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ABSTRACT 
Increasing marketing and legislative requirements put heavy demands on the 
environmental performance of future transportation solutions. The resulting 
need to reduce total environmental impacts presents both challenges and 
opportunities to the transport sector as a whole, including the automotive 
industry.  
Life cycle assessment (LCA) is commonly used to evaluate environmental 
performance in the automotive industry. However, the static nature of LCA 
limits its usefulness for capturing dynamic environmental consequences in the 
manufacturing and operational phase. This thesis proposes a simulation-based 
approach to LCA that addresses this problem. Selected real-world case studies 
demonstrate the potential of the approach in both vehicle production processes 
and end-user applications.  
The work was preceded by a comprehensive review of the potential benefits and 
challenges of using simulation-based LCA in production processes. This review 
laid the foundation for the development and implementation of this method in 
the automotive industry. Two real-world case studies demonstrate its value. The 
first was a waste collection case study in which LCA was integrated in an existing 
simulation-based decision support tool to optimize the company’s activities from 
a life cycle environmental impact perspective. A simultaneously developed 
simulation-based LCA model of an iron foundry production line extended the 
applicability of the method with a proposed decision support interpretation 
approach.  
The study shows that data and information from both simulation model and LCA 
databases can be integrated and utilized in the developed simulation-based LCA 
method. This allows different systems with different configurations to be 
combined to assess the relevant parameters, and eventually to provide 
information about overall environmental impacts to decision makers to improve 
the environmental sustainability of the automotive industry. 
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SAMMANFATTNING 
Ökade marknadsförings- och lagstiftningskrav ställer höga krav på 
miljöprestandan hos framtida transportlösningar. Det behov som detta innebär 
vad gäller att minska den totala miljöpåverkan medför både utmaningar och 
möjligheter för transportsektorn som helhet, inklusive fordonsindustrin. 
Livscykelanalys (LCA) används ofta för att utvärdera miljöprestanda inom 
fordonsindustrin. Den statiska karaktären hos LCA begränsar dock dess 
användbarhet när det handlar om att representera dynamiska 
miljökonsekvenser i tillverknings- och driftsfasen. Denna avhandling föreslår en 
simuleringsbaserad metod för LCA som tar itu med detta problem. Utvalda 
fallstudier från verkligheten påvisar potentialen för tillvägagångssättet i både 
fordonsproduktionsprocesser och slutanvändarapplikationer. 
Metodens utveckling har föregåtts av en omfattande genomgång av potentiella 
fördelar och utmaningar med att använda simuleringsbaserad LCA i 
produktionsprocesser. Denna granskning har sedan lagt grunden för 
utvecklingen och implementeringen av den föreslagna metoden. Två verkliga 
fallstudier påvisar dess värde. Den första är en fallstudie inom avfallsinsamling 
där LCA integrerats i ett befintligt simuleringsbaserat beslutsstödsverktyg för att 
optimera organisationens aktiviteter ur ett livscykelperspektiv utifrån 
miljöpåverkan. En simuleringsbaserad LCA-modell av en 
järngjuteriproduktionslinje utökade användbarheten hos metoden genom att en 
beslutsstödsmetod föreslogs. 
De genomförda studierna visar att data och information från både 
simuleringsmodeller och LCA-databaser kan integreras och utnyttjas i den 
utvecklade simuleringsbaserade LCA-metoden. Detta gör att olika system med 
olika konfigurationer kan kombineras för att utvärdera relevanta parametrar, 
och så småningom ge information om övergripande miljöpåverkan till 
beslutsfattare för att förbättra fordonsindustrins miljömässiga hållbarhet. 
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CHAPTER 1  
INTRODUCTION 
The background and aim of this research and the generalized research questions 
are presented in this chapter.  

1.1 BACKGROUND 
From the first United Nations Environmental Program in 1972 to the recent 
United Nations Climate Change conferences, environmental issues have been 
recognized as one of the main limiting factors in the future development of 
humanity (United Nations, 2021). The 2030 Climate Target plan requires that 
the EU cut greenhouse gas emissions by 55% by 2030 and achieve climate 
neutrality by 2050 (European Commission, 2020). This means that the transport 
sector needs to cut emissions by 90% by 2050 (European Commission, 2021a). 
The foreseeable legislative demands to reduce total environmental impact 
present challenges to the transportation sector, and consequently t0 the 
automotive industry. At the same time, innovative products with substantially 
improved environmental performance are becoming more and more attractive 
in the market (European Commission, 2021b). Environmental footprint labels 
with a life cycle perspective are increasingly being considered to support 
transitions to sustainability (Sala et al., 2021). The automotive industry will thus 
have to start paying more attention to the life cycle of its products and services.  
Traditional life cycle assessment (LCA) is widely used in evaluating the 
environmental impacts of a product system (Baumann and Tillman, 2004). 
However, the method lacks the ability to analyze the dynamic characteristics of 
a system (Andersson, 2014). Simulation, on the other hand, is a technique that 
imitates a real-world process, thus representing the dynamic activities of an 
actual system.  
Several studies recommend a combination of LCA and simulation to address the 
dynamic nature of a system (Cerdas et al., 2017; Muroyama et al., 2011; Orji and 
Wei, 2016; Smolek et al., 2016; Widok et al., 2012). However, these studies have 



CHAPTER 1 INTRODUCTION 

 

 2 

often been limited to certain life cycle stages and impact categories (Andersson, 
2013; Solding and Petku, 2005; Seow et al., 2016; Seow and Rahimifard, 2011; 
Stiel et al., 2016). Companies are thus hesitant about using LCA as a support tool 
to help them meet future legislative requirements.  

1.2 RESEARCH AIM AND QUESTIONS 
The study aims to integrate LCA methods into simulation to support decision-
makers in evaluating and improving environmental impacts. The goals are to 
enable decision makers to have an increased understanding of the environmental 
consequences of their decisions from a system perspective, and to increase the 
industry's awareness of and response to issues of environmental sustainability.  
The following research questions (RQ) were proposed to realize the research 
aim:  

• RQ 1:  What are the potential benefits and challenges of combining LCA 
and simulation?  

• RQ 2:  How can LCA and simulation be combined to support decision-
making to improve industries’ environmental impact? 

Table 1.1 illustrates the correlation between the publications listed in this thesis 
and the research questions. Papers I and III address RQ1, in which the potential 
benefits and challenges of combining simulation and LCA are explored. Papers 
II and III answer RQ2: developing and applying the simulation-based LCA 
method in different contexts to demonstrate how simulation-based LCA can 
improve environmental sustainability in decision-making. 
 

Table 1.1 Research questions and publications in the thesis. 

 RQ 1 RQ 2 
Paper I x  
Paper II  x 
Paper III x x 

1.3 THESIS OUTLINE 
This chapter introduces the background, the research aim, and the research 
questions pursued in this thesis. Chapter 2 presents the review of relevant 
literature, which lays the theoretical foundation for the thesis. The research 
methodology is presented in chapter 3. Chapter 4 summarizes the results of the 
three appended publications and reflects on their contributions to the research 
questions. Chapter 5 reviews the research methodology used in this thesis before 
discussing its contributions to knowledge and practice, as well as its limitations. 
Finally, Chapter 6 presents the overall conclusion of this thesis, and highlights 
the major outcomes and prospects for future work. 
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CHAPTER 2  
THEORETICAL BACKGROUND 
This chapter presents a review of relevant literature, which lays the theoretical 
foundation of this thesis. 

2.1 LIFE CYCLE ASSESSMENT 
Life cycle assessment is a method for gathering and evaluating  the potential 
environmental impacts of a product throughout its life cycle (ISO, 2006a). The 
life cycle includes the acquisition of raw material, product manufacturing, usage, 
and end-of-life treatment (ISO, 2006b). Baumann and Tillman (2004) 
categorize the applications of LCA as follows: 

• Decision-making: e.g., product/process design and development, 
purchasing, and support for regulatory measures and policy 
instruments; 

• Learning/exploration: e.g., characterizing production systems, 
identifying improvement possibilities, and selecting environmental 
indicators; 

• Communication: e.g., LCA-based eco-labeling, environmental product 
declaration, and benchmarking. 

2.1.1 LCA METHODOLOGY 
To illustrate the framework of the LCA method, the structure of the LCA 
methodology is shown in Figure 2.1. There are four steps: goal and scope 
definition, life cycle inventory analysis, life cycle impact assessment, and 
interpretation.  
In the first step, goal and scope definition, the goal is often formulated with three 
aspects in mind: the intended application, the reason to carry out the LCA study, 
and to whom the results are to be communicated (ISO, 2006a). The scope should 
be well defined to cover all details, ensuring the study is compatible with 
addressing the stated goal (ISO, 2006a). The scope addresses the product system, 
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the functions of the product system, the functional unit, the system boundary, 
allocation procedures, and the selection of impact categories, as well as 
assumptions and limitations. All of these will determine the requirements for 
data collection.  
In the second step, life cycle inventory analysis, a model of the studied product 
is constructed. This is referred as a product system (ISO, 2006a). The product 
system can be broken down into several unit processes to facilitate data 
collection. Each unit process has its environment-related inflows and outflows. 
Typical in- and outflows include (Baumann and Tillman, 2004): 

• inputs of raw materials, energy, and other auxiliary materials; 
• product, semi-product; 
• emissions to air, water, and land. 

Once all the related in- and outflows data have been collected, the next step is 
calculation, in which all the input and output data are referenced to the defined 
functional unit. The final summary of the calculation is referred as the life cycle 
inventory (LCI). These results will be used in the impact assessment to evaluate 
the significance of the potential environmental impacts (ISO, 2006a).  
In life cycle impact assessment, the inventory data are assigned to pre-selected 
impact categories (classification), such as global warming or acidification. 
Indicator results are then calculated for each category (characterization) (ISO, 
2006b).  
Interpretation is a parallel action that interacts with the other three steps to 
evaluate and summarize the assessed environmental impact and determine the 
level of confidence in the final results and communicate them in a fair, accurate, 
and systematic manner (ISO, 2006b). The outcome of the interpretation phase 
is a set of conclusions and recommendations.  

2.1.2 LCA AND DECISION SUPPORT 
LCA has been used as a decision support tool in product design and development 
(Baumann and Tillman, 2004). In recent decades, it has also been considered 
crucial to supporting decision-making on the strategic level, that is, as a policy 
instrument (Sala et al., 2016) due to its systemic approach. LCA results are often 
interpreted as dominance analysis to identify which life cycle phase contributes 
the most to the total environmental impact and pinpoint specific environmental 
hot spots. However, a conventional LCA result may be undervalued when 
communicating with single decision makers (Heiskanen, 2000) such as product 

 
Figure 2.1 The structure of LCA methodology. 
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designers and manufacturers. When the conclusions and suggestions are drawn 
for the whole value chain, individual actors may believe that their efforts are 
insignificant in improving the product's life cycle impact when the suggested 
actions are beyond their decision scope (Baumann et al., 2011). Heiskanen 
(2000) suggested LCA results should be presented more interactively to 
demonstrate how each actor’s decisions may affect the environmental impact. 
Other studies have applied a similar approach and show that the potential 
environmental improvements can be quantified on an actor basis (Berlin et al., 
2008; Brunklaus et al., 2010; Löfgren et al., 2011). The major benefit of this 
approach is that it enlarges each actor’s awareness and responsibility and 
increases the environmental awareness of the whole organization (Baumann et 
al., 2011). 

2.2 SIMULATION 
According to Banks et al. (2013), simulation is defined as “the imitation of the 
operation of a real-world process or system over time” and is regarded as one of 
the most widely used tools in operations research and systems analysis. Chung 
(2004), Robinson (2004) and Shannon (1998) identify the major applications of 
simulation as including:  

• gaining knowledge about a system;  
• improving system performance;  
• gaining insight into the interactions of variables; 
• testing new operation hypotheses before implementation;  
• providing a non-disruptive learning platform; 
• abstracting information without disturbing the real-world system. 

2.2.1 INTRODUCTION TO SIMULATION 
Simulation models are created based on assumptions from the actual system, 
allowing different scenarios to be analyzed without affecting the existing process. 
According to Banks et al. (2013), simulation models can be classified as:  

• stochastic or deterministic, depending on the randomness of the process,  
• static or dynamic, depending on how the model evolves over time, and 
• dynamic, which can be further classified into discrete or continuous.  

Of the various types of simulation, discrete-event simulation (DES) is the one 
most frequently used to address real-world manufacturing industrial problems 
(Negahban and Smith, 2014). Banks et al. (2013) and Chung (2004) identify the 
following benefits of using DES:   

• system changes can be tested and analyzed without affecting the actual 
system;  

• physical systems can be designed and analyzed digitally without 
resource acquisition; 

• greater understanding of how variables interact and influence each 
other;  

• increased knowledge about the importance of variables for system 
performance;  
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• increased knowledge about how the system behaves;  
• hypotheses can be tested to understand the reason for certain 

phenomena; 
• bottlenecks in the system can be identified.   

Though simulation provides extensive opportunities for system analysis and 
improvement, Banks et al. (2013) and Chung (2004) also identify drawbacks that 
need to be addressed: 

• it requires expert knowledge for model building and expert knowledge 
in interpreting results; 

• it is time-consuming and costly; 
• it can be misused. 

2.2.2 SIMULATION-BASED DECISION SUPPORT 
A decision is “a commitment to a course of action that is intended to serve the 
interests and values of particular people” (Yates, 2003; Yates and Tschirhart, 
2006), while the process by which a decision is reached is referred to as the 
decision-making process. Traditional decision making is often based on the 
decision maker's experience and preferences (Champagne and Lemieux-Charles, 
2016). It is qualitative and intuitive, and performs poorly when designing and 
improving complex systems (Goienetxea Uriarte, 2019). It stands in contrast to 
evidence-based decision making, which seeks to use quantitative analysis to 
facilitate the decision-making process (Smith et al., 2020). 
Simulation models are a mature approach in manufacturing systems. They  
provide quantitative results and have been widely used to support decision 
making in many different areas, including material handling (Schulz et al., 2000; 
Silva et al., 2021), layout design (Altinkilinc, 2004; Zhang et al., 2019; Zúñiga et 
al., 2020), scheduling (Dias et al., 2018; Gupta et al., 2002; Turker et al., 2019) 
and strategic change (Duflou et al., 2012; Greinacher et al., 2015; Tundys and 
Wiśniewski, 2021).  
Simulation can also be used to support decision-making in the area of logistics, 
transportation and distribution, where it is used for planning, monitoring, and 
optimizing purposes (Fanti et al., 2015; Lima et al., 2015; Liu et al., 2019; 
Nevolina et al., 2014).  

2.2.3 SIMULATION MODELING FOR ENVIRONMENTAL 
ASSESSMENT 

Wohlgemuth and Page (2000) were the first to incorporate environmental 
considerations into a simulation. They performed a material flow analysis (MFA) 
using DES and evaluated both economic and ecological aspects of a production 
process. A similar approach was used by Reinhard and Motsch (2007) in an 
engine factory case, where energy, material flow, and machine time were 
integrated in the simulation.  
Energy consumption is another important area for simulation modeling. In four 
case studies in the foundry industry, Solding et al. (2009b, 2009a) developed a 
method of integrating electricity consumption in a  simulation. Dietmair and 
Verl (2009) proposed a detailed modeling framework using simulation analyses 
and optimizing energy usage in manufacturing.  
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Besides their use for energy analysis in manufacturing systems, simulation 
models are also used to evaluate the effects of different renewable energy policy 
strategies at the national levels (Aslani et al., 2014).  
Thiede et al. (2013) surveyed nine commercial simulation software products that 
are often used in the area of manufacturing, business processes, and logistics. 
They evaluated whether the features and capabilities of these commercial tools 
enabled environmental assessment in application areas such as energy modeling, 
waste and emissions calculation, and system perspective evaluation. 

2.3 COMBINATION OF LCA AND SIMULATION 
The idea of combining LCA and simulation has been developing as the next step 
toward integrating environmental aspects into simulation. The benefit of this 
combined approach is that it can overcome the limitations of LCA methodology 
(i.e., static and linear modeling of the processes – Reap et al., 2003). At the same 
time, the system perspective of LCA can extend the simulation to the system level, 
to avoid environmental burden shifting.  
Johansson et al. (2009) demonstrated how to use DES to generate requirement 
specifications for designing a sustainable manufacturing system taking into 
account energy consumption and CO2 emissions. Similar approaches  were used 
to set factory design requirements with the focus on increasing energy and 
resource efficiency (Heinemann et al., 2014; Muroyama et al., 2011). On the 
process level, two studies used LCA and simulation to determine the optimal 
process parameters for minimal environmental impact (Kim et al., 2015; Shao et 
al., 2010). Brondi and Carpanzano (2011) proposed a modular framework to 
facilitate gate-to-gate simulation-based LCA of production systems. Their 
approach was to perform separate modular LCAs for each manufacturing 
operation, with the total environmental impact being the aggregate of the 
individual LCA modules. 
The combination of LCA and simulation has been integrated with other analysis 
tools as well. For example, Paju et al. (2010) proposed a method that combined 
LCA, DES, and lean value stream mapping (VSM). In their method, LCA is 
employed as a standardized procedure for environmental evaluation, DES 
provides the dynamic feature, and VSM is used as a visualization and process 
mapping tool (Heilala et al., 2010).  The method also provides a set of 
sustainability indicators that can be used for intuitive benchmarking. In another 
study, LCA was introduced together with MFA and DES to broaden the 
evaluation focus from solo production processes to their up- and downstream 
chain (Widok et al., 2012). In their study, DES, MFA, and LCA are integrated into 
a single software application that provides both economic and environmental 
evaluations in addition to traditional production analysis. 
Andersson (2014) argued that combining LCA and DES requires expertise in 
both LCA and simulation, which increases implementation difficulties. He 
proposed an approach where the LCA is embedded in a simulation tool to 
support production engineers with simplified environmental and production 
analysis for a better understanding of processes. Sproedt et al. (2015) developed 
simulation-based decision support with an embedded Ecoinvent LCI database to 
connect LCA results with economic indicators. Their approach has been 
demonstrated and tested in four case studies to improve the eco-efficiency of 
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systems. The authors also point out the importance of providing detailed step-
by-step procedure guidance for the simulation approach. 
Comparison of the simulation-based LCA approach and traditional approaches 
to decision making show that the major benefits of the simulation-based 
approach are the dynamic allocation of resources and the output results when 
determining the environmental footprint of different product variants in the 
same production system (Lindskog et al., 2011).  
Löfgren et al. (2011) shifted the LCA perspective from the traditional dominance 
analysis to “operator hotspot analysis.” They introduced a method to examine 
how an individual manufacturing operator’s decision could influence 
environmental consequences. Cerdas et al. (2017) demonstrated how to perform 
real-time LCA at the manufacturing shop-floor level by integrating DES/LCA 
with MTConnect. The life cycle information flow is visualized at each work 
station to help the operators understand the system level impacts of their 
individual work. These approaches enable decision makers to identify potential 
improvements in the decision domain, thus encouraging them to be proactive 
and facilitate the spread of life cycle thinking within the organization (Cerdas et 
al., 2017; Löfgren and Tillman, 2011). 
Many LCAs have compared the environmental impact of vehicles with different 
powertrains in the transport sector (Nanaki and Koroneos, 2012; Sen et al., 2017; 
Shahraeeni et al., 2015). However, most of these studies focus on individual 
vehicles and limit the impact to greenhouse gas emissions. They thus provide 
only limited information supporting decisions for the whole transport sector 
(Göhlich et al., 2022). Syré et al. (2020) developed a multivehicle simulation-
based method that enables LCAs at a transport system level. Their approach 
includes evaluation of different vehicle specifications (e.g., passenger cars and 
distribution trucks) and technologies (e.g., electric, diesel, and gasoline-powered 
vehicles). Data such as the number of vehicles in the system, their mileage, and 
fuel economy are obtained from the simulation model. This method was further 
developed by Göhlich et al. (2022) by integrating different operation strategies. 
The integration allows comparison of different combinations of operation 
strategies and technologies in the transport sector. 
Several authors have described how to use LCA and simulation in waste 
management applications. Eriksson et al. (2002) proposed a waste management 
model that covers both organic and inorganic municipal wastes. The model can 
be divided into several sub-models and reorganized to represent different 
scenarios in a real-world system. The model is used to evaluate the 
environmental impact of different waste treatment scenarios (e.g., composting 
vs. incineration). Both the compensatory and up-stream processes are traced 
back for evaluation. Rios et al. (2003) used simulation-based LCA to design an 
electronics recycling process, investigating the optimal strategy for recycling 
engineering plastics from electronic waste. A similar approach compared 
distributed and centralized plastic recycling systems (Kerdlap et al., 2022). The 
real-time simulation serves as the inventory data of waste generation, collection, 
and transportation activities, while LCA offers the holistic view capturing the 
environmental impact of these activities. 
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CHAPTER 3  
RESEARCH APPROACH 
This chapter presents the research approach adopted for this thesis. It explains, 
the research strategies, as well as the data collection and analysis techniques. 
Finally, issues relating to the quality of the research in terms of reliability and 
validity are discussed.  

3.1 RESEARCH STRATEGY  
The research strategy is the approach employed to achieve the research aim and 
answer the research questions (Oates, 2006). The design and creation strategy is 
the main research strategy in this work. It is supplemented by other strategies, 
such as case studies and literature reviews, to address specific parts of the 
research questions. 

3.1.1 DESIGN AND CREATION 
The design and creation strategy is often applied when developing new IT 
artifacts. There are four types of IT artifacts: constructs, models, methods, and 
instantiations (March and Smith, 1995). In this thesis, a simulation-based LCA 
method is developed.  
The design and creation research strategy has been developed based on the 
information systems research framework (March and Smith, 1995)  presented in 
Figure 3.1. 
In this research framework, the research environment is the first aspect to be 
addressed. Within this environment, business needs, which are the driving force 
of the research topic, are analyzed from three different perspectives: people, 
organizations, and technologies. These analyses help to frame the research 
activities as addressing business needs and ensure that the research is relevant 
to its context (Hevner et al., 2004).  
In this thesis, the business needs were addressed in chapter 1. From a technology 
perspective, the well-established LCA method and simulation-based decision 
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support approach have seldom been combined to improve environmental 
sustainability, although both can benefit from each to provide more insights into 
dynamic systems (e.g., vehicle operation and manufacturing). Thus, business 
needs are clearly represented in the framework. 
Four research activities are suggested in this research framework: develop, build, 
justify, and evaluate. Building and development are considered to be design 
science and are focused on improving the performance of the artifact. Justifying 
and evaluating are characterized as natural science, targeting extracting general 
knowledge (March and Smith, 1995). 
The research presented in this thesis not only provides technical answers to 
certain case studies but also demonstrates academic qualities related to analysis, 
explanation, argument, justification, and critical evaluation (Oates, 2006). These 
activities will lead to new, general theoretical knowledge as well as insights into 
a new application domain. This research will help industry by demonstrating the 
advantages of quantifying life cycle environmental impacts via simulation, while 
also contributing to improving the theoretical level of methodology development. 

3.1.2 CASE STUDY 
Case study research is defined as “an empirical inquiry that investigates a 
contemporary phenomenon within its real-life context; when the boundaries 
between phenomenon and context are not clearly evident; and in which multiple 
sources of evidence are used” (Yin, 2009). A case study focuses on an individual 
or a small part of the population, and the conclusion reached is therefore 
acquired within a specific context. However, the case study method can  also be 
an in-depth research methodology providing detailed information on a 
phenomenon rather than merely statistical analysis (Oates, 2006). The four 
main types of case studies are 1) illustrative case studies, 2) exploratory (or pilot) 
case studies, 3) cumulative case studies, and 4) critical instance case studies (Yin, 

 
Figure 3.1. Information system research framework. 
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2009). In this thesis, two illustrative case studies were performed to demonstrate 
how the developed artifact can be utilized in the real-world system. 

3.1.3 LITERATURE REVIEW 
According to Aveyard (2010), a literature review is a “comprehensive study and 
interpretation of literature that addresses a specific topic.” The approach to a 
literature review may be systematic, semi-systematic, or integrative (Snyder, 
2019). The systematic review is regarded as the “gold standard.” It aims to use 
predefined selection criteria to identify all relevant empirical accounts (Davis et 
al., 2014). The semi-systematic review is used for the topics that have been 
expressed differently and studied in a number of disciplines, so that  the 
researchers need to use a meta-narrative approach to conduct the review (Wong 
et al., 2013). The integrative literature review is often found in business literature 
and is intended to conceptualize emerging topics. In this thesis, the literature 
review presented in Paper I used a systematic approach and aimed to summarize 
the knowledge from empirical studies.  

3.2 DATA COLLECTION 
Data is basic to research, and data collection is therefore essential. Two main 
sources of data were used in the thesis: documents and interviews.  

3.2.1 DOCUMENTS 
Found documents and researcher-generated documents are the two types of 
documents used in this study. Found documents exist prior to the research, and 
consist of items such as production schedules, internal documents in an 
organization, and academic literature. Researcher-generated documents exist 
only for the purpose of the research, and include models and diagrams that have 
been designed and obtained during the research activities (Oates, 2006). 
Documents were the main data source in the present study. In terms of found 
documents, policy-related documents were used to identify the requirements for 
the input and output parameters. Production-related data were obtained from 
production logs and simulation models. The life cycle environmental impacts 
were calculated from data collected from both academic literature and LCA 
databases. In terms of researcher-generated documents, many models and 
diagrams were produced during the study and used to demonstrate and evaluate 
the design processes. 

3.2.2 INTERVIEW  
The data derived from documents were supplemented by data collected from 
interviews. An interview is a conversation that aims to acquire specific 
information from others. There are three types of interviews: structured 
interviews, semi-structured interviews, and unstructured interviews (Oates, 
2006). This study used mainly semi-structured interviews as these allow the 
interviewees to express their ideas within a specified area and allow knowledge 
around the studied system to be obtained. 
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3.3 DATA ANALYSIS 
Both quantitative and qualitative data analysis were used in the present study. 
In the validation step, quantitative analysis is a more effective approach for 
handling the large amounts of data generated in the experiments and case 
studies. Such analysis can determine whether the method developed can 
correctly pinpoint environmental hot spots based on comparisons with other 
evaluation methods. The analysis can also indicate how much improvement is 
possible. In addition, the use of various tables, charts, and graphs to visualize the 
results facilitates recognizing patterns in the results.  

3.4 RESEARCH QUALITY 
The quality of the research refers to its reliability and validity. Reliability refers 
to the replicability of the obtained results or observations (Golafshani, 2003). 
Validity determines whether the research truly measures what it was intended to 
measure and the truthfulness of the research results (Joppe, 2006). 
Several actions were taken to ensure the reliability of the research. The research 
questions were explored through multiple research methods (e.g., literature 
reviews and case study) and application areas. The literature review followed a 
clearly laid out procedure, and the assessing steps, criteria, and results were 
documented to enable the study to be reproduced. In the case studies, multiple 
methods were triangulated to collect data from different sources. All the data 
collection and data analysis processes were documented to ensure the 
traceability of the data sources.  
Interview validity was used to check that the simulation models correctly 
represent the behavior of the real-world system. Critical activities and 
parameters in the model were reviewed by persons with knowledge of the real-
world system. In addition, the simulation model’s output data were compared 
with the system's historical data. The testing of the developed simulation-based 
LCA method in three different cases in two different application areas indicates 
that the developed method is not case-specific but generalized. 
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CHAPTER 4  
RESULTS  
This chapter presents the results and contributions of the included papers, as 
well as their relation to the research questions.  

4.1 PAPER I: REVIEW OF SIMULATION-BASED 
LIFE CYCLE ASSESSMENT IN 
MANUFACTURING INDUSTRY 

Paper I presents a literature review of simulation-based LCA in the 
manufacturing industry. The aim of the review was to obtain a more 
comprehensive understanding of the simulation-based LCA method and its 
ability to provide guidance for both academic research and industry applications. 

4.1.1 RESULTS AND CONTRIBUTIONS 
This paper provides a comparative analysis of existing studies where simulation 
and LCA are combined. The analysis is based on seven elements in accordance 
with ISO LCA standards: goal formulation, scope definition, degree of modeling 
detail, verification and validation, data collection, life cycle inventory and impact, 
and means of communication. The results are summarized as follows: 

• The goal of an LCA is often formulated with vague and broad questions, 
that may cause unnecessary complexity in the system modeling. In 
addition, the intended audiences are often largely forgotten. A more 
effective approach to reducing total environmental impact might be 
achieved by ensuring good alignment between the intended audiences 
and the actors involved in manufacturing processes. 

• The scope definition specifies both the life cycle phases to be studied and 
the functional units to be benchmarked. Most of the reviewed papers 
use the “cradle-to-gate” approach in the studied phases, which limits the 
results from a life cycle perspective. Moreover, only a few studies clearly 
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define the functional unit, which should be more explicitly defined as 
the basis of the evaluation.  

• The degree of modeling detail determines the resolution and accuracy 
of the results. Modeling a representative system requires attention to 
three aspects: machine states, product variants, and supporting systems. 
In the reviewed studies, energy consumption is often well-considered, 
but the product variants and supporting systems are less detailed, 
resulting in a limited evaluation.  

• Verification and validation are often disregarded in simulation-based 
LCA studies. An effective approach is to validate the simulation model 
and LCA calculations separately.  

• Thorough collection of production-related data and environmental data 
is very time-consuming, and a mixed data collection approach, using 
estimation and historical and measured data, can be effective. Measured 
data has priority over historical and estimated data. In LCA calculations, 
scaled data based on the functional units from production simulation 
models are often utilized.  

• In life cycle inventory analysis, energy use is commonly estimated from 
electricity consumption, and other types of energy use are often 
disregarded. Waste is only considered in terms of losses of direct 
materials. In terms of impact assessment, greenhouse gas emissions are 
often calculated solely based on electricity consumption, and on-site 
impacts are often disregarded. However, a LCA should consider all 
attributes of environmental impacts, and more detailed impact 
categories need to be addressed. 

4.1.2 RELATION TO THE RESEARCH QUESTIONS  
• Relation to RQ 1: The review paper reveals the benefit and feasibility of 

combining simulation and LCA to evaluate the environmental impacts 
of dynamic production processes. Additionally, as shown above, the 
review addresses the lack of critical elements in the LCA studies, which 
results in difficulties in comparing studies. A standardized guideline for 
simulation-based LCA procedure is needed to ensure the quality and 
value of future studies.  

4.2 PAPER II: APPLYING LIFE CYCLE 
ASSESSMENT TO SIMULATION-BASED 
DECISION SUPPORT: A SWEDISH WASTE 
COLLECTION CASE STUDY 

Paper II deals with the development and use 0f a simulation-based LCA method 
in a real-world application. The LCA is integrated into an existing simulation-
based decision support system (DSS) and provides additional important 
environmental impact information enabling the waste collection company to 
optimize their activities from a life cycle perspective.  
The study shows that data and information from both the simulation model and 
LCA databases can be integrated and utilized in the developed simulation-based 
LCA method. This allows systems with different configurations to be combined, 
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the relevant parameters to be assessed, and information on overall 
environmental impacts to be provided to decision makers.  

4.2.1 RESULTS AND CONTRIBUTIONS 
The main results and contributions reported in Paper II are presented below: 

• As shown in Figure 4.1, a seven-step method of simulation-based LCA 
was developed in accordance with the LCA framework (ISO, 2006a). 
Steps 1 to 3 correspond to the definition of goal and scope of the 
assessment in the LCA. Steps 4 to 6 are dedicated to constructing and 
validating a system model. These steps can be regarded as the inventory 
analysis in conventional LCA, but with more detailed specifications to 
facilitate system modeling. Step 7 corresponds to the impact assessment 
in LCA. In sum, step-by-step guidance for performing simulation-based 
LCA is provided.  

• Figure 4.2 shows a conceptual model for integrating LCA into the DSS. 
The collected environmental data were imported into the simulation 
model to calculate the environmental impacts of each modeling step. 
Existing process data in the DSS as well as simulated alternative 
processes/routines from the DSS were used as input for calculating the 
overall environmental impacts of the various alternatives.  

• System activity mapping is the key step in this method. Prioritizing and 
evaluating the significance of activities and parameters that contribute 
to the targeted assessments is important, as this directly influences the 
accuracy of the obtained results and facilitates effectiveness in data 
collection.  

 

 
Figure 4.1 System analysis and modeling method. 



CHAPTER 4 RESULTS 

 

 22 

• In the scope definition, functional unit specification is important in LCA 
studies, as different functional units may lead to different conclusions. 
A proper functional unit definition requires a deep understanding of the 
different process scenarios. A properly defined functional unit, possibly 
tailor-made to represent the function of the studied system, might be 
more suitable than a conventional unit. 

4.2.2 RELATION TO THE RESEARCH QUESTIONS 
• Relation to RQ 2: A step-wise method of integrating LCA into a 

simulation-based decision support system was developed and 
demonstrated in a real-world logistic application. The assessment 
results from the case provide a clear indication of how the 
environmental impacts are affected by the powertrain, fuel type, and 
configuration of the trucks. This information provides a solid base for 
choosing the combination that has the optimal environmental impact.   

4.3 PAPER III: LINKING SIMULATION-BASED 
LCA TO MANUFACTURING DECISION 
SUPPORT: AN IRON FOUNDRY CASE 
STUDY 

This Paper utilized the developed simulation-based LCA method in Paper II and 
performed a case study in the manufacturing industry domain. The study is 
performed on a foundry's production line to identify the hotspots of its 
environmental impacts. The study further analyzed and linked the 
environmental impacts to the respective production decision-making domains 
for providing potential improvements suggestions. The study also reveals the 
importance of understanding how the different system configurations influence 
the total environmental impacts.  

4.3.1 RESULTS AND CONTRIBUTIONS 
The main results and contributions of this study are summarized below: 

 
Figure 4.2 Conceptual model for the simulation-based LCA approach. 
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• In this study, the simulation model did not exist prior to the LCA study. 
Both simulation and LCA were started simultaneously. The results 
indicate that the simulation-based LCA method introduced in Paper III 
is applicable in the manufacturing domain to identify the environmental 
impacts of production processes.  

•  This study proposes a decision support approach in which the impacts 
from different environmental indicators are classified and allocated 
according to root cause analysis of the assessed parameters. Figure 4.3 
compares the results of the conventional LCA approach and the decision 
support approach. The decision support approach uses the same 
environmental impact categories as the LCA but is linked to more 
specified root causes. Electricity use is extracted separately from the 
other energy sources as it is more related to the system configuration. 
The results show that reduction of the impact of other energy sources 
cannot be achieved by adjusting only the system configuration; it 
requires finding alternative energy sources. Nevertheless, the impacts 
of the blast air and oxygen are directly linked to the operator's individual 
preference. 

• This study demonstrated how the configuration of the production 
system affects its environmental consequences. Figure 4.4 compares the 
global warming potential (GWP) impact of machines’ electricity 
consumption in the current setup and in alternative production 
scenarios. Alternative production scenarios showed a 10% increase in 
availability and a 25% reduction in takt time. Overall, a significant 28% 
GWP decrease per functional unit was observed in the alternative 
scenario.  

 
Figure 4.3 Conventional LCA approach (left) vs decision-support approach (right). 
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4.3.2 RELATION TO THE RESEARCH QUESTIONS 
In relation to RQ 1: This study concluded that the simulation-based LCA 
approach could significantly reduce the data management effort by using 
existing production data for system modeling and dynamic system configuration 
of facilities. The benefit of this approach for decision support is shown by its 
providing alternative options that can influence decisions at the early production 
planning phase.  
In relation to RQ 2: In this study, the simulation-based LCA method was further 
developed with the simultaneous development of an integrated system and an 
LCA model. The study also proves that this simulation-based LCA method can 
be used in different application areas to identify environmental impacts. The 
study proposed a decision support approach in which environmental impacts 
were linked to their root cause analyses. This helps decision makers identify 
potential improvements while maintaining a systematic view of production 
processes.   
 

 
Figure 4.4 Comparison between current scenario and alternative scenario in GWP 

of electricity consumption. 
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CHAPTER 5  
DISCUSSION 
This chapter discusses the research methodology, and the main contributions to 
knowledge and application practices. The limitations of the work are also 
discussed.  

5.1 RESEARCH METHODOLOGY  
In this work, the main research strategy was design and creation, which was used 
to develop the simulation-based LCA method. The work was initiated from 
within industry after identifying that the traditional LCA approach is not capable 
of analyzing dynamic manufacturing systems. Simulation is a mature technology 
that is often used to support decision-making about dynamic systems such as 
production processes and vehicle logistics. Combining LCA and simulation 
models provides another systematic perspective on environmental impact 
considerations in decision-making and will help in the reduction of total 
environmental impacts. 
To facilitate identifying gaps and provide suggestions based on existing studies, 
a literature review of existing simulation-based LCA in the manufacturing 
industry was conducted. A simulation-based LCA method has been proposed and 
discussed.  
The proposed method was verified and tested in an existing simulation model, 
proving that LCA could be integrated with existing decision support tools for 
environmental impact assessments. The method was further verified and 
developed using a foundry process case, in which the model was built from 
scratch with consideration of LCA as well as integrating its databases. The results 
indicate the potential of the versatile application of simulation-based LCA for 
environmental impact assessment.  
As a work of research, this thesis not only provides answers in regard to the case 
studies but also contributes to improving the theoretical level of methodology 
development and facilitation for practitioners.  
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5.2 MAIN CONTRIBUTIONS  

5.2.1 CONTRIBUTIONS TO KNOWLEDGE 
A method to facilitate integrating LCA into simulation-based decision support 
was developed and tested in an existing simulation-based decision support 
system to verify its feasibility. Further development of this simulation-based LCA 
method was achieved with simultaneous development of an integrated system 
simulation and LCA model.  
In the first two case studies, the method was demonstrated with a focus on the 
vehicle end-user application. The foundry case shows the potential of the method 
in manufacturing processes. It proves that simulation-based LCA method is 
applicable in different application phases/areas for identifying environmental 
impact. 

• This thesis work reviewed existing simulation-based LCA studies, 
summarized their abilities, and identified the research gaps.  

• The proposed simulation-based LCA method has been implemented 
and further developed through two real-world cases, demonstrating its 
applicability in different application phases/areas for identifying 
environmental impact. 

• In the proposed decision support interpretation approach the 
environmental indicators are assigned to their root cause analyses. 

5.2.2 CONTRIBUTIONS TO PRACTICES 
By integrating the LCA into simulation-based decision support, decision makers 
can obtain the environmental impacts of different system configurations. This 
provides a clear indication of the environmental consequences of 
production/operation decisions.  
In addition, in the proposed decision support approach, the environmental 
impacts were linked to their root cause analysis. This approach not only helps 
decision makers identify potential improvements but also acknowledges the 
responsibility of the environmental actors along the product chain, thus 
increasing environmental awareness (Baumann et al., 2011). 
A data sensitivity analysis of the combination of LCA and system simulation is 
needed as the method is intended to capture the dynamic behavior of a system. 
However, in reality, production-related data are often available at a more 
detailed level than the environmental data (e.g., energy and material 
consumption and emissions), which are often available only in aggregated form 
(line/factory level). This unbalanced availability of production and 
environmental data may limit the use of the method as LCA results may not be 
adequately sensitive as the production processes change. However, increasing 
levels of digitalization offer possibilities of collecting more detailed, accurate, 
and even real-time data in the near future (Davidsson et al., 2016). Thus, more 
sensitive, and accurate system simulation can be achieved for decision support.   
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5.3 LIMITATIONS 
The main limitations of the study originate from the nature of the simulation 
modeling and LCA calculations and involve data accuracy and availability. 
Integration of LCA into the simulation model requires knowing the boundary 
considerations of the application area. Modeling details and their representation 
limit the applicability of the calculated LCA results in different life cycle phases. 
To guarantee the accuracy of the results and their applicable details, model 
validation and LCA result verification are required. This will improve future 
results, but without further validation this is a limitation of the current study. 
Application boundary limitations need to be further verified by more case studies. 
The research project was carried out in close cooperation with Volvo Group; 
hence the vehicle manufacturing and end-user applications were selected as 
study cases. The feasibility of the approach in the product development phase 
and end-of-life phase, as well as applications in other industries, needs to be 
further investigated.  
The lack of a systematic cross-verification method for combined LCA and system 
modeling limits the accuracy of the results and the methods versatility and 
applicability in future system optimization.   
Substituting alternate energy sources may also be investigated. However, these 
may lead to infrastructure changes with resultant environmental consequences. 
More comprehensive system modeling may be required to reveal the total impact 
of changes due to system infrastructure modifications.  
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CHAPTER 6  
CONCLUSION 
This thesis demonstrates that the combination of LCA and simulation is a 
feasible and effective approach to determine the environmental impacts of a 
complex system.  
With the proposed LCA-based system simulation approach, the environmental 
consequences are dynamically represented and sensitive to system changes, 
facilitating understanding of how the environmental consequences respond to 
system configuration decisions. In addition, the effort of data management is 
reduced by using existing production data as input for the environmental 
assessment. The benefits of this approach were demonstrated in two real-world 
case studies.   
To support decision-making in improving environmental impact, the proposed 
method was verified and further developed in different application areas to 
increase its applicability. Integration extends the influence of decisions at the 
early production planning phase. In addition, the decision support approach 
facilitates identifying improvements and increases environmental awareness.    
Challenges for this simulation-based LCA method approach were also addressed. 
There are critical elements lacking in the existing simulation-based LCA 
approach that result in difficulties when cross-comparing with other approaches. 
In addition, the existing approaches focus on evaluation but do not necessarily 
increase a company's environmental awareness. Finally, the fact that much more 
data is more easily available for production than for environmental aspects 
makes it difficult to sufficiently capture the dynamic environmental 
characteristics of a complex system.  
Future work can investigate the further integration of simulation-based 
optimization to achieve optimal environmental performance. The case studies in 
this thesis focused on vehicle manufacturing and single end-user application. 
Future projects could investigate how the combination of system simulation and 
LCA can improve environmental sustainability throughout a vehicle's design, 
manufacturing, usage, and recycling phases 
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Review of Simulation Based Life Cycle Assessment in Manufacturing 

Industry 

The manufacturing industry has a duty to minimize their environmental impact and 

increasing number of legislations include environmental impact evaluations from 

a life cycle perspective are launched to avoid burden shift. Current manufacturing 

industry increase their use of computer-based simulations for optimizing 

production processes. In recent years, a number of studies have been published, 

combining simulations with life cycle assessments, to evaluate and minimize the 

environmental impact of production activities. Still, current knowledge concerning 

simulations for LCA is rather scattered. Therefore, this paper reviews relevant 

literature covering simulation based LCA for production processes. The results of 

the review and cross comparison of papers are structured following the seven 
categories in line with the ISO standard definition of LCA and report the strengths 

and constraints of the reviewed studies.  

Keywords: simulation; life cycle assessment, manufacturing; environmental 

impact 

1 Introduction  

Environmental issues concern everyone’s daily life and have been identified as one of the 

major limiting factors for humans future development, at the United Nations climate 

change conference in 2015 (United Nations, 2016). The manufacturing industry as many 

other industries is obligated to reduce their environmental impact, e.g. via regulations 

related to carbon oxide emissions. Earlier, most efforts have been put on minimizing the 

environmental impacts of individual products, whereas the impacts generated from the 

actual production were largely ignored. Nowadays legislations are also pushing forward 

the reduction of the negative environmental consequences of the production (European 

Commission, 2011). Besides the mere legislative aspect, many companies have also 

realized the positive branding and marketing opportunities related to an environmental 

strategy. Thereby, environmental impacts reduction from a production process life cycle 

perspective provides not only challenges but also opportunities for the manufacturing 

industry.  

Life cycle assessment (LCA) is a common way to assess the environmental 

impacts of a product throughout its life cycle (ISO, 2006a). It is widely accepted as part 

of the product development phase, but if applied on the production process, it often results 

in uncertainties and may therefore not serve as an appropriate tool for identifying 

hotspots. One main reason hindering the application of LCA in the production phase of 

the product’s life-cycle is the dynamic characteristic of production processes (Andersson, 

2014). Number of studies have suggested the combination of discrete-event simulation 

(DES) together with LCA to evaluate production processes’ environmental impacts while 

addressing the dynamical nature of the processes. However, current literature is scattered 

and to yield a more comprehensive understanding of the proposed methodology and its 

applicability, this paper presents the results of an extensive literature review, covering 27 

selected scientific papers on this particular matter, aiming at providing independent and 

applicable information and suggestions for both academics and industry.  



2 Methodology 

In this paper, a systematic review (Tranfield, Denyer, & Smart, 2003) of simulation based 

LCA studies in application of manufacturing industry is carried out. The aim of the study 

is to provide an overview of the existing studies and perform an independent technical 

review for both academic researches as well as industry applications.  

The time frame is set between 2006-2018, as the main stream LCA standard (ISO, 

2006a, 2006b) was published in 2006, and these standards are used as basis for setting 

the reviewing criteria elaborated below.  

Online scholarly databases: ScienceDirect, Scopus and Web of Science are used 

for literature search. Table 1 shows the search strings that used to identify the relevant 

studies. These words are combined with the Boolean expression “AND” to form all 

possible combinations and applied in the search field of topic, title, abstract and keywords 

in the selected databases to identify the relevant studies. To ensure the full coverage, 

additional relevant articles were also added through manual screening of cross-references. 

Table 1. Search strings. 

Life cycle assessment Simulation Manufacturing 

LCA Simulation Manufacture* 

Life cycle assessment Discrete event  

Life cycle analysis Agent based  

 System dynamics  

Within the searched literatures, studies that only intended for a comprehensive 

environment assessment are considered in our review. For example, the studies focus on 

the electricity modelling without considering life cycle perspectives are excluded.  

The detailed selection process is shown in Figure 1, and in total 27 articles were 

selected for the review. These papers are structured in a table and a search for common 

classification among studies is performed in accordance with the ISO standard (ISO, 

2006a, 2006b) for LCA. The selected literatures are reviewed within following seven 

categories: Goal formulation, scope definition, level of modelling details, verification and 

validation, data collection, life cycle inventory and impact, as well as their means of 

communication. More detailed review and discussions based on these categories are 

presented in the results section.  

 

 



 

Figure 1 Steps for literature search. ( adapted from Schulze, Nehler, Ottosson, &  

Thollander (2016).) 

3 Results 

The selected articles can be divided into three categories according to their methodology, 

shown in Table 2. Methodology development and case evaluation is the most common 

approach, where the studies are more focused on quantitative evaluation. These studies 

often first propose a methodology and demonstrate the methodology via a case study. The 

second largest group is conceptual work, in this group, the studies propose the ideas at 

abstract level without detailed practical case application. The articles in the literature 

review group summarize the previous work. All the reviewed articles and their applied 

methodologies are listed in appendix.  

Table 2 Study methodologies. 

Methodology Percentage 

Literature review 11% 

Conceptual work  33% 
Methodology development and case evaluation 56% 

 

3.1 Goal formulation 

In accordance with the ISO standards  (ISO, 2006a, 2006b), the examining of goal 

formulation is based on three criteria: the intended application, the reasons for carrying 

out the study, and the intended audience. Most of the studies report the intended 

application, and the major applications are: learn about life cycle, support product 



development, and support manufacturing strategy.  In terms of the reasons for carrying 

out the study, two type of questions are often appeared in the studies: “which process 

contributes the most to the environmental impact” and “which manufacturing 

configuration has the minimum environmental impact”.  

Concerning of the intended audience, 81% of the studies just vaguely defined as 

“stockholders / decision makers” or did not specify. Some exceptions also appeared in 

the review, such as production engineer (Andersson, 2013; Paju et al., 2010), engineering 

managers (Orji and Wei, 2016), and production planners (Schönemann, Schmidt, 

Herrmann, & Thiede, 2016) are defined as the intended audience. In addition, an actor’s 

perspective (Löfgren and Tillman, 2011) was suggested to be included into the goal 

definition as these actors can directly influence the environmental consequences of their 

production processes.  

3.2 Scope definition 

We examined the scope definition with two criteria: the functional unit and the life cycle 

phases (ISO, 2006a). The majority of the reviewed studies follow the traditional life cycle 

phase’s classification: raw material acquisition, manufacturing, use and the end-of-life 

(including waste treatment, recycling and final disposal). However, two of the studies use 

some other classification methods, Heinemann et al. (2014) divided the factory system’s 

entire life cycle into building setup, machines usage, technical building shell usage and 

building disposal phases. Whereas Orji and Wei (2016)  defined six phases of a products 

which including development, manufacturing, operation, maintenance, decoupling and 

waste collection stages.  

As shown in Table 3, all of the studies cover the manufacturing phase since our 

review is focus on the LCA of manufacturing processes. 64% of the studies also cover 

the raw material acquisition phase, which including the production of direct material of 

the product, in their study scope. Use phase and end-of-life phase are often disregarded 

as the manufacturing company have limited influence in these two phases and the 

difficulty of data collection (Andersson, 2013). 

Table 3 Review results of life cycle phases.  

Life cycle phases Percentage 

Raw material acquisition 64% 

Manufacturing  100% 

Use 18% 

End-of-life 23% 

All 18% 

  

Functional unit is the basis for evaluation and comparison of LCA results (ISO, 

2006a). In the reviewed studies, 21% of studies defined the functional unit explicitly, and 

other 54% studies, the functional unit can only be extracted from the context. Whereas 

25% of the studies did not specify any functional unit. Among different functional units’ 

definitions, product or production process are the most common used term. In terms of 

product, the evaluation are based on certain number of products, whereas in production 

process, assessment is based on production activity during a certain time period.  



3.3 Level of modelling detail 

Level of modelling detail determines the accuracy of the simulated manufacturing 

processes thus directly influence the accuracy of the obtained LCA results. The level of 

modelling detail is surveyed based on three sub-categories: production variants, 

supporting systems and machine working states.   

In consideration of product variants, only 21% of studies taken into account the 

difference in product variants contributions. Others either just have one type of product 

or products are too similar to neglect their differences. However, the energy and auxiliary 

material usage for producing different variants may vary significantly, which can directly 

influence the environmental impact.   

During production, the machines always work with varieties of supporting 

systems, e.g. from basic pumps to advanced auxiliary system, these supporting system 

consume energy and may also have emissions, therefore all of these support are needed 

to be specified for detailed calculation of LCA impacts. From the reviewed studies, 54% 

of them did not consider any contributions from the support systems, where the others 

consider different support systems including auxiliary materials (Bengtsson, Michaloski, 

Proctor, Shao, & Venkatesh, 2010; Paju, et al., 2010), air compressor (Heinemann, et al., 

2014; Löfgren and Tillman, 2011; A. Sproedt, Plehn, Schönsleben, & Herrmann, 2015) 

as well as shield gas and welding rod etc.(Andersson, Skoogh, & Johansson, 2011). 

In most of the production processes, machines are not always in busy state, thus, 

consideration of different machine state may result significant impacts on the LCA 

results. About one third of studies did not taken into account the machine states, another 

one third of studies considers only busy and idle states, rest of the studies take more than 

three machine states into considerations.   

3.4 Verification and validation  

Model verification and validation are the critical steps to ensure the reliability for both 

simulation and LCA models. More than 80% of the reviewed studies did not mentioned 

the verification on step. Verification is often defined as ensuring “the model is correct 

and matches any agreed-upon specifications and assumptions” whereas validation often 

defined as ensuring “the model represents the real system to a sufficient level of accuracy” 

(Carson, 2002). In the reviewed studies, two studies (Andersson, 2013; Kim, Shin, Shao, 

& Brodsky, 2015) acknowledge the importance of verification in the simulation based 

LCA approach however did not provide any practical guidance. One study points out the 

simulation based LCA model can be verified by reviewing the critical processes in real 

manufacturing activity (Lindskog et al., 2011). Another study provided verification 

approach on enterprise, shop floor and operation level (Zhang, Amodio-Calvo, & 

Haapala, 2013).  

According to ISO standard (2006b), LCA results need to be validated by external 

reviewers. However, may due to practical reasons, none of the studies fulfil this 

requirement.  Nevertheless, 29% of studies performed internal review for validation, and 

their validation approaches are analysed as following.  

In case of simulation based LCA validation, as the majority of the environmental 

impacts calculations are based on the data extracted from production simulation model, 

it is important to validate the process simulation model before validate the LCA results.  

Four studies validate their production model (production part) against the historic 

production data (Lindskog, et al., 2011; Löfgren and Tillman, 2011; A. Sproedt, et al., 



2015; Zhang, et al., 2013), one study used mathematical approach (Kim, et al., 2015). 

When comes to the LCA model validation, mainly two approaches are applied: validate 

against the results with traditional LCA (Andersson, et al., 2011; Lindskog, et al., 2011) 

or against with the historical production data (Löfgren and Tillman, 2011; A. Sproedt, et 

al., 2015; Zhang, et al., 2013) . In all, two models’ validation are needed in the simulation 

based LCA studies. The validation of manufacturing processes model against the historic 

data seems a common practice, enhancements in LCA model validation are however 

needed from external review.  

3.5 Data collection 

Two types of data are needed for a simulation based LCA study: production related data 

(e.g. processing time, availability) used for description of production process and 

environmental data (e.g. electricity consumption, material usage and waste) needed for 

environmental impacts calculation. Table 4 presents the source of data that have been 

used in the reviewed studies. For production related data, a mixed data collection 

approach is applied in majority of the studies. Here, measured data are used whenever it 

is available, some studies even uses real time monitoring technique for data collection 

(Bengtsson, et al., 2010; Mani, Johansson, Lyons, Sriram, & Ameta, 2013). For the data 

that difficult to obtain from the field measurements, the statistics historical data are often 

applied. The most preferable approach is using estimated data which based on the 

previous knowledge or obtained from simulation results, including the dummy production 

data for the methodology demonstration. However, 17% studies did not specify their data 

sources.  

Table 4 Review results of data sources.  

Data collection approach Manufacturing LCA 

Measured data 33% 42% 

Historical data 33% 29% 

Estimated data 58% 17% 

From simulation model* - 33% 

Literature data 8% 8% 

Data source not mentioned 17% 21% 

Note: Data collection approach is evaluated separately, i.e. several approaches can be applied 

in one study. 

For the LCA related data, similar to the manufacturing data, measured data are 

the most preferred ones, 42% of studies used measured data. The second preferred 

approach is using the results from production simulation model. In this approach, the 

material or energy consumptions obtained from production simulation model is scaled 

with the predefined functional unit and applied for LCA studies (Andersson, et al., 2011; 

Smolek, Leobner, Heinzl, Gourlis, & Ponweiser, 2016). More than half of studies used 

combined approach as all the desired data are often difficult to be collected via any single 

approach.  

3.6 Life cycle inventory and impact assessment 

According to the ISO standard (ISO, 2006a) “LCA considers all attributes or aspects of 

natural environment, human health and resources”, thus LCA results can be presented in 



numerous ways. For example, life cycle inventory (LCI) result specifies detailed 

substance flow of resources and emissions. Whereas, life cycle impact assessment (LCIA) 

result converts the LCI results further into a common unit specified in the defined impact 

categories, such as climate change, ozone depletion, resource depletion and etc. Our 

evaluation for life cycle inventory and impact assessment is based on whether the studies 

reported on energy, waste, climate change, and any other additional impact categories 

and the results are shown in Table 5. 

Table 5  Review results of inventory and impact assessment.  

Inventory and impact assessment Level of result Percentage 

Electricity LCI 100% 

Other energy LCI 25% 

Waste LCI 54% 

Climate change/greenhouse gases (GHG) LCIA 71% 

Other impact category besides GHG LCIA 17% 

   

Energy consumption is the most common indicator considered in manufacturing 

processes. As the major power source to machines, electricity consumption has been 

addressed in all studies. Other forms of energy, such as oil, gas or other thermal energy 

are also addressed in one fourth of the studies.  

In terms of waste, 54% of studies take waste into consideration. Among these, 

five studies (Harun and Cheng, 2011; Löfgren and Tillman, 2011; Muroyama, Mani, 

Lyons, & Johansson, 2011; A. Sproedt, et al., 2015; Zhang, et al., 2013) considered waste 

as the losses of direct material (e.g. scraps, paints), and the rest claim the importance of 

waste consideration but without specify the type of waste.  

 Concerning the impact assessment, 71% studies report the impact in climate 

change, though the most of them only calculate the kilograms of CO2 equivalent based 

on electricity consumption. Few exceptions can also be found, three studies (Bengtsson, 

et al., 2010; Heilala, Paju, Montonen, Hentula, & Heikkilä, 2010; Kim, et al., 2015) take 

NOx into consideration when performing impact assessment in climate change. However, 

other on-site emissions, such as emissions come from combustion of fossil fuels and 

direct emissions from production processes are often ignored. Only one study (Harun and 

Cheng, 2011) reported the volatile organic compound (VOC) from the painting process.  

 In terms of other impact categories besides climate change/greenhouse gases, 

17% of studies have considered but in an implicit way. These are often conceptual studies 

with only addressing the impact categories to be considered without quantitative 

evaluation. Nevertheless, one study (Brondi and Carpanzano, 2011) presents  

comprehensive LCIA results specified in 11 impact categories. 

3.7 Means of communication 

As one of the most critical step in LCA studies, means of communication concerns how 

results are presented and communicated. A summary of means of communication in 

reviewed papers is presented in Table 6.  

 

 

 

 

 



Table 6. Review results of interpretation.  

Means of communication Type Percentage 

Bar chart Graphic 33% 

Pie chart Graphic 4% 

Dot chart Graphic 4% 

Line chart Graphic 4% 

Table Table 25% 

Text Text 4% 

No No 29% 

   

Graphical representation is the most common approach, as it is the most intuitive method 

and often used for presenting results at the LCIA level. Among different graphic 

representations, bar chart is the most preferable approach in the reviewed studies, the bars 

can be shown in the stacked format to represent the environmental contributions from 

different life cycle phases or different materials usages as well as various machine states, 

etc. to help identify the significant items, as shown in Figure 2, an example of a typical 

bar chart representation. Tables are the most effective way to present extensive data, this 

approach is applied by one fourth of the reviewed studies, and it is mostly used to present 

the data at LCI level. Only one study uses text to communicate their result, this approach 

is however, limits the efficiency of the data representation. In addition, 29% of studies 

did not present any quantitative results as most of them are conceptual work and only 

demonstrate their methodologies without any quantitative analysis. 

 

 

 

Figure 2. Example of a type bar chart representation. 

4 Discussion and conclusion 

This study reviews papers in the area of simulation based LCA in manufacturing that have 

been published since 2006. The aim of the review is to evaluate and discuss dependencies 

of the method as well as their obtained results. The reviewed papers are summarized and 

structured in a table for classification and evaluation using seven categories in accordance 

with the LCA standards. The obtained results are concluded and discussed as following. 

As the first step of a LCA study, the goal definition are often required at the first 

place, however, due to lacking of the system understanding, the vague and broad 

questions are often formulated. This often causes an unnecessary complexity in the 

system modelling. To improve this, an iterative goal definition process could be applied, 

where the goal is allows to be refined when having a better understanding of the system 



and/or the critical issues have been identified. Moreover, the intended audience, as 

important part of goal definition, are largely forgotten or vaguely defined as decision 

makers. Alignment between intended audience and the actors, who are directly involved 

in manufacturing processes, may substantially reduce the total environmental impacts in 

a more efficient manager. 

The scope definition specifies life cycle phases to be studied as well as functional 

unit to be benchmarked. In life cycle phase definition, studies often only take 

manufacturing phase or manufacturing plus material production phase into account. 

These approaches, so called cradle-to-gate approach, are feasible with condition that the 

environmental impacts generated from down-stream phase are not influenced by any 

changes appeared in the up-stream phases. Otherwise, the whole life cycle phases need 

to be considered. Functional unit, as the basis for evaluation, is required to be defined 

explicitly. However, only 21% of the reviewed studies clearly defined the functional unit 

to be evaluated, and majority of the studies (54%), define it vaguely in the context. In 

most of the studies, two types of functional unit definitions are appeared, i.e. product or 

production process. However, as the function of the production processes is to produce 

product, it is more reasonable to have a product as the functional unit rather than a 

production process, in author’s opinion.  

Complex production processes are often simplified in system modelling, level of 

modelling detail is therefore important in determine the resolution and accuracy of the 

results. In our opinions, a good system model need to cover following three items: 

machine states, product variants, and supporting systems. In this review, 70% of the 

studies considered at least two machine states in energy consumption evaluation. 

However, 83% of the studies did not consider the product variants and half of the studies 

focus only on the machine or production line without the supporting system considered. 

Material and energy consumptions may differ in products variants and supporting 

system to the production line also contributing to the environmental impacts. Thus, these 

impacts needs to be allocated to the defined functional unit. Different allocation methods 

may vary the result significantly, it is thus important to choose the appropriate allocation 

method represent the intention of the LCA study. The allocation is suggested to be based 

on physical properties, such as weight, space, volume etc. as well as economic factors 

(ISO, 2006b). 

Verification and validation are often disregarded in simulation based LCA studies, 

as they are often complicated processes and difficult to implement in practice. To avoid 

inherent errors often appeared in the study, validate the process simulation model and the 

LCA calculation separately seems an effective approach.  

Data collection is the most time consuming step for the simulation based LCA 

studies due to large amount of data required as well as availability of the data details. In 

the simulation model, a mixed data collection approach is applied in majority of the 

studies. Here, the measured data has priority to the statistic or estimated data. In LCA 

calculations, measured data is also the most preferred ones, and the scaled data based on 

functional unit from production simulation model is also utilized.  

In LCI analysis, energy usage is well reported in the form of electricity, other type 

of energy are often disregarded.  Waste is taken into account by half of the studies, often 

in the form of the losses of direct materials. In impact assessment, 71% of studies report 

the impact in climate change, however most of them are only calculate based on the 

electricity consumption, the on-site impacts are often disregarded.  Nevertheless, as LCA 

considers all attributes or aspects of environmental impacts, more impact categories 

should be evaluated. 



Means of communication is important in LCA studies as it concerns how the 

results are presented and communicated. Graphical representation is the most intuitive 

method and commonly used for presenting results at the LCIA level. Tables are the most 

effective way to present extensive data, and it is mostly used to present the data at the 

LCI level. However, still one third of the studies did not present any quantitative results 

due to their conceptual work and focus on methodology elaborations. 

In all simulation based LCA studies are still a rather new study area combining 

the subjects of production simulation and life cycle assessment. Number of studies has 

claiming using this approach, however, some of these studies are clearly lacking of 

compulsory elements in a standard LCA study, and causing difficulties in the cross 

compression of different study results.  This implies that a standard guidance for working 

procedure is needed to ensure the quality and value of future simulation based LCA 

studies.   

 
  



Appendix 

Articles included in the systematic review: 

Articles Type 

(Johansson, Mani, Skoogh, & Leong, 2009) Methodology and evaluation 

(Bengtsson, et al., 2010) Conceptual work 

(Heilala, et al., 2010) Conceptual work 

(Paju, et al., 2010) Conceptual work 

(Shao, Kibira, Lyons, & Asme, 2010) Conceptual work 

(Andersson, et al., 2011) Conceptual work 

(Brondi and Carpanzano, 2011) Methodology and evaluation 

(Harun and Cheng, 2011) Methodology and evaluation 

(Lindskog, et al., 2011) Methodology and evaluation 

(Löfgren and Tillman, 2011) Methodology and evaluation 

(Muroyama, et al., 2011) Methodology and evaluation 

(Andersson, Johansson, Berglund, & Skoogh, 2012) Conceptual work 

(Widok, Schiemann, Jahr, & Wohlgemuth, 2012) Conceptual work 

(Andersson, 2013) Methodology and evaluation 

(Mani, et al., 2013) Conceptual work 

(Alexander Sproedt, Plehn, & Hertz, 2013) Methodology and evaluation 

(Thiede, Seow, Andersson, & Johansson, 2013) Literature review 

(Zhang, et al., 2013) Conceptual work 

(Heinemann, et al., 2014) Methodology and evaluation 

(Kim, et al., 2015) Methodology and evaluation 

(A. Sproedt, et al., 2015) Methodology and evaluation 

(Orji and Wei, 2016) Methodology and evaluation 

(Schönemann, et al., 2016) Methodology and evaluation 

(Smolek, et al., 2016) Methodology and evaluation 

(Cerdas, Thiede, Juraschek, Turetskyy, & Herrmann, 2017) Methodology and evaluation 

(Ramanujan, Bernstein, Chandrasegaran, & Ramani, 2017) Literature review 

(Gbededo, Liyanage, & Garza-Reyes, 2018) Literature review 
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Abstract. A method of integrating life cycle assessment into a simulation-based 

decision support system has been developed to help decision makers take envi-

ronmental impact into account during daily operations. The method was demon-

strated in a real-world case study involving eight different trucks, which were 

selected and maintained by the case company. The trucks used different fuels, 

namely diesel, biodiesel, vehicle gas, and electricity. Compared to conventional 

diesel trucks, those using biodiesel emitted 37 % less greenhouse gas (GHG) 

emissions. Gas trucks reduced GHG emissions by a further 40 %. Overall, elec-

tric trucks have the lowest emissions. This paper also addresses the development 

of the methodology for this study. In particular, comparisons are made regarding 

the selection of different functional units and system activity mapping. Ways of 

achieving more accurate conclusions in future studies are discussed. 

Keywords: Life Cycle Assessment, Simulation, Decision Support System 

1 Introduction 

In Sweden, the transport sector is responsible for 32 % of total greenhouse gas (GHG) 

emissions [1], which is the highest among all sectors. To reduce GHG emissions from 

the transport sector, the Swedish transport agency promotes the use of energy efficient 

vehicles and renewable fuels [2]. Due to frequent starts and stops, garbage trucks are 

one of the major contributors to GHGs. To reduce emissions from garbage trucks, local 

authorities in Sweden now require a shift from fossil fuels to various forms of renewa-

ble fuels [2]. Meanwhile, electric trucks are also being tested in selected areas on a 

smaller scale and have demonstrated great potential for the waste collection industry 

[3].  

While the choice of fuel is undoubtedly an important factor in reducing the environ-

mental impact of garbage trucks, we argue that to achieve the best overall impact re-

duction, the truck’s whole life cycle should be considered. Life cycle assessment (LCA) 

can be used to  evaluate the potential environmental impacts of a product or service 

throughout its life [4, 5].  

LCA is commonly used to support decision making, product development, and com-

munication [6]. However, studies evaluating different garbage trucks have produced 



 

 

inconsistent results. One LCA study in the USA concludes that compressed natural gas 

(CNG) trucks have 33 % higher GHG emissions than conventional diesel trucks [7]. A 

similar study performed in Canada shows a 24 % GHG reduction for CNG compared 

to a diesel truck. A Swedish LCA study [8] reports similar GHG emission levels for 

diesel and CNG trucks. The results in [7] also prove that electric trucks are the best 

alternative in all respects. However, another study [9] in the USA concluded that both 

CNG and electric garbage trucks have higher GHG emissions than diesel trucks, and 

revealed that the source of the electricity is the determining factor when evaluating an 

electric truck. 

This study sets out to develop a methodology that can integrate the LCA method into 

an existing discrete event simulation-based decision support system in order to use the 

data and information from the both, allowing the combined systems to evaluate differ-

ent configurations, assess the relevant parameters, and eventually provide information 

on environmental impacts to decision makers. Similar approach can also be found in 

[10-13] that facilities the LCA study on dynamic production processes. 

In the next section, the methodology used in the study is presented, followed by a 

case study described in section 3. Finally, the discussion and conclusions are presented 

in section 4.  

2 Methodology 

A method of simulation-based life cycle assessment was developed in accordance with 

the LCA framework [4]. The seven steps in the method are shown in Fig. 1. Steps 1 

and 2 correspond to the definition of the goal and scope of the assessment in the LCA. 

Steps 3 to 6 are dedicated to constructing and validating a system model. These steps 

can be regarded as the inventory analysis specified in conventional LCA, but with more 

detailed specifications to facilitate system modeling. Step 7 corresponds to the impact 

assessment. The proposed method can be used as step-by-step guidance for performing 

simulation-based LCA.  

In the first step, the purpose for carrying out the study and the intended audience 

have to be defined [4]. As LCA studies are often requested by the intended audience, 

this step enables specific requirements from customers to be addressed. However, these 

requirements are usually abstract and often lack boundary definitions. 

System activity mapping (step 2) is focused on assessing the environmental signifi-

cance of each activity in the system, linking the system studied to life cycle environ-

mental performance. In this step, more detailed knowledge of the system is gained to 

ensure that all important parameters are considered in the succeeding steps of scope 

definition and data collection.  

In step 3, scope definition, more specific targets and system boundaries are ad-

dressed from an analyzer’s perspective. The scope definition includes functional unit 

definition, specification of system boundaries, and selection of an evaluation indicator. 

The functional unit is the basis for evaluation and comparison of LCA results, and so 

fair and comparable options need to be represented in the defined functional unit. Be-

sides the functional unit, the specific objective (i.e., the environmental indicators) that 



 

 

the study intends to evaluate and improve must also be specified in this step. This step 

also sets out the requirements for data collection. Combining the first three steps, a 

feasible and well-specified system structure is reached. 

 

Fig. 1. System analysis and modeling method. 

Data collection and analysis (step 4) are important for the reliability of the system 

modeling and the final conclusion. The data can be classified as primary and secondary 

data according to the sources. Primary data are often collected by the data user through 

observation, interviews, questionnaires and surveys, whereas secondary data are col-

lected by someone other than the user [14]. A mixed data collection approach is often 

applied in simulation model studies, with primary data prioritized, if available. An it-

erative process is often used due to limitations in data sources. Growing understanding 

of the system may require revision of steps 2 and 3 to improve the system activity map-

ping and scope definition. 

Once sufficient data are available and the system structure and activities are well 

understood, the system is modeled (step 5) to describe its behavior and relate all the 

activities to the environmental inputs and outputs. A suitable modeling method, such 

as discrete-event simulation, agent-based simulation, or system dynamics simulation, 

is selected to represent the target system. During the process, iteration between data 

collection and system modeling is needed to ensure that the built model accurately rep-

resents the target system. After the model has been established, the model must be val-

idated to ensure its reliability. This is commonly done by comparing input and output 

data from the model with historical input-output data of the real system.  

The validated model is then used in evaluation and decision making (step 7). Like a 

conventional LCA study, the evaluation is based on the results of the environmental 



 

 

impact assessment, with the input and output flows converted into a common unit spec-

ified in the defined impact categories, such as global warming potential and resource 

depletion.  

3 Case study 

A real-world case study was performed based on the proposed method. The outcome 

of the study is shown as an example of the help the case company will have in its future 

strategic planning and daily operation scheduling. The abstract knowledge gained from 

this study is also beneficial for method development in simulation-based LCA. 

3.1 Case company overview 

The case company is located in the middle of Sweden and is responsible for collecting 

and handling household waste for nine local municipalities. Currently, garbage trucks 

with diesel and gas engines are used in their daily operations. Recently, regulations 

have required that fossil diesel be replaced by biodiesel (hydrotreated vegetable oil, 

HVO). Vehicle gas, a mixture of 18 % natural gas and 82 % biogas [15], is used as the 

fuel  in gas trucks.  

In Sweden, daily household wastes are sorted into compostable and combustible 

wastes, which are kept in separate bins. In the company, both diesel and gas trucks are 

available with either one or two compartments. A truck with two compartments can 

collect both kinds of waste at the same time, whereas a one-compartment truck can only 

collect one type of waste bin at a time. 

Presently, the company uses a discrete event simulation-based decision support system 

(DSS) for collection route planning and monitoring truck locations. In the DSS, differ-

ent data sources are integrated and synchronized regularly to provide a fairly complete 

and dynamic representation of the company’s daily operations. An overview of the in-

tegrated data sources is presented in Fig. 2.  

The transportation planner uses the DSS to generate the waste collection route and 

assign tasks to different trucks. Fig. 3 demonstrates the system interface for a transpor-

tation planner, showing real-time information about waste bins. The green dots repre-

sent bins that have been emptied, the blue dots are bins still to be visited, and the purple 

dots are bins requiring special attention. Based on this real-time information, the waste 

collection route is optimized and assigned to truck drivers.  

 



 

 

 

Fig. 2. Data sources of the current DSS [16]. 

 

 

Fig. 3. Example of a waste collection route in the DSS system interface for a transportation 

planner [16]. 

3.2 Problem definition 

As mentioned, the company has an existing system to support their daily operational 

decision making. However, as there is no environmental information in the system, 

decisions are made without regard to environmental considerations. Therefore, this 



 

 

study was undertaken to 1)  explore the possibilities of adding the LCA method to the 

company’s current DSS to take environmental indicators into account; 2) gain general 

knowledge about the environmental consequences of choosing different types of truck; 

and 3) evaluate the environmental performance of different trucks, including future 

fully electric trucks, in different scenarios.  

3.3 System activities mapping 

In system activities mapping, a list of all possible environment-related activities and 

parameters was created and used as the basis for formulating semi-structured interviews 

with the project leader and the collection manager from the case company. Table 1 

shows an example of the relevant parameters.  

Table 1. Example of possible environment-related activities and parameters for system activities 

mapping. 

Truck specification Daily operation characters 

• Model • End-of-life treatment 

• Fuel economy • Refuel frequency 

• Fuel type • Collection route distance 

• Weight • Waste handling  

• Life span • Collection frequency 

• Emission factor • Number of bins 

• Capacity • Driving distance 

 

After several iterations, a number of system activities and parameters, such as fuel 

type and fuel economy, were considered to have significant influence on environmental 

impact. Other activities and parameters were considered less relevant to the environ-

mental impact, according to the current operation situation. For example, in the current 

situation, the trucks are never fully loaded after a day’s operation, so truck capacity was 

neglected in both scope definition and data collection. 

3.4 Scope definition 

A garbage truck’s life cycle can be divided into three phases: manufacture, operation, 

and end-of-life. As shown in Fig. 4, the manufacturing phase consists of the production 

of the truck and its compartment, and corresponding raw material production. The op-

eration phase includes the production of the fuel to be consumed and the tailpipe emis-

sions. The end-of-life phase consists of the recycling and final disposal of trucks.   

In general, an LCA study can quantify the environmental impact of a truck’s entire 

life. However, within certain decision domains, the focus of interest may be limited to 

part of the life cycle. In this case, decisions relating to each truck’s route planning di-

rectly affect the environmental impact of the operation phase. In addition, the impact 

of the manufacturing phase can also be influenced when deciding to purchase trucks. 

The company normally purchases new trucks and resells them after seven years’ use. 



 

 

Thus the end-of-life phase is out of the decision domain for the case company. There-

fore, this study only takes the manufacturing and operation phases into account.  

 

Fig. 4. System boundary: the life cycle stage with dotted border is excluded from this study. 

In the case company, two kinds of truck configurations are used, with either one or 

two compartments in operation. To collect the same number of waste bins, one-com-

partment trucks need to travel approximately twice of the distance of two-compartment 

trucks. However, thanks to the lower weight of one-compartment trucks, better fuel 

economy is achieved. Thus the overall environmental impact of different truck config-

urations needs to be determined. 

As the company anticipates acquiring fully electric-powered trucks in future, electric 

trucks were included in the evaluation. In total, eight different trucks were defined in 

the scope definition. Table 2 shows the trucks equipped with different powertrains, fuel 

types, and numbers of compartments.  

Table 2. List of truck powertrains, fuel type, and numbers of compartment. 

Truck powertrain Diesel engine Gas engine Electric motor 

Fuel type Diesel Biodiesel Gas Electricity 

Number of compartments 1 2 1 2 1 2 1 2 

 

The working locations are another part of the scope definition, as the location influ-

ences the density of the bins as well as route planning. In the study, a typical urban 

collection route of 700 bins and a typical rural area route of 250 bins were selected as 

the two study scenarios.  

The most often used functional unit for a truck LCA study is the distance per unit 

driven. However, as the function of these trucks is to collect waste bins, in this study 

we define the functional unit by work unit, that is, by collected bin. In terms of the 

measure of analysis, GHG is the company’s first concern, and therefore the global 

warming potential category is selected to determine the environmental impact. 

3.5 Data collection and analysis 

Data collection and analysis can be performed once the scope has been defined. Table 

3 provides an overview of the collected data and its sources for the case study. In gen-

eral, data relating to existing trucks were collected from the case company. The data 



 

 

for electric trucks were mainly collected from the literature. The life cycle inventory 

(LCI) data in terms of truck manufacturing, fuel production and tailpipe emission are 

also from the literature and an LCA database[17]. For the data that could not be directly 

acquired, scaling methods were applied and noted in the table. The collected data are 

used as input to the existing simulation model. Further details regarding modeling and 

validation are given in the next section.  

Table 3. Input data to the simulation model and its sources. 

 

Truck 

 powertrain 

Diesel 

engine 

Diesel 

engine 

Gas 

engine 

Electric 

motor 

Notes 

Fuel type Diesel 
Bio-

diesel 
Gas 

Electric-

ity 

(Swe-

dish 

mix) 

M
an

u
fa

ct
u

ri
n

g
 P

h
as

e 

Technical  

specification 

Case company 

 
[18] 

Technical specifica-

tion data such as en-

gine type, weight, 

and axle configura-

tion etc. are extracted 

from the current DSS. 

LCI data for 

manufacturing 

phase 

[8] [19] 

Difference in truck 

configurations (1 or 2 

compartment) is 

scaled by weight. 

Life span  

expectancy 
Case company [9] Company decision. 

O
p

er
at

io
n

 p
h

as
e 

Fuel  

specification 
Case company Purchase records. 

Fuel  

economy 

Case company (average 

value ) 
[18] 

Fuel economy for ex-

isting trucks are cal-

culated based on 12 

months average 

value.  

Difference between 

different truck con-

figurations is calcu-

lated according to 

[20]. 

LCI data for fuel 

production 
[21] 

[15, 21, 

22] 
[17] 

Swedish  

specific data 

LCI data for  

tailpipe emission 
[21] N/A 

Emission class Euro 

VI 



 

 

3.6 Systems modeling and validation 

The next step involves integrating LCA into the existing DSS system to form an LCA-

based system model. In addition, validation of the simulation model was performed to 

ensure the reliability of the system integration.  

A conceptual model was proposed to facilitate integrating the LCA into the existing 

DSS. As shown in Fig. 5, the previous collected additional environmental data (e.g. 

LCI data of truck manufacturing, fuel production and tailpipe emission) are imported 

into the simulation model to calculate the final environmental impact. At the same time, 

existing data in the DSS (e.g., truck information) as well as the simulation results from 

the DSS (e.g., travel distance) are also used to calculate the environmental impact. The 

purpose of the simulation here is to determine the waste collection routes.  

 

Fig. 5. Conceptual model for the simulation-based LCA approach. 

As stated in the scope definition, only the manufacturing and operation phases were 

considered in this study. The LCA-based system model considers the truck’s manufac-

turing phase by allocating its total manufacturing impact into every unit driving dis-

tance of the total 400,000 km life expectancy for all the trucks. Each type of truck is 

connected to a specific LCI data set to represent the environmental impact of its man-

ufacturing phase. 

In the operation phase modeling, fuel economy is determined by two factors: the 

driving route scenario and the fuel specification. The driving route scenario defines the 

number of bins to be emptied as well as the travel distance. The fuel specification de-

termines which LCI data for fuel production and tailpipe emissions are applied. In total, 

eight different trucks with two different scenarios are described in the LCA-based sys-

tem modeling. Trucks with diesel and gas powertrains were already available in the 

current DSS, but two additional dummy trucks were added to represent the electric 

trucks. 

The model was verified by reviewing the critical activities in real waste collection. 

Eventually, all calculated operational data and fuel consumption from the different 

types of trucks were compared with historical data to validate the model. 



 

 

3.7 Evaluation  

Fig. 6 shows the global warming potential calculated for different trucks in two scenar-

ios. In general, diesel trucks have the highest impact and electric trucks have the lowest. 

Substituting biodiesel for diesel reduces the environmental impact by about 37 % com-

pared to diesel.  

 

Fig. 6. LCA results with global warming potential calculated for trucks used in urban area (a) or 

rural area (b). The impacts are normalized per work unit (waste bin). The number of bin com-

partments is indicated in brackets below each truck type. 

The main environmental contribution from diesel trucks comes from tailpipe emis-

sions, which have a direct environmental impact on the truck usage area. The main 

impacts for biodiesel trucks come from fuel production due to high GHG emission dur-

ing methane production, which shifts the environmental burden to fuel production ra-

ther than fuel usage. Presently, the gas truck has the lowest environment impact of the 

trucks used in the company. Impacts could be reduced by a further 22 % if electric 

trucks were utilized. For electric trucks, the major impact comes from the manufactur-

ing phase, where production of battery packs and power electronics make considerable 

contributions [7].   

In terms of truck construction, two-compartment trucks have a much lower environ-

mental impact than one-compartment trucks in both urban and rural areas. This is be-



 

 

cause the two-compartment truck needs to travel only half of the distance the one-com-

partment truck does when collecting the same number of bins. The better fuel economy 

of the one-compartment trucks is not enough to compensate for the impact of longer 

travel distances. 

Thanks to the high density of the bins in the urban area, the environmental impact of 

trucks in the urban area scenario is nearly three times lower per bin than in the rural 

area scenario.  

4 Discussion and conclusion 

A method of integrating LCA into a DSS has been developed to help decision makers 

take environmental impacts into account during daily operation. The method was 

demonstrated in a real-world case study of eight garbage trucks with different configu-

rations. A number of critical steps that may influence the accuracy and efficiency of the 

study will now be discussed.  

System activity mapping is a key step in developing the method. In LCA studies, a 

significant amount of data are needed for detailed system modeling. Prioritizing and 

evaluating the significance of activities and parameters that contribute to the targeted 

assessments is important as it directly influences the accuracy of the obtained results 

and also facilitates efficient data collection. For example, as demonstrated in this case 

study, after interviewing the case company it became apparent that the loading capacity 

of the trucks is not a constraint during their daily operation. This knowledge allowed 

the model to be simplified, and unnecessary truck capacity analysis was therefore 

avoided. 

In the scope definition, the choice of functional unit is important in LCA studies, as 

different functional units may lead to different conclusions. In this study, the functional 

unit was defined as “per work unit”, which is different from other LCA studies for 

trucks [2, 7, 8], where “per distance unit” is often used. Opposing conclusions can be 

drawn depending on the functional unit selected. For example, Fig. 6 shows results per 

work unit while Fig. 7 is per distance unit. When comparing one- and two-compartment 

trucks, if the functional unit is “per distance unit”, one-compartment trucks are pre-

ferred thanks to their better fuel economy. However, if the functional unit is “per work 

unit”, two-compartment trucks are more desirable thanks to the lower total driving dis-

tance.   

However, these findings are based on a condition that was discovered in the system 

activity mapping step: the loading capacity of trucks is not a constraint, as all trucks 

only need to visit the waste handling center once a day. If the two-compartment truck 

were to need to visit the center more frequently (as the total weight limit reduces load-

ing capacity per compartment), the higher efficiency gained by the reduced driving dis-

tance would be negated. 

It is clear that selecting a proper functional unit is very important and requires a deep 

understating of the scenario at hand. A proper functional unit, possibly tailor-made to 

represent the function of the system studied, might be more suitable than conventional 

units. 



 

 

Based on the assessment results, the following recommendations for decision mak-

ers in waste collection companies can be outlined. In terms of fuel type, a shift from 

diesel to biodiesel reduces GHG emissions by as much as 38 %. Thus using biodiesel 

can be a cost effective way to reduce emissions without purchasing new types of trucks. 

However, the total reduction achieved with biodiesel is due to the significant decrease 

in tailpipe emissions, but emissions from biodiesel production are five times higher 

than diesel production. A further reduction of 30 % of the total GHG emissions can be 

realized by using gas trucks, while the best alternative solution is electric trucks as they 

have the lowest total GHG emission. In terms of truck configuration, two-compartment 

trucks have a lower environmental impact than one-compartment trucks with the same 

type of fuel in both urban area and rural areas.   

 

Fig. 7. LCA results with allocated global warming potential calculated for trucks used in urban 

area (a) or rural area (b). The impacts are normalized per distance unit. The number of bin com-

partments is indicated in brackets below each truck type. 

In this work, a method that utilized a system simulation to perform an LCA study was 

proposed and demonstrated by integrating LCA into an existing DSS of a real-world 

case. The potential of this approach can be further explored in the future. As the driv-

ing distance has been recognized as having a high influence on LCA results, there is 

scope for further investigation of route optimization in the existing simulation model. 

Another future application is allowing waste collection companies to plan their daily 



 

 

work by simulating several different trucks types to optimize both environmental im-

pacts and economic benefits.  

References 

1. SEPA. Swedish Environmental Protection Agency-Territorial emissions and uptake of 

greenhouse gases. 2017; Available from: http://www.naturvardsverket.se/klimatutslapp. 

2. STA. Swedish Transport Agency - Climate and energy. 2016  2018-03-22]; Available from: 

https://www.transportstyrelsen.se/sv/vagtrafik/Miljo/Klimat/. 

3. SWMA. Swedish Waste Management Association - Vehicles and fuel. 2017; Available from: 

https://www.avfallsverige.se/in-english/vehicles/. 

4. ISO, ISO 14040:2006 - Environmental management - Life cycle assessment - Principles and 

framework (2006). 2006, International Standardization Organization. 

5. ISO, ISO 14044:2006 - Environmental management - Life cycle assessment - Requirements 

and guidelines. 2006. p. 46. 

6. Baumann, H. and A.-M. Tillman, The Hitch Hiker's Guide to LCA - An orientation in life 

cycle assessment methodology and application. 2004: Studentlitteratur. 

7. Sen, B., T. Ercan, and O. Tatari, Does a battery-electric truck make a difference? – Life 

cycle emissions, costs, and externality analysis of alternative fuel-powered Class 8 heavy-

duty trucks in the United States. Journal of Cleaner Production, 2017. 141: p. 110-121. 

8. Romare, M. and P. Hanarp, Comparison of diesel and gas distribution trucks - a life cycle 

assessment case study. 2017, The Swedish knowledge centre for renewable transportation 

fuels. 

9. Zhao, Y. and O. Tatari, Carbon and energy footprints of refuse collection trucks: A hybrid 

life cycle evaluation. Sustainable Production and Consumption, 2017. 12: p. 180-192. 

10. Lindskog, E., et al. A method for determining the environmental footprint of industrial 

products using simulation. in 2011 Winter Simulation Conference. 2011. 

11. Widok, A.H., et al. Achieving sustainability through a combination of LCA and DES 

integrated in a simulation software for production processes. in Proceedings of the 2012 

Winter Simulation Conference (WSC). 2012. 

12. Thiede, S., et al., Environmental aspects in manufacturing system modelling and 

simulation—State of the art and research perspectives. CIRP Journal of Manufacturing 

Science and Technology, 2013. 6(1): p. 78-87. 

13. Wohlgemuth, V., B. Page, and W. Kreutzer, Combining discrete event simulation and 

material flow analysis in a component-based approach to industrial environmental 

protection. Environmental Modelling & Software, 2006. 21(11): p. 1607-1617. 

14. Hox, J.J. and H.R. Boeije, Encyclopedia of social measurement. 2005, Academic. 

15. FordonsGas. What is vehicle gas? 2016  2018-03-16]; Available from: 

https://www.fordonsgas.se/fr%C3%A5gor-och-svar#section-78. 

16. Strand, M., A. Syberfeldt, and A. Geertsen, A Decision Support System for Sustainable 

Waste Collection. International Journal of Decision Support System Technology, 2017. 9(4): 

p. 49-65. 

17. Thinkstep. GaBi Software. 2018  2018-12-10]; Available from: http://www.gabi-

software.com/international/software/. 

http://www.naturvardsverket.se/klimatutslapp
https://www.transportstyrelsen.se/sv/vagtrafik/Miljo/Klimat/
https://www.avfallsverige.se/in-english/vehicles/
https://www.fordonsgas.se/fr%C3%A5gor-och-svar#section-78
http://www.gabi-software.com/international/software/
http://www.gabi-software.com/international/software/


 

 

18. Motiv. Motiv All Electric Refuse Truck. 2014  2018-02-08]; Available from: 

http://www.motivps.com. 

19. Argonne National Laboratory. The Greenhouse gases, Regulated Emissions, and Energy 

use in Transportation Model 2017. 2017  2018-02-12]; Available from: 

https://greet.es.anl.gov/index.php. 

20. Bandivadekar, A., et al., On the Road in 2035 - Reducing Transportation’s Petroleum 

Consumption and GHG Emissions. 2008, Massachusetts Institute of Technology. 

21. Hallberg, L., et al., Well-to-wheel LCI data for fossil and renewable fuels on the Swedish 

market. 2013, f3 The Swedish Knowledge Centre for Renewable Transportation Fuels: 

Sweden. 

22. Swedish Energy Agency, Drivmedel och biobränslen 2016 - Mängder, komponenter och 

ursprung rapporterade i enlighet med drivmedelslagen och hållbarhetslagen (ER 2016:12). 

2017, Swedish Energy Agency. 

 

http://www.motivps.com/
https://greet.es.anl.gov/index.php


 

9 

 

 
PAPER II I  

 

 

  



 

10 

 

 



 

 

 

Linking simulation-based LCA to 

manufacturing decision support: an iron 

foundry case study 
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Abstract In recent years, an increasing number of legislations have mandated 
environmental impact evaluations of products from a life cycle perspective. This 

study applies a discrete-event simulation-based life cycle assessment to study the 

environmental consequences that respond to system configuration changes in 

production processes. The proposed method allows capturing the dynamic links in 

production processes, which is lacking in conventional static LCA modelling. This 
approach is demonstrated via a real-world case study of a Swedish foundry 

production line, where its environmental impacts’ hotspots are identified. These 

environmental consequences are further analyzed to link to the respective 

production decision domains for providing suggestions on potential improvements. 

This study demonstrates the value of combining DES and LCA for revealing the 
hidden environmental consequences of production processes that are difficult to 

uncover with traditional LCA studies. Moreover, the strengths and difficulties of the 

proposed method are also discussed.  

Keywords. Life cycle assessment, discrete-event simulation, decision making. 

1. Introduction 

The metallurgy industry has a significant environmental impact due to its high energy 

and materials demand [1]. Therefore, it is important to minimize the negative 

environmental consequences from intensive foundry activities. Life cycle assessment 

(LCA) is the most commonly used method to evaluate the potential environmental 

impact throughout a product’s life cycle [2], and it is widely used in the product 

development phase [3]. However, its static nature limits its capability in assessing the 

environmental performance of dynamic characters in production processes [4]. On the 

other hand, simulation is a technique that imitates a real-world process over time. Its 

flexibility allows different future scenarios to be tested before implementation [5]. 

Several studies suggested to combine simulation and LCA, and taking advantage of them 

both [6]–[8]. The first incorporation of environmental consideration into simulation was 

introduced in 2000. In this study [9], a material flow simulation was performed using 

discrete event simulation (DES), and both economic and ecological factors were 

evaluated. Later, some studies used a similar approach but focused on assessing the 

energy consumption and the greenhouse gas emissions of different manufacturing 

systems [10]–[12]. After that, more studies indicated the limitations of the conventional 

LCA approach in manufacturing applications, and several different methods combining 

simulation models and  LCA have been demonstrated [12]–[15].  



 

 

 

2. Case study model build and data collection 

The environmental impacts of foundry smelter are increasingly important as it is 

characterized by energy- and material-intensive processes [1]. Therefore, there is an 

interest in identifying parameters that contribute to potential environmental impacts for 

further optimization. This case study is performed on a Swedish foundry production line 

with the aim to identify the hotspots of its environmental impacts. The aim of the study 

is also to further analyze and link the environmental impacts to the respective production 

decision-making domains for providing potential improvements suggestions.  

The case study follows the simulation-based life cycle assessment method proposed 

by [16], the steps of the method are illustrated in Figure 1.  The method was developed 

in accordance with the ISO LCA framework [2] and Bank’s [5] model for discrete-event 

simulation.   

 

Figure 1. System analysis and modelling steps for simulation-based life cycle assessment. 

2.1. Problem statement 

In the problem statement, the purpose for carrying out the study and the intended 

audience needs to be defined. The aim of this case study is to find the possible 

environmental improvements of a chosen production line in the smelter. With an 

increased understanding of the parameters that contribute to environmental impacts, 

potential focus areas can be identified, and changes can be suggested. This goal is refined 

and broken down into the following sub-steps:  

• Evaluate the environmental hotspots of the existing state of the production line. 

• Link the environmental impact to the manufacturing decision-makers. 

• Demonstrate how system configuration affects the environmental impacts. 

2.2. System activities mapping 

The system activities mapping is to understand the production processes, evaluate the 

environmental significance of all the activities, and ensure all critical parameters are 

considered in the scope. A conceptual model was built to facilitate identifying all 

possible activities and parameters that the simulation model requires. As shown in 



 

 

 

Figure 2, the conceptual model visualizes the smelter production processes, including 

energy and materials input and their accessioned emissions in the six sub-processes.  

 

 

Figure 2.  Conceptual model of the smelter with consideration of all the possible environment related processes 

and parameters. 

A magnet crane transfers different amounts and types of iron and steel materials 

based on a basic recipe in the loading process. The recipe may vary depending on the 

materials’ availability and the composition analysis results of the molten iron in the 

holding furnace. These various irons are lifted and moved with a crane and then dropped 

into a large container. The iron composite is then transported via elevator and conveyor 

into the copula furnace. The coke and different additives are also added to the iron 

mixture in this step. The smelting process takes place in the cupola, and the previous 

additives have different functions where some additives are burnt as fuel while others 

become a part of the final product. The majority (89%) of coke and limestone is 

combusted and contributes to direct carbon dioxide emissions, the remaining (11%), 

together with other additives, such as silicon, sulfur, etc., reacts with the iron and 

becomes a part of the final product. The processing time of the cupola furnace can be 

controlled based on several parameters, among which the amount of blast air and oxygen 

are two major influential factors. The molten iron is then poured into one of the two 

holding furnaces, depending on the availability. They serve as a reservoir for molten cast 

iron and are heated by liquefied petroleum gas (LPG) to a tapping temperature. Alloying 

elements are also added to the holding furnace to fulfill the mechanical and structural 

requirements before the melt reaches the pouring machine. In the next step, the molten 

iron is poured into a ladle and transported via electric-driven trucks. The LPG is used to 

keep the molten iron at a specific temperature. Finally, the molten iron is poured into the 

casting flask by the pouring machine.  

While building the conceptual model, several parameters are considered to have a 

significant influence on environmental impact, as shown in Table 1.  

Table 1.  Possible environment-related parameters and activities for system activities mapping. 

Production parameters Environmental parameters 

• Breaks and maintenances 

• Capacity 

• Availability  

• Mean time to repair  

• Product variant 

• Throughput 

• Process time 

• Iron mixture composition 

• Coke, limestone, and additives consumption 

• Electricity consumption on different 

machine mode 

• LPG consumption 

• Oxygen and blast air consumption 

• Weight for product 



 

 

 

2.3.  Scope definition 

In scope definition, the system boundaries and the functional unit are defined; moreover, 

the environmental impact indicators for the life cycle impact assessment are selected. A 

conventional cradle-to-grave LCA includes the raw material production, manufacturing, 

use, and end-of-life phase. In this case, the manufacturing decisions related to auxiliary 

material and energy use directly impact the manufacturing stage. In addition, through 

supplier selection, material, and energy source substitution, the environmental impacts 

from the previous stages are also affected. On the other hand, the environmental 

consequences in the succeeding stages, i.e., the use and end-of-life phase, are not directly 

affected by the manufacturing decision made in the smelter. Therefore, this case follows 

a cradle-to-gate LCA approach. To increase the manufacturing decision makers’ 

awareness of LCA results, previous studies [17] proposed a method of defining the 

environmental performance of industrial actors’ manufacturing systems, as shown in 

Figure 3. In their approach, only the environmental consequences related to energy use 

and material losses in processes under direct company control are included. The 

difference of their method compared to a conventional cradle-to-gate LCA is, that the 

environmental impacts from the production and use of the direct material, i.e., materials 

in the final product, are disregarded. In this case study, the environmental impacts 

associated with the iron mixture, additives, and part of the coke are disregarded.  

 

 

Figure 3.  System boundary for industrial actor’s manufacturing system. 

In terms of the function unit, the production of 1000 kg molten iron is defined as the 

functional unit. The greenhouse gas (GHG) emissions, as well as the resource usage, are 

selected as the final impact assessment measures according to the case company’s focus. 

To facilitate these measures, the following two impact categories from the CML method 

[18] are selected for the impact assessment:  

• Global warming potential (GWP),  

• Abiotic depletion potential (ADP, consists of ADP element and ADP fossil). 

2.4. Data collection and analysis 

Data is collected based on the parameters identified in Table 1, the following sub-session 

describes how the production and environmental data were collected.  

2.4.1. Production data 

Three data sources, interview, internal document (e.g., production logs), and direct 

measurement, were utilized for production data collection. The schedule for breaks and 

maintenances was obtained via the interview with the project manager. During breaks, 

the crane and all the transport are complete down. Maintenances are generally performed 

during the weekend with no manufacturing activities. The data regarding machine 



 

 

 

capacity, availability, and MTTR were gathered via interviews with process engineers. 

The different product variant, as well as throughput, was obtained from the internal 

production log. In terms of process time, the yard crane and elevator processing time 

were measured directly on-site and validated by the manufacturing operators. The 

processing time of copula furnace and holding furnaces were obtained via interviews 

with the process engineers, and one should note that the copula furnace’s process time 

varies and is directly related to the melting rate. The melting rate is adjusted depending 

on the amount of molten iron in the holding furnace and the demand from subsequent 

processes. The processing time of the pouring machine was measured on-site.  

2.4.2. Environmental data 

The consumption data of coke, limestone, and different additives was collected from the 

production log. The oxygen and LPG consumption data were obtained from the 

purchasing record, which was the total consumption during a specific period. Data on 

electricity usage at the process-specific levels were obtained through direct on-site 

measurement by an electrician. The measurements were carried out during production, 

and two different machine modes: working and idling, were measured. During the 

maintenance period, the machines are entirely shut down; therefore, machines' electricity 

consumption is considered zero. The used Life cycle inventory (LCI) data in terms of 

material and energy production were obtained from the Gabi database [19].  

2.5. System modeling and validation 

After data collection, a discrete-event simulation model was built based on the 

conceptual model as shown in Figure 2.  In the system verification, the critical activities 

and parameters are reviewed by production engineers to ensure that the simulation model 

correctly represents the behavior of the real-world system. In terms of model validation, 

the model’s throughput was compared with historical production data with a minor 

deviation of 1.52%. In addition, the model’s auxiliary material consumptions data were 

also compared to the historical data with a deviation of 1.92%.  

3. Case study results 

This chapter presents the main finding from the case study, the environmental hotspots 

of the production line are identified first, and then further analyzed and linked to the 

environmental impacts to the respective production-decision domains for providing 

potential improvements suggestions. 

3.1. Environmental impact assessment 

Figure 4 shows the contributions from different life cycle stages to the chosen impact 

categories. The impact from the raw material extraction phase is also included to provide 

an overview of the impact distribution. The impact from the manufacturing phase is 

divided into two parts: the impacts from the energy and auxiliary material production 

and the impact from their on-site usage. In GWP, emissions from the smelter contribute 

64% of the total GWP impact, of which 92% comes from the combustion of the coke, 



 

 

 

and the rest is from the combustion of other energy carriers. The production of energy 

and auxiliary materials contributes 23% of the total GWP impact. 

 

Figure 4.  Conventional LCA approach: contribution of different life cycle stages to the selected impact 

categories. 

In the ADP element category, the impacts from the raw material extraction and the 

energy and auxiliary materials productions are similar. Here, one should notice that the 

smelter used five different types of irons, in which only pig iron is the primary material 

and contributes to the abiotic depletion [18], the other four types of iron are all recycled 

materials, and their contributions to the assessed impact categories are negligible. 

Among all the assessed parameters, pig iron production contributes the highest impact, 

and the production of oxygen and electricity takes the second and third places due to the 

use of primary materials. In the ADP fossil category, 78% of the impact is from the 

production of energy and auxiliary materials, of which 85% of the impact is contributed 

by coke. 

3.2. Linking the environmental impacts to manufacturing decision-makers 

To support the decision makings from an environmental perspective, a decision support 

approach is suggested. As described in the scope definition, only the energy and material 

directly consumed in the company are included. In the decision support approach, 

impacts from different environment related parameters are classified and allocated to the 

different decision domains, which are defined by analyzing the roots-cause of the 

assessed parameters. Figure 5 shows a decision support approach, the assessed 

environment parameters are analyzed and classified into three summarized roots-cause 

decision domains: Blast air and oxygen, electricity, and other energy carriers used in 

production processes. 

 

Figure 5. Decision support approach: contribution of different decision domains to the selected impact 

categories. 



 

 

 

Compared to the conventional LCA application, the decision domain approach 

utilizes the same environmental impact categories for the final assessment but specifies 

and links more specific roots-causes targets for decision-makers with a systematic view 

of production process dynamics. Following are examples from the case study that 

demonstrate the benefits of the decision support approach. 

Taking electricity usage as an example, in the decision support approach, impacts 

from electricity usage are separately extracted from the other energy carriers for 

decision-makers to consider from a life-cycle perspective. In the studied case, electricity 

usage impacts are more related to the system configuration, i.e., increasing the efficiency 

of the system will decrease the electricity consumption from non-value adding time. 

Whereas the other energy carries’ impact reduction cannot be achieved by only adjusting 

the system configuration but rather finding alternative energy sources. The impacts from 

the oxygen and blast air consumption are complex and depend on several parameters; 

however, as the oxygen is regulated manually, the operator’s experience is one of the 

biggest influential factors for oxygen consumption. The decision support approach 

provides a clear indication of impact contributions in each impact category. Results show 

that more than 80% of impacts to GWP and ADP fossil are coming from fossil fuel 

energy carriers and over half of the ADP element impact is contributed by the oxygen, 

providing clear working targets for decision-makers in reduction of any specific impact 

category.  

3.3. Linking the environmental impacts to the system configurations 

To support decision-making in the production process, system configuration is a key 

factor to be addressed for understanding how the system dynamics influence the 

environmental impacts. Figure 6 shows the machine utilization statistics of the case 

system. The figure indicates that the system is over-dimensioned in its production 

capacity as idling mode shares large percentages of the studied processes. Only the 

copula furnace process shows differently, this is however, not the bottleneck of the 

productivity, but rather due to the adjustable processing speed of the cupola is depends 

on the production demand of the molten iron.   

 

Figure 6.  Machine utilization statistic. 

To demonstrate how the production system configuration affects the environmental 

consequences, an alternative production scenario has been used by increasing the molten 

iron demand from the smelter. This was achieved by increasing 10% availability and 

reducing 25% takt-time of the subsequent line after the smelter.  

Figure 7 compares the GWP impact of machine electricity consumption between the 

current and the alternative production scenarios. In total, a decrease of 28% of the GWP 



 

 

 

per functional unit is observed in the alternative scenario, and this is likely due to an 

efficiency increase in the smelter.  

 

 

Figure 7.  Comparison between current scenario and alternative scenario in GWP of electricity consumption. 

 

Figure 8 shows the comparison of the normalized processing time distribution of the 

copula furnace, s1 is the lowest processing speed, whereas s4 is the highest. In the current 

scenario, the copula furnace runs at a lower processing speed. In the alternative scenario, 

the share of higher speed increases indicating the efficiency increases.   

 

 

Figure 8.  Distribution of processing speed of Copula furnace in different production scenario. 

4. Discussion and conclusions 

This study utilizes a method that combines life cycle assessment and discrete-event 

simulation to analyze the environmental consequences that respond to system 

configuration changes in production processes. The aim of the method is to support 

decision making in reducing the environmental impacts systematically. The benefit of 

the approach is demonstrated via a case study on a foundry and generated several 

considerations and limitations discussed as follows.   

LCA requires extensive data collection to factifies accurate results. The simulation-

based LCA approach can largely reduce the data management effort by utilizing the 

exiting production system model and facilities dynamic system results. Meanwhile, this 

method can be more beneficial when combining the decision support approach for 

dynamic results interpretation and extending the influence on the decisions as earlier as 

at the production development level, i.e., the substitution of the materials and energy 

carries. Additionally, separating different energy sources assessments in relation to 

system configuration will provide clear root causes related to each environmental hotspot. 

Nevertheless, this may have sub-optimization risk due to alternative energy source 

substation may lead to infrastructure change as well as total environmental consequences 



 

 

 

changes. To avoid such deficiency, a more sophisticated system model may be required 

to reveal the total impacts changes due to modification of the system infrastructure.  
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