indicators) and economic (i.e. the cost of generating and managing

each waste output flow) impacts using LCA and a cost assessment method. It is

necessary to determine a temporal boundary for the system, which defines the length

of time over which the flow assessment is carried out.

The Functional Unit (FU) is also a concept from the LCA methodology, and

represents the “quantified performance of a product system for use as a reference

unit” (ISO 14040, 2006). The functional unit may be a certain quantity of product(s)

to manufacture, a set amount of production time or a certain input flow for example.

Flows within the system are defined to fulfill the function expressed by the functional

unit.

The flow allocation corresponds to the repartition of input and output flows

between all processes for the determination of their respective impacts. Procedures

for flow allocation can be found in Pradel et al. (2016). Finally, it is necessary to

define the requirements regarding data collection (timescale, accuracy...) and explain

the assumptions made regarding the product system as well as the limitations of the

study. An example of product system is shown in Figure 5.

Figure 5: Example of product system
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The product system definition is important as the impacts will be calculated

based on the elementary output flows. The results and improvement measures pro-

posed might change by including or not some unit processes and auxiliary processes.

Product system definition is not a one time process, and should be modified or up-

dated as the methodology implementation progresses and new information is avail-

able. It is also relevant to consult the decision-makers involved with the product

system, as they can bring information on the operating process, waste management

or production objectives.

3.2.2. Substep 1.2: Product system analysis

Once the product system and study scope are described, it is necessary to iden-

tify the most relevant parts to focus on. The first step is to accurately delimit all the

independent subsystems (subset of quantity centers) composing the global product

system. Two subsystems are independent if no constraint or restrictions are car-

ried from one to the other (either through material or information flows), meaning

that their respective scheduling problems are decorrelated. Such decoupling can

appear e.g. through the use of buffers between processes, and should be identified

by looking at the products structure trees. Checking for buffers and bottlenecks

can also provide information. Subsequently, the different quantity centers compos-

ing each subsystem need to be characterized. According to the ISO 14051 (2011)

standard on MFCA, a quantity center is a selected part or parts of a process for

which inputs and outputs are quantified in physical and monetary units. Quantity

centers can represent transformation (i.e. processes where the nature of flows can

be affected), transport or storage processes, such as presented in Gould and Colwill
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(2015). Information regarding quantity centers should be gathered using the ITO

method (Schubert et al., 2011), as it provides information regarding both the flows

that cross a quantity center (input and output) and the parameters within that

quantity center affecting these flows. Basic information to be collected (see Figure

6) includes:

• Input flows and their characteristics (type, concentrations, composition, cost...)

• Process parameters: description of how these processes affect the input flows

and operational parameters (i.e. throughput, setups, capacity, operating costs,

failure rate, resource consumption and efficiency...).

• Output flows characteristics based on the input flows and process parameters.

Figure 6: Example of quantity center characteristics

The ISO 14033 (2012) standard provides information regarding environmental

data collection and usage, especially regarding data aggregation for the subsystems

and product system.

Regarding information on operational parameters, already available data should

be collected using technical documents of machines and processes or knowledge from
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experts and machine operators. If more data is necessary, the addition of adequate

sensors or measurements might be required. Regarding the evaluation of costs, the

Ext-ABEC method proposed in Cagno et al. (2012) calculates the costs of products,

by-products and waste. The resources and activity costs are taken into account, and

a set of cost indexes is given to evaluate the efficiency of production.

Information flows circulating in the subsystem should be detailed. As for the

VSM representation (Vinodh et al., 2015), such flows include data regarding time-

related information (due dates, schedule updates...), orders or stock levels. It is also

important to consider the interactions between all quantity centers within a shop

floor. It is necessary to determine how quantity centers are related to each other

and which flows they exchange. Information such as the objectives or scheduling

constraints can be linked to several quantity centers simultaneously, or even to the

subsystem as a whole. Using the knowledge of people responsible for production

planning, operators and foremen is a powerful way to gather the necessary informa-

tion.

At this point, all the different subsystems are identified and characterized. The

inputs, outputs and throughput of each quantity center are known, and the re-

lationships between them understood. This results in a triple representation for

each subsystem, namely the physical, economic and environmental one, as shown in

Figure 7. Operational and cost information appears in each quantity centers (rect-

angles), and the flows (arrows) circulating in the system carry physical and economic

information as well as environmental information for waste flows, as is proposed in

Schmidt and Nakajima (2013).
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Figure 7: Example of subsystem with three quantity centers - physical, economic and environmental
representation

Based on the gathered information regarding the different subsystems, it becomes

possible to estimate their respective impacts (economic and environmental). This

can be done by looking at the aggregated waste generation of each subsystem as well

as the costs entailed by these generated waste. The ISO 14031 (2009) standard on

Environmental Performance Evaluation provides comprehensive guidelines on how to

interpret the impact of waste flows. Information regarding waste quantities and cost

is available through the accounting and Quality, Health, Safety and Environment

(QHSE) departments. The nature of materials used and their respective monetary

value and/or environmental impact need to be taken into account. As an example,

a small amount of high value/high impact waste might have more importance than

a bigger flow with more benign characteristics. Also, current and future legislation
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need to be considered, as well as normative aspects. If a company intends to apply

for a certification (e.g. the ISO 14001 standard), more emphasis might be needed on

certain types of waste. Decision-makers which are involved with the product system

should also be consulted.

What these indicators represent also needs to be explained so that the decision-

makers can make an informed choice based on their priorities. It is important to

remind them of the regulations that can apply, as well as explain how each indicator

impacts the current or future objectives of the system.

Table 1: Economic and environmental indicators

Environmental indicators Economic indicators

Material intensity Materials cost
LCA Environmental impact Systemic cost

Management cost

The environmental indicators chosen, shown in Table 1, are the quantity of waste

generated per FU (material intensity) and the environmental impact represented by

their resource usage and end-of-life treatment. The environmental impact is calcu-

lated using an LCA software, and can include as many impact categories as neces-

sary. Since not all indicators might be relevant, a screening can be carried out for

indicators with negligible impacts to reduce unnecessary information. The ReCiPe

assessment method (NIPHEN, 2019) provides three aggregated endpoint indicators

representing damage to human health, ecosystem and resource availability respec-

tively, which can be an effective way to present environmental impacts in a concise

and comprehensive manner. It is also important to indicate when assumptions are

made regarding the LCA, since databases might not always contain the exact data
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regarding some materials, wastes or processes.

Regarding the economic assessment, a cost division commonly used in EMA and

other environmental cost accounting methods consists in materials costs, systemic

costs and waste management costs (Jasch, 2008). We use the same classification as

it accurately depicts the costs involved with waste and can easily be aggregated to

represent the full cost of a waste flow.

The evaluation of subsystems depends on the priorities of the decision maker

(e.g. environmental policy or ecosphere). It is necessary to confer with them to

decide on the rank assigned to each subsystem, following these steps:

1. Select a subsystem;

2. Using the information collected in steps 1.1 and 1.2, calculate the environmen-

tal and economic impact indicators listed in table 1;

3. Through discussion with the decision-makers, define importance of the envi-

ronmental and economic criteria and rank subsystems;

4. Look at the regulations and environmental objectives set by the company and

reassign ranks if necessary;

Once the subsystems have been ranked, they are then further studied to check if

scheduling is a possible lever to reduce the impacts of waste production. If possible,

the magnitude of the possible improvement should be estimated, as some subsystems

with lesser impacts but higher flexibility might be more relevant to improve than

higher ranked but very constrained ones. If a subsystem does not have any schedul-

ing lever available, it is removed from the ranking and the next one is checked. Once

all subsystems have been checked this process ends and the second methodology step
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can start.

Since many mechanisms related to scheduling can be responsible for waste gen-

eration, looking at existing studies regarding waste-minimizing scheduling might

provide insight regarding which parameters are important. Le Hesran et al. (2019a)

propose a literature review on waste-minimizing scheduling, as well as a classification

of scheduling concerns related to waste generation which can provide a first basis

for identifying important parameters. The application of the ITO method should

also provide sufficient information to ensure that all sources of waste are known.

Each waste output from a quantity center should be quantified as a function of

its operating parameters (e.g. as a scrap percentage, proportional to a number of

setups). Storage and transportation processes, while less likely to generate waste,

should also be considered from such an angle. Such considerations include, but are

not limited to, product expiration due to long storage times; product deterioration

during transportation; or leaks from storage units. Subsystems with no identified

scheduling lever are removed from the ranking, although the obtained information

remains useful to consider other waste prevention methods (e.g. process or materials

change, reuse, ecodesign …).

After this iterative process, only the most relevant subsystems selected are kept in

the product system. This allows for a synthetic representation and description, and

avoids time-consuming investigations on systems that cannot be improved through

scheduling.

3.3. Step 2: Parametric flow inventory

After having described the different quantity centers composing the product

system, the material flow inventory step aims at mapping and quantifying the cir-
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culation of flows within the system. According to the ISO 14051 (2011) on MFCA,

three main types of flows are identified:

Initial input flows: the flows that enter the boundaries of our system. Those can

be raw materials for the production, subcomponents, or auxiliary materials

(materials used in a process but not directly used for the product, such as

cleaning water). The characteristics of these flows need to be precisely defined

(quantity, composition, volume...) as they will be used to calculate all downhill

flows.

Intermediate flows: the flows that circulate within the system boundaries, from

one quantity center to another. Their properties can change depending on the

quantity center they go through (i.e. wether it is a transformation process or

not). They can be split or combined.

Final output flows: the flows that come out of the system boundaries. Those

flows are the ones that serve to calculate the different impacts of the sys-

tem in terms of cost or environmental impacts, and are the results of all the

transformation processes present in the system.

Based on guidelines provided by the ISO 14051 (2011), the different types of flows

within the system should be categorized as they will have different effects on its

evaluation. Raw materials, finished and semi finished products, by-products and

waste might not need the same indicators. As an example, it is more important

to gather environmental information on waste flows than on finished product (since

they are the only ones considered in the LCA), and by-products that are reused
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within the system might not need to be considered. Also, creating families of similar

products or materials (depending on shape or color for example) can simplify the

model, as long as those differences do not have an impact on the schedule or waste

generated (all products in a family need to have the same final impacts). This allows

for a reduced number of flows to account for.

It is also necessary to integrate the operational information gathered during

step 1.2 as flow characteristics are affected by these parameters. Once all the data

regarding the different flows and quantity centers has been gathered, the overall

system can be modeled. The initial input flows enter the system boundary, and

go through a first set of quantity centers, where they can be transformed, stored

or transported. After calculating the internal flows resulting from these centers,

those go into the next set of quantity centers, and so on until they exit the system

boundaries as final output flows. At each step, these flow properties are defined

based on the operational parameters of each center. The final output flows are

ultimately expressed according to the parameters of all the quantity centers they

went through, or “parametric assessment”. This process is represented in Figure 8

for a product system with three quantity centers and two initial input flows.

3.4. Step 3: Material flow assessment

Step 3 is the material flow assessment, where the waste output flows are char-

acterized. Their environmental and economic impact evaluation is carried out, and

their parametric representation is studied to identify how each parameter affects the

output waste flows. This serves the dual purpose of finding which flow or process is

responsible for waste generation/cost and in which measure, as well as identifying

all parameters (e.g. number of setups, operating speed…) that can influence both
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Figure 8: Example of parametric flow inventory with three quantity centers and two input flows

scheduling and the quantity of waste. An LCA evaluation can be carried out for

precise environmental impact determination, and the ext-ABEC method provides

waste-related costs. It is also important to consider scheduling-related costs such as

inventory and include them in the economic evaluation. This provides the objective

function that will be used later for problem modeling. As an example, the impact

assessment of the product system presented in figure 8 is done below (all parameters

are given in the figure).

Three waste flows are identified, one for each quantity center, due to scrapped

products and process waste, storage losses and transportation losses respectively.

The LCA should be carried out on these three flows which can be summed as :

Wastetotal = (x+ y)× ((γ1 + δ1) + γ2 × (1− γ1 − δ1) + γ3 × (1− γ2)× (1− γ1 − δ1)) (1)

This provides an accurate assessment of the contribution of each flow to the to-

tal impact. Additional assessments can be made using different values for the waste

related parameters, which can allow for an estimation of the new impacts if improve-

ments were made. Similarly to what is proposed in Section 3.2.2, use of the ReCiPe
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assessment method and its three aggregated endpoint indicators is recommended.

More precise midpoints indicators can be used if relevant.

As explained in Section 3.2.2, three types of costs are to be considered regarding

waste, namely material, systemic and management costs. To that must be added the

costs related to scheduling such as inventory costs in the case of the second quantity

center. Material costs consist in the price of materials composing all three waste

flows, whose quantities are given by the three waste output equations. Systemic

costs consist in the production costs β1 for quantity center 1, handling and storage

space costs β2 in quantity center 2 and transportation costs β3 in quantity center

3. Management costs correspond to the storage, disposal and treatment costs of all

three waste output flows. Finally, holding costs resulting from inventory keeping

in quantity center 2 need to be added. Same as for the environmental impact

assessment, some parameters can be modified to look for potential savings.

3.5. Step 4: Scheduling problem identification

The aim of this step is to summarize all the information (operational, environ-

mental and economic) gathered during the previous steps in order to identify the

scheduling problem and help modeling it. The main characteristics of a scheduling

problem are (Pinedo, 2008):

Problem data: what is known about the system and schedule (e.g. processing

times, lot sizes, due dates…).

Decision variables: variables that can be adjusted in order to improve the ob-

jective function (e.g. operations starting times, operations order, operating

parameters…)
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Workshop configuration α: how the different quantity centers are related, and

how this affects the possible scheduling process (e.g. number and types of

machines, types of operations).

Constraints of the problem β: what is allowed and what is not when designing

a schedule (e.g. due dates, precedence constraints…).

Objective function γ: what we seek to improve when using the scheduling model.

It depends on the decision-maker and constraints of the system, and includes

both an economic and environmental component.

Table 2 sums up all the information related to the problem and at which step

this information can be obtained.

Table 2: Problem identification process

Information Identification step Resulting notation

Problem data Step 1 and 2
Decision variables Step 1.2, 2 and 3 Decision variables

Workshop configuration Step 1 and 2 α
Constraints Step 1 and 2 β

Objective functions Step 3 γ

The data sets are determined using the information from step 1 and 2. Decision

variables are the production parameters that influence both scheduling and waste

generation. They are first identified during substep 1.2, and then quantified during

steps 2 and 3. The α and β fields (workshop configuration and scheduling con-

straints) can be determined based on the information gathered during steps 1 and

2. Finally, the γ field (objective function) is identified during step 3 by considering

all waste outputs and costs that can be influenced by the decision variables. This
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can serve as a basis for representing the problem mathematically by translating the

objective functions and constraints into mathematical equations using the defined

data. This can be done using Mixed Integer Linear Programming (MILP).

4. Application example

In this section, a practical application of the proposed methodology is carried out.

This case involves a hubcap production plant which includes raw plastic reception

and oven drying, injection moulding, painting, quality control and expedition. The

different steps of the methodology are successively applied in order to identify the

links between scheduling and inefficiencies in resource usage and waste generation,

as well as define the scheduling problem. Through this example, the applicability

and results of this methodology are demonstrated. A first study of this case has

been presented in Le Hesran et al. (2019b).

4.1. Application example: Study scope (Step 1)

The production of the hubcap manufacturing plant ranges from raw materials

reception and preparation to the expedition of finished products. In Substep 1.1,

the product system consists in the whole production site, including all storage facil-

ities for materials, products and waste. The production is composed of three main

families of products: plastic pieces, unicolor hubcaps and bicolor hubcaps. Hub-

caps are composed of PVC onto which one or two paint coatings can be applied.

After moulding, a metallic ring is inserted while a brand logo is clipped during the

final quality control. Stringent requirements placed on automotive parts suppliers

place each lot of hubcaps under a hard due date constraint. The functional unit

chosen is the production of one day’s worth of hubcaps, as the production schedule
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is determined on a daily basis. Such a functional unit combines scheduling (through

the daily planning of production) and waste generation (represented by the daily

waste output in normal operating conditions). The daily production capacity is 25

000 hubcaps, with job sizes ranging from 800 to 2000 pieces, hence between 10 and

30 jobs per day. An average of 250 workdays per year is assumed in this study.

The spatial boundary considered for this product system is represented in Figure

9. Since due dates are involved, the temporal boundary for production is set as the

last due date of the lots to be produced.

Substep 1.2 focuses on each independent subsystem to estimate their cost and en-

vironmental impact, as well as the potential to mitigate these impacts using schedul-

ing. As can be seen from the product system description in Figure 9, the plant is

divided into three main workshops, namely the preparation, moulding, and paint-

ing/finishing ones. Buffer storage is present between each workshop, meaning that

they can be considered as independent subsystems, as long as the buffer size and

production capacity of each workshop are assumed to be sufficient.

The preparation workshop is responsible for producing the plastic used by the

moulding machines. It generates few waste, namely packaging and wastewater. It

has no constraints related to scheduling.

The moulding workshop manufactures plastic pieces, painting masks and raw

hubcaps, and includes injection moulding machines, an assembly post as well as

a quality control post. Its generated wastes are residual plastic coming from the

moulding process and scrapped products from the quality control. From a scheduling

perspective, waste production is impacted by changes in plastic compositions for the

38



Legend
Flow:

Energy and raw materials

Semi-finished products

Waste and scrap

Finished products

Subsystem boundary

Product system boundary

Production units

Raw materials storage

Preparation line

Raw plastic

Treated plastic

Moulding line

Injection moulding machine

Plastic pieces quality 
control

Metallic rings assembly

Raw bicolor 
hubcaps

Raw unicolor
hubcaps

Finished products 
storage

Plastic pieces

Painting line

Painting line

Freshly half-painted bicolor 

Raw hubcaps and masks storage

Work in progress 
products storage 

Painting masks 
fitting post

Half-painted bicolor hubcaps

Finishing station

Fully painted hubcaps

Quality control and central logo pose

Final storage

Finished mono and bicolor 

Plastic waste

Scrap  products

Water

Paint

Soiled 
wastewater

VOC

Flocculation
station

Incinerati
on

Expedition

Expedition

Central logos

Metallic rings

Painting masks

Used painting masks

Half finished bicolor
hubcaps + painting masks

Storage center Processing unit

Waste collection 

Sale for 
recycling

Sale for 
recycling

Sale for energy

Waste treatment 

Sale for 
recycling

Paper/plastic
Sale for 

recycling

Scrap
Sale for 
recycling

Raw unicolor
hubcaps

Raw bicolor 
hubcaps

Scrap

Paint 
sludge 
storage

Oven

Used masks
Sale for 
recycling

Recirculated 

Preparation workshop

Moulding workshop

Painting and finishing workshop

Water

Treated plastic 
storage

Treated plastic

Sy
st

em
 b

o
u

n
d

ar
ie

s

Figure 9: Hubcap product system description

39



different pieces as well as mold changes, as the machines need to be purged each

time a setup is required.

Once produced, the raw hubcaps and painting masks are sent to the painting

and finishing workshop where they go through a painting line. Unicolor hubcaps

only need a single coating, and go through the painting line only once before being

sent to the finishing station. Bicolor hubcaps need to receive two coatings, with

a mandatory 48h drying period between each coating in an intermediary storage.

Painting masks are used during the second passage in the painting line and can be

reused up to five times. All painted hubcaps are sent to the finishing line where a

central logo is inserted and quality is controled. This workshop generates different

types of wastes, namely paint sludge, scrapped products and used painting masks.

Paint sludge is the result of soiled wastewater from the painting line going through

an on-site flocculation process. It is considered a dangerous waste by the French

environmental code (waste type 080113*, Assemblée des Chambres Françaises de

Commerce et d’Industrie (2018)) and needs to be stored in a separate building

before collection for energy recovery. Paint sludge comes from two separate mecha-

nisms: the normal functioning of the painting line, and the setup operations required

when changing color. Like in the moulding workshop, scheduling impacts the waste

generation through the number of required setups, i.e. color changes. The mould-

ing and the painting/finishing subsystems have been identified as opportunities for

reducing waste through scheduling. To gather information on these subsystems and

waste management, an interview was conducted with a QHSE manager. Missing in-

formation was extrapolated using studies from similar fields or from public sources.
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The yearly quantity of non-hazardous waste collected (not including scrapped prod-

ucts) is estimated to 54 tons. Non-hazardous waste is stored in outdoors metallic

containers which were purchased by the company and have already been amortized.

The price for plastic waste collection and recycling was estimated at 180e per ton,

based on price estimations by the French environmental agency (ADEME, 2019).

The price for one ton of PVC is estimated at 912e, based on recent French market

prices (UCAPLAST, 2019), while the price for one ton of ready-to-use paint is es-

timated to 3000e. Operating prices were calculated based on the workforce of each

workshop (The Boyd Company Inc, 2016).

In the painting and finishing workshop, the company reported an average of

120 tons of paint sludge per year, with an annual cost of 38 000e for collection.

This price includes neither the operation and maintenance cost of the flocculation

plant nor the handling cost for packaging and transport into storage. Salihoglu and

Salihoglu (2016) report that costs for the flocculation station management represent

around 46% of paint sludge management, which is the figure used for this study.

A specific hangar is used for the paint sludge storage, further adding to the overall

cost. Water is recirculated after treatment. Regarding environmental regulations,

emission levels of paint sludge are currently compliant. There is however a concern

regarding the ISO 14001 certificate renewal.

Table 3 gives the environmental and economic indicators assessment regarding

the plastic and paint sludge waste flows. Treatment costs of paint sludge include

management cost (152e per FU), the flocculation station operating cost (70e per

FU) and waste storage cost (20e per FU). Environmental impacts were calculated
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using the OpenLCA 1.7.4 software and the Ecoinvent 3.1 database, and consider

both resource consumption for plastic and paint production as well as end-of-life

treatment for wastes. LCA method used is the ReCiPe with three aggregated indi-

cators (damage to ecosystems, damage to human health and damage to resources

availability) for better clarity. In the real-life situation for this case-study, paint-

sludge is sent to a cement-kiln for co-incineration. This type of end-of-life treatment

being unavailable in the Ecoinvent database, the end-of-life treatment method used

for calculating the paint sludge impact was the hazardous waste incineration pro-

cess. It is still representative of a typical paint-sludge treatment process, which is

classified as a hazardous waste by the European waste code (European Commission,

2000). Scrap plastic is sold on the global market before being grounded into pellets

for reuse. As shown in Table 3, paint sludge has a larger environmental impact as

well as a higher economic cost. It is subject to governmental regulations, and a

cause of concern regarding the ISO 14001 certification. For all these reasons, it was

decided to limit this study to the painting and finishing workshop only.

Table 3: Moulding and painting workshop wasteflows assessment

Moulding workshop Painting Workshop
Impact Scrap Plastic Paint Sludge

Environmental

Material intensity 216 kg per FU 480 kg per FU

Ecosystems (PDF × m2 × year) 1.05× 10−5 per FU 7.05× 10−5 per FU

Human health (DALY) 4.9× 10−3 per FU 29.2× 10−3 per FU

Resources (MJ surplus) 57.5 per FU 104.5 per FU

Economic
Materials cost 197 euros per FU 1440 euros per FU

Systemic cost 4901 euros per FU 3770 euros per FU

Treatment cost 39 euros per FU 242 euros per FU
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4.2. Application example: Parametric flow inventory (Step 2)

The quantity centers contained in the painting and finishing workshops are:

• Painting line

• Painting masks fitting post

• Semi-finished products storage

• Flocculation station

• Paint sludge storage

• Finishing station

• Final storage

The ITO method is applied to each quantity center to characterize it. The indices

corresponding to each parameter are shown in Table 4, and the detailed painting

and finishing subsystem flow inventory shown in Figure 10.

Table 4: Parameters and flow indices

Cost parameters Operational parameters Waste parameters Flows

mc Material cost pr Production rate sr Scrap rate x Initial input flow
oc Operating cost cap Capacity cr Conversion ratio y Intermediary flow
sc Storage cost st Setup time rr Recirculation ratio z Final output flow
wtc Waste treatment cost nbs Number of setups setw Setup waste QC Quantity center
setc Setup cost ow Operating waste

Paint sludge z1 = cr3 × ((x1 + x2)× ow1 + nbs1 × sw1)
(2)

Wastewater z2 = (1− rr3)× (1− cr3)× ((x1 + x2)× ow1 + nbs1 × sw1)
(3)

Used masks z3 = x2 × (1− sr1)× ow6
(4)

Scrapped products
z4 = x1 × sr1 + x2 × s2r1

(5)

z5 = x1 × (1− sr1)× sr4 + x2 × (1− sr1)
2 × sr4

(6)

Using the waste and operational parameters, each waste flow can be calculated based

on the input flows as shown in equations (2)-(6). As an example, the paint sludge

waste flow z1 originates from the painting line operating waste multiplied by the
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QC 3: Flocculation station
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QC 6: Mask fitting post
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Figure 10: Painting and finishing subsystem flow inventory

product flows x1 and x2 plus the waste generated by setups, weighted by the conver-

sion ratio cr3 of the flocculation station. The parametric representation allows for

quantifying each flow circulating in the subsystem as an equation. Cost information

is also represented, and will be used in the next flow assessment step.

4.3. Application example: Material flow assessment (Step 3)

As the flows have all been quantified, their respective impacts and costs can be

determined. Focus is given to the elementary output flows of waste and products,

as those are the main factors to determine the economic and environmental impacts

of the subsystem.
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It can be seen that only output flows z1 and z2, respectively paint sludge and

wastewater, are affected by the number of setups of the painting line nbs1. Since

no other parameter can be affected by scheduling, output flows z3, z4 and z5 are not

considered in the rest of this analysis.

Let us recall equation (2):

z1 = cr3 × ((x1 + x2)× ow1 + nbs1 × sw1)

We know from Section 3.2.2 that z1 is equal to 120 tons per year, or 480 kg per

day with 250 working days a year. Parameter cr3 is the ratio of soiled wastewater

converted into solid paint sludge during the flocculation process. The value used

here is taken from Talbert (2007) with cr3=0.6 kg of paint sludge per liter of soiled

wastewater. The transfer efficiency, i.e. the percentage of painting mix (paint plus

solvent) that actually ends up on the product, is chosen as 60 percent which is an

average value for liquid paint spray techniques. Paint mix consumption is 80 liters

per hour of operation for the painting line, meaning that ow1 = 0.4× 80 = 32 liter

per hour. With an average of 20 operating hours per day (x1 + x2 = 20), we can

calculate the total daily solid waste generated by operating the painting line (not

including setup waste):

zoperating
1 = cr3 × ((x1 + x2)× ow1 = 0.6× 20× 32 = 384 kg per day

A daily average of 384 kg of paint sludge is generated through the operation of the

painting line, which is 96 tons a year. The remaining 24 yearly tons, or 96 kg per

day, come from cleaning operations after each setup as defined below:

zsetup
1 = cr3 × (nbs1 × sw1) = 96 kg per day
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From this last equation, we can see that reducing the number of setups nbs1 by half

through better scheduling would reduce zsetup
1 by half. This would avoid 12 tons of

paint sludge a year, thus a 10% decrease on the total paint sludge generation of the

company.

For equation (3), all of the water is recirculated on-site after going through the

flocculation station, with rr3 = 1, meaning that no reduction is necessary.

While the number of setups does not appear in any other flow from the sub-

system, it still affects the rest of production at the operational level in terms of

lot-sizing. Indeed, when considering unicolor and bicolor hubcaps as two products

(differences in hubcaps shape are not relevant in the painting line among a same

family), the lot-size for a production order is determined by the number of hub-

caps processed between each color change. Increasing the number of setups tends

to reduce lot-size, and conversely. This in turns affects the inventory (both for the

intermediate and final storage) cost, as it depends on the number of products stored

at any moment. In this perspective, lot-size becomes the determining factor for bal-

ancing the number of setups (and by extension environmental costs) and the time

spent in inventory (holding cost). The economic objective for this problem should

include both the waste represented by flows z1 and z2, as well as the inventory costs.

Also, because of the due dates constraint, a minimum number of setups might be

unavoidable in order to comply with the orders requirements.

Based on the different activities and cost drivers described in the Ext-ABEC

method, the detailed cost equations of flows z1 and z2 are given below:
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cz1 = mc1 × z1 + cr3 × oc3 × y1 + cr3 × nbs1 × setc1 + sc7 × y2 + wtc7 × y2 (7)

cz2 = mc2 × z2 + (1− cr3)× oc3 × y1 + (1− cr3)× nbs1 × setc1
(8)

These costs are composed of different parts. In the case of z1, the meaning of

each term composing the equation is detailed below:

• mc1 × z1 : material cost of flow z1, which is dependant on the price of flows

x3, x4 and x5;

• cr3 × oc3 × y1 : cost of operating the flocculation station. This operating cost

is divided between flows z1 (paint sludge) and z2 (wastewater) according to

the conversion ratio (part of the input flow transformed into paint sludge vs

part transformed into water);

• cr3×nbs1×setc1 : setup cost for the painting line. In this case, the assumption

is made that the setup cost is wholly transferred to flow y1 (soiled wastewater

originating from the painting line) and not to the product flows y7 and y8.

Similarly to the previous entry, this cost is divided between the paint sludge

and wastewater using cr3 ;

• sc7×y2 : storage cost for the paint sludge. In this specific case, the storage cost

is not dependant on time, as paint sludge does not possess any holding cost.

It represents the cost of using and maintaining the building and containers

used for storage;

• wtc7 × y2 : waste treatment cost, which is the price paid by the company to

have the paint sludge collected and treated.
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4.4. Application example: Scheduling problem identification (Step 4)

Table 5 presents the process and outputs of the problem identification step.

Table 5: Waste-minimizing scheduling problem identification step

Informa-
tion Identification process Resulting notation

Data sets I: set of batches to be scheduled;
J : set of operations composing a batch I, J

Decision
variables

sij : starting time of operation j of batch i;
yijkl: 1 if operation j of batch i takes place just before
operation l of batch k, 0 otherwise (operations order);
tij : drying time after operation j of batch i (intermedi-
ary inventory cost);
ei: earliness of batch i, i.e. the time between the com-
pletion date and the due date of batch i (final inventory
cost);
nbs: nb of setups (environmental impact/cost)

Main decision
variable: sij ;

Secondary decision
variables: yijkl, tij , ei,

nbs

Workshop
configura-

tion

The painting line is the only relevant process to con-
sider, the mask pose and finishing station have sufficient
capacities and can be ignored in the scheduling problem
→ single machine problem

α = 1

Con-
straints

Due dates di; sequence-dependent setup cost; Coupled
tasks constraint (ai, L, bi) (Blazewicz et al., 2012)

β = di, (ai, L, bi),
dependent setup-cost

Objective
functions

zenvir: minimize waste from eq. (2) and (3)
zenvir = sw1 × nbs1 × ((cr3 + (1− rr3)× (1− cr3));
zeco: minimize waste and inventory costs
zeco = nbs1× setc1 + inventory cost (intermediary, final)

γ = min(zenvir, zeco)

The main decision variable is the starting time of each operation sij, which is

the primary way of improving the objective functions. Secondary decision variables

such as the number of setups or the drying time also affect the objective functions,

but are dependant on the main decision variable. The α, β and γ fields are obtained

sequentially using all the previous information. It is to be noted that the objective

functions zenvir and zeco only comprise terms of equations (2)-(3) and (7)-(8) that

are affected by the decision variables. From this problem definition step, the work
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can be carried on to fully model the scheduling problem. A mathematical repre-

sentation of this problem using MILP can be found in Le Hesran et al. (2018). A

commercial solver was then used to find alternative schedules providing trade-offs

between inventory cost and waste generation. Further numerical experiments using

both linear programming and a genetic algorithm have shown that setup-related

waste could be reduced up to 36% at the expense of a 13% increase in inventory.

5. Discussion

This case study provides some feedback as to how this methodology should be

implemented and how it can promote waste-reduction in scheduling. In the following

paragraph, several points are discussed and perspectives identified.

5.1. Data collection

The most salient difficulty resulting from this application case is the issue of data

collection and interpretation. This includes information on operational parameters,

costs or waste management which are often not directly available and need to be ei-

ther collected on-site or extrapolated from existing data. This is especially relevant

for environmental costs (treatment and collection costs) which are often considered

as overheads, or the waste generated by single quantity centers which is aggregated

into larger groups. This issue can be addressed by using appropriate data collection

techniques such as described in the ISO 14033 (2012). As a hybrid method be-

tween flow assessment, LCA and scheduling, this methodology requires input from

different actors, which can be complex to combine. It is important to carefully

prepare interviews with personel (QHSE and production managers, operators) as

they are directly involved in the production process. To facilitate its implementa-
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tion, the first step is especially useful in narrowing the study scope and reducing

the necessary calculations for costs and environmental impacts. One should also

remember that some of the data used represents averaged values (daily production,

daily waste output, …). Unforeseen events such as machine breakdowns are not ex-

plicitly considered although they can have large impacts on both environmental and

economic performance. Including these events in the scheduling problem modeling

could enable the use of environmentally robust schedules.

5.2. Energy and gaseous emissions

As stated in Section 3.1, neither energy consumption nor gaseous emissions are

considered in this methodology. As a result, only physical flows are included when

assessing both costs and environmental impacts (e.g. the LCA is carried out on the

used resources and end-of-life treatment of waste, and not on the energy used during

processes). This could certainly be an extension to this methodology, especially

when considering the work already devoted to energy flow assessment (Liu et al.,

2018) and energy efficient scheduling (Giret et al., 2015). Some processes can also

emit gaseous pollutants such as Volatile Organic Components (VOCs) or nitrous

and sulphur oxides which can have great environmental impacts. In the application

case example, reducing paint sludge generation might also reduce VOC generation,

which is a further incentive to implement waste prevention techniques. However,

this would lead to an increased complexity at all steps of the methodology, requiring

more data collection and impact assessment, with an increased number of decision

variables and objective functions. In some cases, the same decision variables are

involved in reducing both waste generation and energy consumption (in the case

of turning on some machines for example). It then seems appropriate to consider
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both energy and waste at the same time, as it does not greatly increase the problem

complexity. Otherwise, separating the energy consumption and waste reduction

scheduling problems might be necessary.

5.3. Product system improvement

As this methodology’s purpose is to identify waste reduction opportunities through

scheduling, each of its step provides relevant information to the decision maker. Step

1 characterizes the product system and subsystem, and gives estimated impacts for

each. This information can be used to identify the most impacting ones, and im-

provement measures can be devised even though no scheduling considerations are

involved (e.g. process improvement, product design, materials replacement …). Step

2 provides the standard information on flows circulating within the system, but the

parametric representation allows for more precision in identifying which quantity

center/parameter is actually responsible for waste generation. This can serve as

a basis for operational adjustments beyond the use of scheduling. Step 3 enables

the identification of cost drivers in waste flows, which is especially relevant when

these costs tend to be underestimated or misattributed. Using this information,

decision-makers can make more informed choices and can be incentivized to reduce

their waste generation after realizing their actual cost. Finally, step 4 provides a

complete description of the waste-minimization scheduling problem at hand. This

information can be used to accurately model the problem using mathematical repre-

sentation, and facilitate subsequent solving through the use of exact or approached

methods. Simulating alternative production scenarios or drawing future-state maps

such as the ones used in VSM are also effective ways to facilitate decision-making.

It is important to note that each step of this methodology can be viewed not only
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as part of a process but also as an end by itself, providing useful information even if

the methodology is not fully carried out due to lack of data or resources for example.

6. Conclusion

This paper presents a new four-steps methodology for the identification of waste-

conscious scheduling problems using flow control, facilitating their mathematical

modeling. A literature review highlights the lack of dedicated tool regarding this

issue, and four methodological steps are proposed. An application case of hubcap

manufacturing serves to demonstrate its applicability and results. After defining the

study scope, the product system is decomposed into independent subsystems. En-

vironmental and economic impacts are estimated and the best subsystem to study

chosen. Using the operational information gathered in the first step, a parametric

flow inventory is conducted, providing a full description of material flows using the

production parameters. An assessment of the waste flows is then made to identify

possible improvements using scheduling. In the final step, a three field notation

of the associated scheduling problem is provided and relevant data and decision

variables identified. This results in a complete characterization of one or more sub-

system which includes monetary, environmental and scheduling-related information.

While more case studies need to be carried out to further validate and improve this

methodology, it has proven to be effective in identifying a scheduling problem with

waste minimization concerns and given a basis for a full problem modeling. Results

from flow assessment calculations show that hazardous waste generation could be

reduced by 10% through appropriate scheduling. Meanwhile, numerical experiments

carried out on the scheduling problem presented in the application case have shown
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that efficient trade-off solutions can be reached to substantially reduce waste gener-

ation with a low increase in inventory. For researchers, it is a new application of flow

assessment oriented towards scheduling and waste minimization. For practitioners,

it provides a comprehensive methodology to detect waste reduction opportunities

within production systems. For future considerations, the inclusion of energy con-

sumption and gaseous emissions would serve to expand its scope and potential appli-

cations, and so would including the social dimension. Another consideration is the

redaction of data collection protocols which will facilitate the methodology imple-

mentation and increase its accuracy. This should hopefully foster the development

and solving of environmentally-conscious scheduling problems.

References
ADEME, 2016. Déchets : chiffres-clés (Only available in French).

URL http://www.ademe.fr/dechets-chiffres-cles

ADEME, 2019. Combien coûtent les déchets (only available in French).
URL https://www.ademe.fr/entreprises-monde-agricole/reduire-impacts/
reduire-cout-dechets/dossier/combien-coutent-dechets/couts-gestion

Assemblée des Chambres Françaises de Commerce et d’Industrie, 2018. Code de l’environnement :
Livre V Préventions des pollutions , Titre IV : Déchets, Ch 1, Sec 1 : Classification des déchets
(Only available in French).

Blazewicz, J., Pawlak, G., Tanas, M., Wojciechowicz, W., 2012. New algorithms for coupled tasks
scheduling : a survey. RAIRO - Operations Research 46 (4), 335–353.

Brown, A., Amundson, J., Badurdeen, F., 2014. Sustainable value stream mapping (Sus-VSM)
in different manufacturing system configurations: application case studies. Journal of Cleaner
Production 85, 164–179.

Cagno, E., Micheli, G. J., Trucco, P., 2012. Eco-efficiency for sustainable manufacturing: An
extended environmental costing method. Production Planning and Control 23 (2-3), 134–144.

Colquhoun, G. J., Baines, R. W., Crossley, R., 1993. A state of the art review of IDEFO. Interna-
tional Journal of Computer Integrated Manufacturing 6 (4), 252–264.

Despeisse, M., Oates, M. R., Ball, P. D., 2013. Sustainable manufacturing tactics and cross-
functional factory modelling. Journal of Cleaner Production 42, 31–41.

European Commission, 2000. Commission decision on the European list of waste (COM
2000/532/EC). Official Journal of the European Communities 2000D0532 (01.01.2002), 1–31.
URL http://eur-lex.europa.eu/

European parliament, 2008. 2008/98/CE Directive, European parliament.

53



European Parliament and Council, 2008. Directive 2008/98/EC of the European Parliament and
of the Council of 19 November 2008 on waste and repealing certain directives. Official Journal
of the European Union, 3–30.
URL http://ec.europa.eu/environment/waste/framework/

Faulkner, W., Badurdeen, F., 2014. Sustainable Value Stream Mapping (Sus-VSM): methodology
to visualize and assess manufacturing sustainability performance. Journal of Cleaner Production
85, 8–18.

Giret, A., Trentesaux, D., Prabhu, V., 2015. Sustainability in manufacturing operations scheduling:
A state of the art review. Journal of Manufacturing Systems 37, 126–140.

Gould, O., Colwill, J., 2015. A framework for material flow assessment in manufacturing systems.
Journal of Industrial and Production Engineering 32 (1), 55–66.

Gould, O., Simeone, A., Colwill, J., Willey, R., Rahimifard, S., 2016. A Material Flow Modelling
Tool for Resource Efficient Production Planning in Multi-product Manufacturing Systems. Pro-
cedia CIRP 41, 21–26.

Gould, O., Simeone, A., Colwill, J., Woolley, E., Willey, R., Rahimifard, S., 2017. Optimized
Assembly Design for Resource Efficient Production in a Multiproduct Manufacturing System.
Procedia CIRP 62, 523–528.

Hoekstra, R., van den Bergh, J. C. J. M., 2006. Constructing physical input-output tables for
environmental modeling and accounting: Framework and illustrations. Ecological Economics
59 (3), 375–393.

IESVE, 2019. Integrated Environmental Solutions.
URL https://www.iesve.com/

Ishter, M., Akram, H., 2015. Activity-Based Costing ( ABC ) : an effective tool for better man-
agement. Research journal of finance and accounting 6 (4).

ISO 14031, 2009. ISO 14031 : Environmental Management - Environmental performance evalua-
tion. Tech. rep., International Organization for Standardization.

ISO 14033, 2012. ISO 14033 : Environmental management - Quantitative environmental informa-
tion. Tech. rep., International Organization for Standardization.

ISO 14040, 2006. ISO 14040 : Environmental management - Life cycle assessment - Principles and
framework. Tech. rep., International Organization for Standardization.

ISO 14051, 2011. ISO 14051 : Environmental management - Material flow cost accounting. Tech.
rep., International Organization for Standardization.

Jasch, C., 2003. The use of Environmental Management Accounting (EMA) for identifying envi-
ronmental costs. Journal of Cleaner Production 11 (6), 667–676.

Jasch, C., 2008. Environmental and material flow cost accounting: principles and procedures (Vol.
25). Springer Science & Business Media.

Kurdve, M., Bellgran, M., 2011. A systematic approach for identifying lean and green improve-
ments related to packaging material in assembly. In: Proceedings of the 4th Swedish Production
Symposium, SPS11, Lund, Sweden (2011), pp. 3-10.

Kurdve, M., Shahbazi, S., Wendin, M., Bengtsson, C., Wiktorsson, M., 7 2015. Waste flow mapping
to improve sustainability of waste management: a case study approach. Journal of Cleaner
Production 98, 304–315.

54



Lambrecht, H., Hottenroth, H., Schröer, T., Schulenburg, F., 2018. Optimization-aided material
and energy flow analysis for a low carbon industry. Journal of Cleaner Production 167, 1148–
1154.

Lambrecht, H., Schmidt, M., 2010. Material flow networks as a means of optimizing production
systems. Chemical Engineering and Technology 33 (4), 610–617.

Lambrecht, H., Thißen, N., 10 2015. Enhancing sustainable production by the combined use of
material flow analysis and mathematical programming. Journal of Cleaner Production 105,
263–274.

Le Hesran, C., Ladier, A. L., Botta-Genoulaz, V., Laforest, V., 2018. Reducing waste in manufac-
turing operations: a mixed integer linear program for bi-objective scheduling on a single-machine
with coupled-tasks. IFAC-PapersOnLine 51 (11), 1695–1700.

Le Hesran, C., Ladier, A. L., Botta-Genoulaz, V., Laforest, V., 2019a. Operations scheduling for
waste minimization: A review. Journal of Cleaner Production 206, 211–226.

Le Hesran, C., Ladier, A.-L., Laforest, V., Botta-Genoulaz, V., 2019b. Using flow assessment to
identify a scheduling problem with waste reduction concerns : a case study. In: 6th International
EurOMA Sustainable Operations and Supply Chains Forum, Göteborg, Sweden.

Li, K., Zhang, X., Leung, J. Y.-T., Yang, S.-L., 2016. Parallel machine scheduling problems in
green manufacturing industry. Journal of Manufacturing Systems 38, 98–106.

Liu, X.-J., Liao, S.-M., Rao, Z.-H., Liu, G., 2018. An input–output model for energy accounting
and analysis of industrial production processes: a case study of an integrated steel plant. Journal
of Iron and Steel Research International 25 (5), 524–538.

Llatas, C., 2011. A model for quantifying construction waste in projects according to the European
waste list. Waste Management 31 (6), 1261–1276.

Nakamura, S., Kondo, Y., 2002. Input-output analysis of waste management. Journal of Industrial
Ecology 6 (1), 39–63.

Nakamura, S., Nakajima, K., 2005. Waste Input and Output Material Flow Analysis of Metals in
the Japanese Economy. Materials Transactions 46 (12), 2550–2553.

Nakamura, S., Nakajima, K., Kondo, Y., Nagasaka, T., 2007. The Waste Input‐Output Approach
to Materials Flow Analysis. Journal of Industrial Ecology 11 (4), 50–63.

NIPHEN, 2019. LCIA: the ReCiPe model. Tech. rep., National Institute for Public Health and the
Environment of Netherlands.
URL https://www.rivm.nl/en/life-cycle-assessment-lca/recipe

Patrício, J., Kalmykova, Y., Rosado, L., Lisovskaja, V., 2015. Uncertainty in material flow analysis
indicators at different spatial levels. Journal of Industrial Ecology 19 (5), 837–852.

Phan, T. N., Baird, K., Su, S., 2018. Environmental activity management: its use and impact on
environmental performance. Accounting, Auditing & Accountability Journal 31 (2), 651–673.

Pinedo, M. L., 2008. Scheduling: Theory, Algorithms, and Systems, 3rd Edition. Springer.

Pradel, M., Aissani, L., Villot, J., Baudez, J.-C., Laforest, V., 2016. From waste to added value
product: towards a paradigm shift in life cycle assessment applied to wastewater sludge : a
review. Journal of Cleaner Production 131, 60–75.

Rother, M., Shook, J., 2003. Learning to See: Value Stream Mapping to add value and eliminate
muda. Lean Enterprise Institute.

55



Salihoglu, G., Salihoglu, N. K., 2016. A review on paint sludge from automotive industries: Gen-
eration, characteristics and management. Journal of Environmental Management 169, 223–235.

Schmidt, A., Götze, U., Sygulla, R., 2015. Extending the scope of Material Flow Cost Accounting
– Methodical refinements and use case. Journal of Cleaner Production 108, 1320–1332.

Schmidt, M., 2008. The Sankey diagram in energy and material flow management – Part II:
Methodology and current applications. Journal of Industrial Ecology 12 (2), 173–185.

Schmidt, M., 2013. The interpretation and extension of Material Flow Cost Accounting (MFCA)
in the context of environmental material flow analysis. Journal of Cleaner Production 108,
1310–1319.

Schmidt, M., Nakajima, M., 2013. Material Flow Cost Accounting as an Approach to Improve
Resource Efficiency in Manufacturing Companies. Resources 2 (3), 358–369.

Schubert, A., Goller, S., Sonntag, D., Nestler, A., 2011. Implementation of energy-related aspects
into model-based design of processes and process chains. In: Proceedings of the 2011 IEEE
International Symposium on Assembly and Manufacturing, ISAM 2011. pp. 1–8.

Smith, L., Ball, P., 2012. Steps towards sustainable manufacturing through modelling material,
energy and waste flows. International Journal of Production Economics 140 (1), 227–238.

Song, Q., Li, J., Zeng, X., 2015. Minimizing the increasing solid waste through zero waste strategy.
Journal of Cleaner Production 104, 199–210.
URL http://dx.doi.org/10.1016/j.jclepro.2014.08.027

Talbert, R., 2007. Paint Technology Handbook. Taylor & Francis.

The Boyd Company Inc, 2016. A comparative plastic industry manufacturing operating costs anal-
ysis. Tech. rep.
URL http://pennsnortheast.com/images/uploads/PNE_Boyd_Plastics_Industry_Cost_
Report_060617.pdf

UCAPLAST, 2019. Prix des matieres plastiques Archives - UCAPLAST (only available in French).
URL http://www.ucaplast.fr/tag/prix-des-matieres-plastiques/

United Nations Division for Sustainable Development, 2001. Environmental Management Account-
ing Procedures and Principles. Outlook 145 (12), 153.
URL www.un.org/esa/sustdev/publications/proceduresandprinciples.pdf

Viere, T., Brünner, H., Hedemann, J., 2010. Verbund-Simulation – Strategic Planning and Opti-
mization of Integrated Production Networks. Chemical Engineering & Technology 33 (4), 582–
588.

Vinodh, S., Ruben, R. B., Asokan, P., 2015. Life cycle assessment integrated value stream map-
ping framework to ensure sustainable manufacturing: a case study. Clean Technologies and
Environmental Policy 18 (1), 279–295.

Wang, W., Jiang, D., Chen, D., Chen, Z., Zhou, W., Zhu, B., 1 2016. A Material Flow Analysis
(MFA)-based potential analysis of eco-efficiency indicators of China’s cement and cement-based
materials industry. Journal of Cleaner Production 112, 787–796.

Wang, Y.-X., Kuo, C.-H., Song, R., Hu, A., Zhang, S.-S., 2017. Potentials for improvement of
resource efficiency in printed circuit board manufacturing: A case study based on Material Flow
Cost Accounting. Sustainability 9 (6), 907–923.

Zhao, R., Ichimura, H., Takakuwa, S., 12 2013. MFCA-based simulation analysis for production
lot-size determination in a multi-variety and small-batch production system. In: 2013 Winter
Simulations Conference (WSC). IEEE, pp. 1984–1995.

56




