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ABSTRACT 
 

In the global transition towards sustainability, manufacturing companies are responsible for 

taking actions towards better resource efficiency. While many manufacturing companies have 

managed to find macro-level resource-efficient solutions, measuring resource efficiency at 

micro levels remains a challenge. Essential resource flows––material, energy, and waste––are 

often studied in isolated studies, and existing assessment methods are not always applicable to 

factory operations. Though many studies have worked on the role of industrial digitalization in 

improving resource efficiency and environmental impact reduction by addressing data-related 

issues, there is still a need for more concrete understanding regarding the development and 

application of assessment methods for resource efficiency.  

As a part of this joint journey, this research focuses on understanding the challenges among 

manufacturing companies when working on resource efficiency and the opportunities for 

solving the challenges in a data-informed manner. A systematic literature review and two case 

studies, conducted using design research methodology, identified challenges in factory data 

readiness, reflecting that data from factories were not yet ready enough for resource efficiency 

assessments. Implementation factors, including enablers and barriers, were also identified for 

the effective resource efficiency assessment methods. 

Based on these findings, a conceptual integration model was developed to connect resource 

efficiency assessments with production information systems. The model also includes a method 

library and a data readiness check to support practical applications. The findings highlight the 

importance of factory data readiness in embedding resource efficiency assessments into factory 

operations. Instead of creating new assessment methods or collecting a huge amount of data, 

enhancing the implementation of existing assessment methods is key to improving resource 

efficiency in manufacturing. Additionally, integrating resource efficiency assessments with 

production information systems ensures alignment with digital technologies from industrial 

digitalization.  

This thesis contributes to a more consistent understanding of resource efficiency methods in 

the research area. The integration model and attached practical tools help manufacturing 

companies make data-informed decisions in resource efficiency assessments in both short and 

long terms. The thesis offers a foundation for resource efficiency improvement in 

manufacturing and potential through continuous work in the future. 

 

Keywords: manufacturing, resource efficiency, assessment, production information systems, 

factory data 

  



 
 

 

 

 

 

 

 

 

 

 

 

Hope your road is a long one. 

May there be many summer mornings when, 

with what pleasure, what joy, 

you enter harbors you’re seeing for the first time; 

 

Ithaka 

C. P. Cavafy 
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1 
INTRODUCTION 

The chapter provides a description of the background, the problem statement, research aim 

and objectives, research questions, as well as scope and delimitation. The chapter ends with 

an outline of the thesis. 

1.1 Background 

Recently, the manufacturing industry is undergoing a significant shift towards responsible 

consumption and production, aligning with Sustainable Development Goal (SDG) 12. This 

goal emphasizes improving resource efficiency in reducing environmental impact while 

improving economic and social sustainability. The United Nations 2030 Agenda also highlights 

the manufacturing sector in achieving SDG 12 by prioritizing actions that enhance resource 

efficiency. According to the Sustainable Development Goals Report 2023 (United Nations 

Department of Economic and Social Affairs, 2023), the material footprint per capita in high-

income countries remains approximately ten times higher than in low-income countries. This 

contrast indicates the urgent need for high-income regions, such as Europe, to lead as role 

models. To achieve the first climate-neutral continent by 2050 and reduce at least 55% net 

greenhouse gas emissions by 2030 compared to 1990 levels, the European Union (EU) has 

introduced the EU Taxonomy for Sustainable Activities, a comprehensive classification system 

designed to define and standardize what constitutes sustainable economic activity (The 

European parliament and the council of the European Union, 2020). The new EU taxonomy 

urges manufacturing companies to measure and report their resource efficiency performance 

under guidelines. Therefore, for manufacturing companies in Europe, the growing focus on 

sustainable development presents a dual opportunity: to enhance their sustainability 

performance and to uphold exceptional quality and productivity. This balancing is not only a 

strategic advantage but also a social responsibility in the face of global climate challenges. 

In response to the expectations of government and society, manufacturing companies keep 

seeking solutions to resource efficiency, and a lot of them can report on resource efficiency at 

macro levels, such as across the supply chain and enterprise level. But to lead the transition 
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towards resource-efficient manufacturing, being able to measure resource efficiency at a micro 

level (e.g., factory, line, process, etc.) and identify improvements is seen as a key capability 

(Duflou et al., 2012; Ghisellini et al., 2016; Kristensen and Mosgaard, 2020). To manage 

resource efficiency at the factory level, material, energy, and waste are identified as critical 

resource flows (Ball et al., 2009). Though the need for a generic understanding of these key 

resource flows in and out of the manufacturing facilities and how they can potentially interact 

with other resource flows was highlighted (Ball et al., 2009), the resource flows were often 

explored separately with keywords in studies such as “material efficiency” (Schmidt and 

Nakajima, 2013; Zhang et al., 2018), “energy saving” (Abdelaziz et al., 2011), and “waste flow 

mapping”  (Kurdve et al., 2015).  

However, despite the clear importance of resource efficiency at the factory level being 

recognized for decades, many manufacturing companies still struggle to adopt practices for 

resource efficiency and find applicable methods to measure resource efficiency (Kim et al., 

2024). For industrial users, it was challenging to identify a single tool that met all their 

requirements for supporting the assessment in a manufacturing setting (Chen et al., 2014; Pande 

and Adil, 2022). Several different review studies concluded that assessment methods for 

sustainability in manufacturing have limited usability, including criteria such as generic 

applicability, time and resources required for assessment, and a holistic view of sustainability 

(Ahmad et al., 2022; Chen et al., 2013; Moldavska and Welo, 2015).  

The industrial revolution provides opportunities for manufacturing companies. Implementation 

of digital technologies such as digital twin (DT) and the Internet of Things (IoT) can contribute 

positively to environmental sustainability by increasing resources and information efficiency 

in manufacturing (Chen et al., 2020; Maddikunta et al., 2022). But reviews of empirical studies 

also suggested that industrial digitalization should support resource efficiency more 

systematically by addressing issues with data such as availability, transparency, and access 

(Acerbi et al., 2021; Despeisse et al., 2022). Many existing studies demonstrating the potential 

impact of industrial digitalization also found a lack of solid validation of actual impact 

(Piscicelli, 2023). 

To support manufacturing companies in the transition from “reporting resource efficiency at a 

macro level as the purpose” to “improving resource efficiency at a factory level as the priority,” 

more concrete knowledge related to the development and application of assessment methods 

for resource efficiency is needed. Considering the gaps presented, this thesis focuses on 

understanding the challenges in manufacturing companies when working on resource 

efficiency at the factory level and the opportunities for solving these challenges in a data-

informed manner. 

1.2 Vision and aim 

The vision of this research is to sustain a livable climate where the manufacturing industry can 

achieve net zero emissions by operating resource-efficiently. 

With this vision, this thesis aims to equip manufacturing companies with knowledge and tools 

for being resource-efficient by making data-informed decisions and maximizing the value of 

factory data and assessment methods for resource efficiency. 
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1.3 Research questions 

Two research questions (RQs) have been formulated to support the creation of the aimed 

solution: 

RQ1. What are the challenges for resource-efficient manufacturing? 

The first RQ focuses on the current situation of resource efficiency in manufacturing regarding 

material, energy, and waste flows. Challenges must be understood if a solution is to be provided. 

The challenges are explored by identifying enablers and barriers in resource-efficient 

manufacturing, considering two perspectives: the development and application of assessment 

methods for resource efficiency. 

RQ2. How can manufacturing companies make data-informed decisions that lead to 

resource efficiency? 

To become resource-efficient, manufacturing companies need both knowledge and practical 

tools. Based on the challenges identified in RQ1, RQ2 focuses on knowledge and tool 

development to tackle those challenges in conducting data-informed resource efficiency 

assessments. This thesis prioritized assessment method selection for resource efficiency and 

data preparation because they involve decision making in the early stage of resource efficiency 

assessments. 

1.4 Scope and delimitation 

This thesis aims to support resource-efficient manufacturing by improving the efficiency of 

critical resource flows at the factory level, including material, energy, and waste flow, in the 

light of decision-making supported by factory data. Figure 1 maps the scope of this thesis and 

sets some delimitations. 

Figure 1. Scope and delimitations of the thesis.
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In the development of resource-efficient manufacturing, it is important to consider different 

resource flows. Resource flows in manufacturing companies have great diversity, ranging from 

tangible material consumption to intangible people capability. This thesis initially sets material, 

energy, and waste flows as three critical resource flows that have a direct impact on the 

manufacturing system’s economic and environmental performance (Ball et al., 2009). Other 

resource flows, such as human labor, may also be included in the analysis of assessment 

methods for resource efficiency but will not be further investigated in this thesis. 

In terms of the boundary of manufacturing systems, this thesis discusses resource efficiency 

below factory level, including single or multi-machine systems. Data-informed decisions in 

this research are supposed to be made under the direct support of factory data, highlighting the 

improvement-oriented work from production operations. The whole enterprise or supply chain 

is included in the system boundary because decisions related to resource efficiency at those 

higher levels are more organizational and distant from operation.  

1.5 Outline of the thesis 

Following this first chapter introducing the importance of this research, this thesis is structured 

into six chapters, as outlined in Table 1. 

Table 1. Overview of thesis structure. 

Chapter Content 

2 Frame of reference 
Introductions of the theories and concepts required to position 

this research. 

3 Research methodology 

A description of the entire research process, including the 

view from science, research design, execution, and synthesis 

of the findings. 

4 Results 

An overview of the two appended papers that are essential to 

addressing the research questions. Additional findings from 

ongoing studies are also included because they aid in the 

accomplishment of the goal of this research. 

5 Discussion 

Responding to the research questions and explaining the 

findings. This chapter also outlines the research’s 

contribution, considers its methodological reflection, and 

makes suggestions for future research. 

6 Conclusion A summary of the key findings and their conclusions. 
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2 
FRAME OF REFERENCE 

This chapter presents the theoretical foundation that this research relies on. Connections to 

existing literature are established to position this research in a broad academic discourse. 

The frame of reference of this thesis consists of several key elements. An impact model of these 

elements is presented in Figure 2. The element of sustainable manufacturing is connected to 

the vision of this research as an overarching goal. Resource efficiency in manufacturing, as a 

key strategy for achieving sustainable manufacturing as well as a lens for sustainability 

performance measurement, has a positive impact on sustainable manufacturing. Production 

information systems are supporting elements. Good quality of factory data serves as a 

foundation for advanced production information systems, therefore helping make decisions 

related to resource efficiency in manufacturing. 

Figure 2. An impact model of the frame of reference in which this research is positioned.
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2.1 Sustainable manufacturing 

The topic of sustainability is and will remain critical for both the present and coming 

generations. As a cornerstone of civilization, manufacturing plays a key role in creating a 

sustainable future (Garetti and Taisch, 2012). More and more attention from researchers and 

industrial practitioners is paid to the concept of sustainable manufacturing, though the 

interpretations and understanding of it have become inconsistent nowadays. Some research 

tried to connect sustainable manufacturing to technologies, such as Industry 4.0, addressing 

opportunities offered by the industrial revolution (Machado et al., 2020; Sartal et al., 2020). 

Other studies prioritized framework development, interpreting it into main contributors to 

sustainable manufacturing (Rosen and Kishawy, 2012). Establishing a sustainability culture 

was highlighted by Rosen and Kishawy among the eight key contributors they identified. Their 

framework also included environmental controls, monitoring, and remediation to maintain 

long-term competitiveness (Rosen and Kishawy, 2012).  

In practice, sustainable manufacturing is often related to analysis and improvement of 

processes at micro-level in manufacturing (Duflou et al., 2012). In the meantime, industry 

relates facility management, production scheduling, and supply chain design to sustainable 

manufacturing a lot at the macro-level (Haapala et al., 2013). However, many manufacturers 

benefited from improving production efficiency for maximized profit but still struggled in 

integrating the social and environmental factors for sustainable manufacturing (Qureshi et al., 

2015). In face of the challenge, some manufacturers were able to perform environmental 

monitoring at the macro-level and show the figures for improvement. But the improvement at 

process levels lacks details (Despeisse et al., 2012b). 

2.1.1 Performance measurement of sustainable manufacturing 

Indicators are needed in measuring the sustainability performance of manufacturing systems at 

different levels. However, a lot of indicators are in solitude, therefore making it more difficult 

for manufacturers to decide which one to use in specific cases.  

Material used, energy consumed, and air emissions were the most often used and developed 

indicators from the Triple-Bottom Line (TBL) perspective for sustainable manufacturing 

(Ahmad et al., 2019). Solid waste was the least mature indicator regarding environmental 

sustainability. Only cost-based variables were used for economic evaluation, and social 

sustainability was often evaluated by using indicators related to workers, local community, and 

society. Another fact from this review was that a third of reviewed indicators were only used 

once according to the literature. Moreover, indicators for product-level sustainability 

performance were found to be more developed than other manufacturing layers (Ahmad et al., 

2019). Besides the TBL, sustainability indicators can also be categorized in a study from five 

dimensions: environmental stewardship, economic growth, social well-being, technological 

advancement, and performance management (Joung et al., 2013). 

2.1.2 Resource efficiency in manufacturing 

Human civilization relies on natural resources such as minerals, water, energy, land, and so on. 

Humankind will encounter its growth limitations if no control is put over the consumption of 

resources. For everyone on this planet, resource efficiency is about keeping improving quality 

of life while using resources more wisely (Weterings et al., 2013). 
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For manufacturing companies, recourse efficiency can refer to enhancing intangible 

capabilities of employees’ learning outcomes when discussing enterprise performance (Roger 

G., Kimberly A., et al., 2002). But more often, resource efficiency focuses on tangible resource 

flows that were recognized as enablers that bring benefits from all sustainability perspectives 

in industrial decarbonization (Kim et al., 2024). Resource efficiency is also defined as a 

primary strategy for sustainable manufacturing, focusing on managing resources holistically 

rather than at a single point in manufacturing, independent from waste minimization, mistrial 

efficiency, and eco-efficiency (Abdul Rashid et al., 2008). Resource efficiency also needs good 

transparency in the manufacturing value chain, as upstream and downstream processes are 

interacting a lot with each other in the current industry setting (Blume, 2020). 

There have been different opinions about the relationship between concepts, such as circular 

economy (CE) and circularity, with resource efficiency. The European Union (EU) highlights 

resource efficiency as the key to resource independence, while the circular economy is a part 

of the resource efficiency strategy (Baldassarre, 2025). However, researchers also claimed that 

resource efficiency is a topical area of the circular economy (Holzer et al., 2021). This thesis 

discusses resource efficiency-related concepts and how this inconsistency can impact the 

development of assessment methods for resource efficiency and industrial practice in an 

extended literature review. 

2.2 Decision making in manufacturing 

The fast-changing technologies and external environment position the manufacturing industry 

in challenges of quick responding. To make decisions in the manufacturing environment, 

decision-makers need to evaluate different alternatives and choose one based on a set of 

conflicting criteria (Rao, 2007). Typical manufacturing decisions include material selection for 

a given product characteristic, selection of machining parameters, design of the factory layout, 

failure analysis for equipment, and so on. Given the complexity of manufacturing scenarios, 

the decision-making process often needs to consider multiple criteria (Venkata Rao and Patel, 

2010). 

In data-intensive manufacturing, the role of data in decision-making has been highlighted in 

research. Researchers found that including data in the decision-making process in 

manufacturing demonstrated positive impacts on overall performance (Brynjolfsson and 

McElheran, 2016). Improvement at SMEs was more observable because decision makers in 

small organizations are closer to physical processes, where data are generated and collected 

(Brynjolfsson and McElheran, 2016). Another essential enabler in data-driven decision making 

is the adaptation of digital technologies that support data collection, monitoring, analysis, and 

modeling (Helu et al., 2016). 

Despite the importance of data in manufacturing, decisions should not be completely dependent 

on or driven by data. Instead, data-informed decision-making was proposed in the education 

research area to avoid the risk of ignoring moral dimensions when making decisions totally 

driven by data (Shen and Cooley, 2008). In sustainable manufacturing, data-informed decision 

making refers to a holistic view of all sustainability dimensions, not making decisions solely 

driven by one of these bottom lines. 
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2.3 Production information system 

None of the activities in production management, such as analysis, design, development, 

implementation, and operation of production systems, can exist without information, which 

needs to be identified and managed at all production system levels (Boggs, 1988). In 

manufacturing factories, the production information systems can be a collection of software 

applications that are intended to automate the collection, storing, and displaying of the data. 

Production information systems provide data to equipment and applications and consolidate 

data for people involved in the production to view and utilize (Shizuo Itoh, 2002). The role of 

information systems in manufacturing companies can be studied at different scales: just-in-

time production, technology development, manufacturing strategies, quality management, 

human resource management, and supply chain management (Matsui, 2001; Shizuo Itoh, 2002). 

The model in Figure 3 illustrates activities involved in different manufacturing hierarchies 

(International Society of Automation, 2010). This standardized hierarchical model defines data 

flows and information exchanges as well as integrations between manufacturing operations and 

control systems. Depending on the type of manufacturing system, production information 

systems can partially or completely cover the levels shown in the figure but should always start 

with data gathering from the physical production process. Examples of representative 

technologies or software at each level are also given by this model: enterprise resource planning 

(ERP) for business and logistics management; manufacturing execution system (MES) for 

operation planning; supervisory control and data acquisition (SCADA) and human machine 

interface (HMI) for monitoring and supervision; programmable logic controllers (PLCs) to 

sense and control processes; and machines and sensors that facilitate physical production. 

 

Figure 3. A hierarchical model of production information systems based on ISA-95, including 

factory data supply (Gangurde, 2016; International Society of Automation, 2010). 

From physical production processes to top-level business management, production information 

systems play an important role regarding data collection and conversion between data and 

information in the manufacturing pyramid. 

In this pyramid, factory data refers to data that can be collected from production operations 

through various means, including paper documents, sensors, and automated production devices 

(Gangurde, 2016). Factory data collection from field levels is the foundation of information 
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processing and compiling for business management, as shown in the hierarchical model of 

production information systems in Figure 3. 

A significant increase in the amount of factory data was observed together with the advent of 

Industry 4.0 and IoT in industrial digitalization. To leverage this factory data for competitive 

advantages, manufacturing companies have to enhance the utilization of factory data (Gröger 

et al., 2016). For small and medium-sized enterprises (SMEs), the value of factory data also 

started to get attention. In addition, requirements on data can vary in different manufacturing 

strategy contexts. For example, compared to mass production, data from manufacturing one-

of-a-kind products put special requirements on production information systems for more 

accurate and timely data-information conversion (Dean et al., 2009). 
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3 
RESEARCH METHODOLOGY 

This chapter describes the methodology used in this thesis. This chapter starts with the adopted 

view of science and research methods. Studies conducted are described and presented at the 

end of the chapter. 

 

3.1 Worldview 

People view and interpret the world around them through the lens formed from their own 

cultural upbringing and experiences. The goal when I started my education in mechanical 

engineering was to keep being flexible and agile in this changing world. Following that, I 

worked as a production engineer for several years in the pharmaceutical and automotive 

industries, where I  was exposed to a variety of problem-solving scenarios that influenced my 

philosophical worldview on pragmatism (Saliya, 2023). However, the shared values, beliefs, 

and methodologies within the surrounding research community also have an impact on 

researchers’ worldviews (Kuhn, 1970). When I first began to conduct research activities, the 

research community, which values sustainability very much, introduced me to positivism, a 

paradigm that holds that research objectives exist independently of the outside world (Guba 

and Lincoln, 2005). Using a positivistic viewpoint in the context of sustainable manufacturing 

research places an emphasis on objectively measuring performance and improvement. 

Pragmatism and positivism coexist and enhance one another in light of the aim and research 

questions generated in this thesis (Saliya, 2023). The pragmatic side leads this research to be 

positioned in design science, focusing on creating systems and tools to address practical 

problems of resource efficiency assessments in manufacturing through inductive approaches 

(Niiniluoto, 1993). In addition, the positivistic viewpoint directs the development of scientific 

knowledge to more precisely describe resource efficiency in manufacturing. In this thesis, 

positivism also examines the objectivity, reliability, validity, and generalizability of practical 

tools and scientific knowledge. 
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3.2 Research design 

Design Research Methodology (DRM) is widely used and accepted in applied science. 

Following DRM helps create a good standing point for researchers in communicating their 

research. The other strength of DRM is flexibility regarding research processes and methods. 

DRM allows the use of different research methods based on specific needs on various research 

topics (Blessing and Chakrabarti, 2009). Four stages of DRM and corresponding studies 

designed for this research are shown in Figure 4. 

Figure 4. The stages of DRM and corresponding studies conducted in this research (Blessing 

and Chakrabarti, 2009).

In the research clarification (RC) stage, a literature analysis is often used to initially screen the 

current and desired situation of a research area and therefore formulate a clear vision, aim, and 

research focuses. In this research, literature on the broad topic of sustainable manufacturing 

was read to find the topic of interest: resource efficiency in manufacturing. A systematic 

literature review (Study A) was conducted to further understand the current situation of 

resource-efficient manufacturing. Vision, aim, and research questions of the thesis were formed 

afterwards. Together with this review study, an empirical case study (Study B) was conducted 

to help shape the research goals from an industrial practitioner’s perspective.  

The second stage, descriptive study I (DS-I), aims to further complement the understanding of 

the existing situation of the selected focuses. The systematic literature review (Study A) further 

investigated the current situation of resource-efficient manufacturing from the perspective of 

challenges in implementation. A multi-case study (Study C) conducted with three industrial 

manufacturers focused on the reflections from industrial practitioners at this stage, which was 

complementary to the summary of the current situation done by the literature review. 

The later stage, prescriptive study (PS), aims to strengthen the understanding of future visions 

pictured in research clarification and deliver proposed support that will be needed to reach the 

desired situation. Once again, the systematic literature review (Study A) contributed by 

proposing an integration model with practical tools that support practitioners to tackle the 

challenges in the current situation of resource-efficient manufacturing found in DS-I. The 
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multi-case study (Study C) with different manufacturing sites aimed to further develop the 

proposed model and tools. A detailed description of the three studies as well as data collection 

methods can be found in Section 3.3. The research design is also visualized in a timeline in 

Figure 5.  

 

Figure 5. Visualization of the research process in a timeline. 

In this thesis, studies were designed to be multi-purpose, covering several stages in one study. 

For instance, the literature review (Study A) combined a full investigation into the current 

situation of resource-efficient manufacturing as well as initial development of a practical model. 

As shown in the DRM framework, possible iterations are anticipated between stages. But this 

parallel design helped avoid unnecessary revisits to past studies, which can be hard in the 

context of collaborative empirical studies with industry. 

According to the categorization of Blessing and Chakrabarti, this research falls into the type 2 

DRM: “comprehensive study of the existing situation” (Blessing and Chakrabarti, 2009). As 

shown in Figure 6, this thesis delivered a comprehensive study of the challenges in resource-

efficient manufacturing based on literature review and empirical studies. The support, as 

expected from the prescriptive study, was the initial model and tools.  

 

 

Figure 6. Selected type of DRM in this thesis and its continuation in future research (Blessing 

and Chakrabarti, 2009). 
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The plan for future research aims to deliver mature support based on the current initiated model 

and tools. The research will also reach the last stage of DRM, descriptive study II (DS-II), 

which has the task of evaluating the actual impact of the developed model and tools.  

3.3 Data collection and data analysis 

To build this research on existing knowledge as well as to answer research questions in a 

contemporary industrial setting, a literature review study and case studies were planned and 

carried out in this research. Figure 7 presents the studies conducted in this research. 

 

Figure 7. Summaries of studies conducted in this research. 

3.3.1 Study A: A review of resource efficiency assessments in manufacturing 

The literature study started with an introduction of the research field of sustainable 

manufacturing. By collecting and synthesizing relevant publications, this study clarified 

resource efficiency in manufacturing as the focused research area and identified the research 

gap in resource efficiency assessments. This review study followed a guideline developed by 

Hannah Snyder (Snyder, 2019) for developing, conducting, and evaluating literature review 

studies, aiming to understand, generalize, and resolve the challenges in resource-efficient 

manufacturing. 

In the literature review process, publications found in the initial search went through the 

exclusion criteria based on their subject area and research objectives. The inclusion of 

publication was based on three attributes of effective assessment methods for resource 

efficiency: applicability, scope, and impacts. Papers that were kept after two rounds of selection 

were used as core papers for backwards snowballing. The same exclusion and inclusion criteria 

were applied after snowballing. The final sample was coded into a method library with selected 

assessment methods for resource efficiency. The analysis of assessment methods for resource 

efficiency identifies implementation factors (including enabling and hindering factors) in the 
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implementation of resource efficiency assessments. These implementation factors were used 

as guides in the development of an integration model. 

3.3.2 Study B: A single case study 

Study B was conducted with a truck manufacturing site that has been working collaboratively 

on the topic of resource efficiency in manufacturing. The frame beam workshop was selected 

for a feasibility study of implementing factory-level resource efficiency assessments, 

supporting understanding the challenges from the lens of practitioners. 

This case study followed a factory-level prototype methodology (Despeisse et al., 2012a) in 

three steps, including manufacturing understanding, qualitative mapping, and quantitative 

mapping. Gemba walks and workshops with company participants with varying 

responsibilities contributed to the improved understanding of the processes and operational 

intricacies. The study adopted IDEF0 and spaghetti diagrams to map the selected 

manufacturing area qualitatively, together with a classification of data availability. These 

visualizations further provided researchers and industrial participants with a more holistic 

understanding of the existing resource flows. In the quantitative mapping, material flow 

analysis, resource efficiency flowchart, and energy portfolio were selected as two assessment 

methods for resource efficiency to be tested in the framebeam manufacturing area. These 

quantitative methods provided a foundation in this study to further discuss the feasibility of 

measuring resource efficiency performance in the case study company. 

3.3.3 Study C: A multi-case study  

Study C is a multi-case study that involved three manufacturing sites, focusing on their 

machining processes. These participants play different roles within a value chain, including 

original equipment manufacturers and component suppliers. The size of participating 

manufacturing companies varies from SMEs to large multinational manufacturers. Data 

collection at those manufacturing sites was facilitated by Gemba walks and workshops, as 

similar as in Study B, following the three steps in the factory-level prototype methodology: 

manufacturing system understanding, qualitative mapping, and quantitative mapping. 

In addition, this multi-case study considered an adequate level of diversity in participating 

manufacturing sites for exploring the expectations from industry regarding the integration 

model proposed in the literature review study (Study A). At the same time, the similarity of 

starting with machining processes in all three manufacturing sites allows potential 

benchmarking in later analysis. 

3.4 Measures to enhance research quality 

To make the research trustworthy, measures were taken to enhance the quality of research from 

two perspectives: research design and study execution. 

The overall research design followed the well-developed methodology of DRM as the core of 

the research design. Though the stages in DRM seem logically obvious, it is a helpful tool to 

structure a rigorous research project systematically. The systematic literature review also 

followed guidelines developed by Snyder to compile and organize existing knowledge on 
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resource efficiency in manufacturing (Snyder, 2019). On top of the systematic literature review 

in the review-based stage RC, an additional empirical study was designed to cross-check the 

clarified research focus for research validity. To ensure the comprehensiveness of stage DS-I, 

the multi-case study chose participants from the same manufacturing sector to ensure good 

consistency in case selection for future generalizability. The coverage over different types of 

organizations also aimed to improve the usability of research in practice. A general principle 

for selecting industrial partners was reaching out to them from collaborative research projects. 

The engagement level is a crucial enabler for adding value to knowledge and practice (Yin, 

2009). 

Measures were also taken during the execution of research activities. Researchers had regular 

conversations with industrial companies to keep their engagement prolonged. Material used in 

studies and talks was documented for good transparency and traceability. To evaluate and 

validate conducted case studies, results from case studies were presented to participating 

industrial practitioners for them to confirm the results (Säfsten and Gustavsson, 2020). 

Furthermore, some reflections on the selection of methodology and research ethics are 

presented later in the Discussion (see Section 5.5 Methodological reflections).  
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4 

RESULTS 
In this chapter, the main findings from the appended papers are presented. The first section is 

a description of how appended papers relate to RQs, and a summary of each paper is provided. 

The findings are further discussed in the discussion chapter. 

 

4.1 Relationship between RQs, studies, papers, and contributions 

This thesis is scoped to focus on understanding challenges for resource-efficient manufacturing 

(RQ1) and how manufacturing companies make data-informed decisions that lead to resource 

efficiency in factories (RQ2). Table 2 summarizes the main findings from documented results 

and their contribution to the RQs. 

RQ1. What are the challenges for resource-efficient manufacturing? 

RQ2. How can manufacturing companies make data-informed decisions that lead to resource 

efficiency? 
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Table 2. Summary of the main contributions from the papers and documentation. 

Documentation Main contribution to RQ1 Main contribution to RQ2 

Study A 

 

Paper 1 

Major contribution 

 

Focused on understanding the 

current situation of material, 

energy, and waste efficiency in 

manufacturing.  

 

Explored challenges reflected 

from literature and summarized 

implementation factors to answer 

RQ1.  

 

Identified research direction: there 

is a lack of the capability to make 

data-informed decisions in 

application for resource-efficient 

manufacturing. The research 

direction forms RQ2 for this 

study. 

Major contribution 

 

Proposed an initial model, 

integrating with the production 

information systems, for 

manufacturing companies to 

make data-informed decisions in 

resource efficiency assessments, 

based on the answers to RQ1. 

Study B 

 

Paper 2 

Major contribution 

 

Identified research direction: 

academia and industry need better 

understanding of resource 

efficiency in manufacturing. The 

research direction motivates RQ1 

for this study.  

 

Findings presented by this paper 

contribute to answering RQ1. 

Minor contribution 

 

Findings from the empirical 

study presented in this paper are 

considered as user requests in 

the development of the proposed 

model. 

Study C 

 

Part of this 

licentiate thesis 

Minor contribution 

 

Findings from empirical studies 

reflect on the challenges and 

implementation factors found in 

Paper 1. 

Major contribution 

 

Continued the development of 

the proposed model 

collaboratively with 

manufacturing companies.  

 

Outcomes are mainly for method 

selection and data preparation 

for the early stage of conducting 

resource efficiency assessment. 
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4.2 Summary of Paper 1 – the systematic literature review 

Title: Review of Resource Efficiency Assessments in Manufacturing: An Integration Model for 

Production Information Systems 

Short description: 

Using a systematic literature review, the paper answers the question, “How can production 

information systems support resource efficiency assessments in manufacturing companies?” 

guided by three objectives: 

1) Identifying effective assessment methods for resource efficiency in manufacturing.

2) Identifying enabling and hindering factors in the implementation of resource efficiency

assessment.

3) Creating an integration model for the production information system.

For the literature review, the search string below was applied to the title, abstract, or keywords: 

("resource efficien*") 

AND 

(material* OR energy* OR waste*) 

AND 

(indicator* OR method* OR tool* OR approach* OR measure) 

AND 

(manufact*) 

AND 

(sustainab* OR green* OR environment*) 

This resulted in 388 papers from Scopus in the initial search. 

As shown in Figure 8, scope and four label groups were applied in exclusion and inclusion. 33 

papers were kept and used as core papers for snowballing. After applying the same exclusion 

and inclusion criteria, 16 papers were kept in the final sample. In total, 49 papers were coded. 

Finally, a method library of 38 assessment methods for resource efficiency was created 

(available in Appendix - The Method Library). 

Figure 8. The process of systematic review with the exclusion criteria and the labels groups 

used for inclusion, coding, and analysis.
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The exclusion was done based on the subject area and research objectives in found publications. 

Only publications focusing on developing resource efficiency assessment methods for the 

manufacturing industry were kept. Studies related to building, construction, or technical 

problem-solving (e.g., material processing, tooling path optimization) were excluded. Effective 

assessment methods for resource efficiency were identified using the following inclusion 

criteria. Label groups 1-4 shown in Table 3 were used as the inclusion criteria based on three 

attributes of effective assessment methods for resource efficiency: applicability, scope, and 

impacts. On top of label groups 1-4, five additional label groups were developed for coding 

and in-depth analysis. Each paper was coded individually by nine label groups in total. 

Table 3. Label groups developed for inclusion, coding and analysis. 

Label group Abbreviation Definition 
1-Type of study (applicability) 
Methods development MED New assessment methods development 

Indicator development IND New indicators development 

Single case study SCS / 

Multi-case study MCS / 

2-Applied level (scope) 
Machine MAC Single machine or single process  

Cell CELL Line or multi-machine system 

Factory FAC The facility includes cells or lines 

3-Sustainability dimension (impact) 
Environmental ENV / 

Economic ECO / 

Social SOC / 

4-Improvement area (impact) 

Operation management OP 
Improvement in operations, such as changing 

machining parameters 

Manufacturing strategy STRA 
Strategic improvement, such as supplier 

management 

Technology change TECH Adoption of new technical solutions 

5-Research field   

Production management PM 
Generic production and manufacturing systems 

management 

Machining and tooling MT Machining and tooling process 

6-Base approach   

Life cycle assessment LCA 
Assessment of environmental impact 

throughout a system’s life cycle 

Simulation or modelling SIM Simulated production in different means 

Lean management LEAN Lean management 

Material flow analysis MFA / 

Value stream mapping VSM / 

Emergy EME / 

Exergy EXE / 

Industrial metabolism IND / 

7-Focused resource flow   

Material MAT 
Material flow in manufacturing systems, such 

raw material consumption 

Energy ENE 
Energy flow in manufacturing systems, such 

electricity consumption 

Water WAT Water flow in manufacturing systems 
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Waste WAS 
Waste flow in manufacturing systems, such as 

solid waste and wastewater 

Service SER 
Intangible wealth in manufacturing systems, 

such as office expenses, labor protection fees 

8-Connection with production information systems 
Enterprise resource planning or 

Manufacturing resource 

planning 

ERP 

IT system or software to collect, store, manage 

and interpret data from business activities and 

resources 

Manufacturing execution system MES 

IT system or software to collect, store, manage 

and interpret data from business activities and 

resources 

Bill of material BOM 
List of raw materials, parts, and components 

used in manufacturing 

SCADA SCADA Supervisory Control and Data Acquisition 

Manually  MAN 
Data are collected from manufacturing systems 

manually, such from operators 

Secondary data SD 
Data collection through public/non-public 

database, such as life cycle database 

Unspecified data collection UDC / 

9-Connection with standard   

Global standard GS Globally recognized standards 

Regional standard RS 
Standards used in specific regions, such EU 

standard 

Others standard OS Other hierarchy of standards 

Unspecified standard US / 

The identification of effective assessment methods for resource efficiency was the first 

objective directly aided by the coded final sample. Analysis was performed on single label 

groups and across different groups. 

 

Main results: 

Analysis of assessment methods for resource efficiency  

This review used case studies to evaluate the applicability of assessment methods for resource 

efficiency. Out of the 245 publications that made it to the inclusion stage for the applicability 

check, 189 (76%) had no case studies for the newly developed methods in the manufacturing 

setting; 55 (22%) had single case studies, and only 4 (2%) had multiple case studies, as shown 

in Figure 9. 

 

Figure 9. The percentage of publications include single case study, multi-case study, or no 

case study. 
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All three applied levels—machine, cell, and factory—have been covered by the method library, 

with 19, 17, and 21 methods, respectively, as seen in Figure 10. Compared to machine level 

and factory level, production cell level offered fewer alternatives for procedures created for a 

specific scope. 

Figure 10. Coverage of the method library at the applied level.

A low level of maturity in integrating data demands from resource efficiency assessments and 

routine data management in manufacturing businesses was shown by the heat map of links 

between the method library and production information systems in Figure 11. Additionally, 23 

library methods lacked a data source specification. 

Figure 11. The connection to production information systems of the method library against 

their applied level and base approach.

Connections to standards were considered in the coding system to assess how the development 

of these assessment methods for resource efficiency interacted with regional, global, and other 

forms of standardization. Only a small number of the library's methods have strong ties to 

standards, as seen in Figure 12, which displays the current situation. 

MAC CELL FAC LCX SIM LEAN MFA VSM EME EXE IND

ERP 1 1 1 0 1 1 0 0 0 0 0 0

MES 2 1 1 1 1 2 0 0 0 0 0 0

BOM 1 1 1 0 0 0 0 0 0 1 0 0

SCADA 1 1 0 0 0 1 0 0 0 0 0 0

MAN 11 5 8 7 2 3 0 2 2 3 1 0

SD 7 3 3 4 2 3 0 1 1 1 1 0

UDC 34 17 15 20 5 16 1 8 4 3 2 1

11% 12% 5% 17% 20% 0% 0% 0% 0% 0% 0%

Connection 

with 

Production IS

Applied level Base approach

Connection%
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Figure 12. The connection to standards of the method library against their applied level and 

base approach. 

Implementation factors (enabling factors and hindering factors) 

The systematic review of the 38 assessment methods for resource efficiency identified several 

enabling and hindering factors, which are compiled in Figure 13.  

Figure 13. An overview of the enabling and hindering factors for the implementation of 

resource efficiency assessment in manufacturing.

The main enabling factors included: 

• Scope definition: Well-defined scope and impact of methods for application to align

with the environmental goals.

• Scope coverage: Broad coverage of resource flows, potentially through diverse base

approaches.

• Data suitability: Production data suitability for resource efficiency assessments

(manufacturers have data needed in resource efficiency assessments).

MAC CELL FAC LCA SIM LEAN MFA VSM EME EXE IND

GS 8 2 3 7 3 2 0 5 2 0 0 0

RS 1 0 0 1 0 0 0 1 0 0 0 0

OS 3 1 1 1 0 2 0 0 0 0 0 1

US 26 15 13 13 4 15 1 3 3 3 2 0

21% 24% 38% 33% 25% 0% 63% 25% 0% 0% 100%

Connection 

with 

standards

Applied level Base approach

Standardization%
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And the main hindering factors identified included: 

• Connection with standards: Inadequate instruction in method selection and execution 

(for example, clear strategic alignment with companies’ environmental goals and 

targets).  

• Connection with production information systems: Insufficient connection to standards 

to support compatibility between assessments (when combining methods to increase 

the coverage of different environmental aspects and other sustainability dimensions), 

transferability of the results (especially for inter-organization sustainability assessment), 

and regulatory compliance. 

• Method selection instructions: Insufficient connection to production information 

systems (thereby creating barriers for companies to implement the advanced methods 

due to the lack of time and human resources for data collection and management). 

 

Discussion: 

Terminology usage in resource efficiency assessment methods 

The inconsistent use of terminologies in assessment methods for resource efficiency found in 

this review method was a challenge in the literature search. The first search was found to be 

lacking a few important papers from the research areas of sustainable manufacturing and 

resource efficiency. Additional snowballing was created for complementarity to cover the 

desired research topic as thoroughly as possible. The variety of terms used in assessment 

methods for resource efficiency makes it difficult for manufacturing organizations to find and 

choose the best approaches. Both academic research and industry collaboration can benefit 

from improved language alignment around resource efficiency in manufacturing. 

 

Effectiveness of resource efficiency assessment method implementation 

o Integrating production information systems for resource efficiency assessment 

Regarding data management, the simulation and modelling-based resource efficiency 

assessment method in the method library are more closely connected to production information 

systems. One argument is that industrial digitalization, where the importance of data is widely 

recognized, is more directly linked to manufacturing system simulation and modelling. The 

integration of resource efficiency assessment methods with production information systems for 

data collection, which were derived from traditional production management approaches like 

material flow analysis and value stream mapping, still has great potential (Thiede et al., 2016). 

o Connecting standards for resource efficiency assessment 

Even though manufacturing resource efficiency standards and regulations are being debated a 

lot these days, there is still no well-established connection between regulation research and 

practical assessment methods for resource efficiency. Future research should consider 

improved standardization of assessment methods for resource efficiency for both compliance 

and successful application.  
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The learning effort needed for industrial implementation of assessment methods for resource 

efficiency can be greatly decreased by integrating standardized processes or education. By 

offering precise instructions, the standardized methods make it simpler for manufacturing 

personnel to adopt them, guaranteeing that resource efficiency thinking is included into daily 

production rather than being a one-time occurrence. Additionally, industrial users are more 

likely to adopt assessment methods that incorporate processes and indicators that are in line 

with current standards or regulations for compliance purposes. 

The integration model 

New procedures for industrial users, primarily for indicator selection, have been developed in 

the research area of sustainable manufacturing. For instance, a procedure for choosing key 

performance indicators at the manufacturing process level was published in 2018 because 

manufacturers needed to better understand and choose from the many available indicators 

(Kibira et al., 2018). In 2019, another study specifically reviewed circular economy indicators 

from the literature and further designed a tool to help industrial users find appropriate indicators 

based on their own cases and indicators’ characteristics (Saidani et al., 2019). These new 

procedures were approved as value-adding by increasing the effectiveness of implementing 

assessment methods for resource efficiency. This paper developed an integration model with 

some additional features to increase the efficiency of implementing assessment methods for 

resource efficiency in manufacturing companies (Figure 14). 
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Figure 14. The integration model for implementing assessment methods for resource 

efficiency.

The proposed integration model offers manufacturing companies two entry points during the 

preparation phase: selecting assessment methods for resource efficiency based on their strategic 

sustainability goals (top-down) or based on the data available in their factories (bottom-up). 

The model helps manufacturing companies better prepare for resource efficiency assessments 

execution by aligning assessment methods with available data. To connect resource efficiency 

assessment and factory data, the resource efficiency data inventory is established according to 

specific data needs. Ideally, companies should manage this inventory within their regular 

production information systems, such as Manufacturing Execution Systems (MES). 

A data readiness check compares the resource efficiency data inventory with data required by 

assessment methods. If data gaps exist, immediate actions include reviewing the inventory or 

reselecting methods, while long-term actions involve installing additional measurement, using 

secondary data, or enhancing data management systems. If data fulfills the requirements, the 

model proceeds to implementation, covering execution, result interpretation, action plans, and 

improvement activities. 
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4.3 Summary of Paper 2 – the single case study 

Title: Exploring Factory Data for Resource Efficiency Assessment - A Case Study at a Truck 

Manufacturing Company 

Short description: 

Between 2022 and 2023, a case study was conducted with a truck manufacturer in Sweden to 

identify data requirements for conducting resource efficiency assessments in the truck frame 

beam manufacturing area. This study aims to bridge the gap between academia and industry in 

terms of method development and practical applications. 

The focus of this case study is the feasibility of implementing resource efficiency assessment 

in a manufacturing organization in terms of the data required. By addressing this research 

focus, the study hopes to detect any hidden challenges that may emerge during the adoption of 

basic assessment methods for resource efficiency in the selected manufacturing area. The study 

also aims to offer preliminary guidelines for future scale-up implications. The feasibility study 

followed three steps shown in Figure 15. 

 

Figure 15. Three steps followed in the single case study. 

In the qualitative mapping, two process mapping tools were used to help make the selection of 

feasible assessment methods for resource efficiency and get a deeper knowledge of the factory 

data that was available. To illustrate the hierarchies of manufacturing processes, the IDEF0 

framework and its functional units modeling approach were selected for this study (Presley and 

Liles, 1998). As shown in Table 4, related data for each input and output flow was categorized 

into three groups on top of a simple decomposition view (Robinson and Bhatia, 1995). The 

spaghetti chart, which incorporates pertinent production plan information, was also used in this 

feasibility study to illustrate the material, energy, water, chemicals, and waste flows (hence 

resource flows). 
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Table 4. Classification approach of data in input and output. 

Category of data Definition of data category 

Category A Collected 
Data in this category are already collected for 

assessments in the operation 

Category B 
Available but 

not collected 

Data are available from equipment or other 

sources but require extra efforts to be collected 

for assessments 

Category C Not available 

Data are not available in the current production 

system; Category C requires further 

investigation or proper estimation in 

assessments 

Main results: 

Qualitative mapping 

Three separate layers are illustrated in a hierarchical process mapping of the case study truck 

manufacturing company (as shown in Figure 16): the factory, the production area, and the beam 

manufacturing processes. Activities, constraints, and mechanisms are shown inside each 

functional unit to emphasize their primary purposes. The input and output arrows in the 

graphics are color-coded to match the data categories listed in Table 4. 

Figure 16. Process mapping of factory, production area, and beam manufacturing processes.
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A spaghetti diagram mapping the resource flows in the frame beam manufacturing area is 

shown in Figure 17. The flow of metal material, as the major material of the main product, is 

driving the production flow. At several stages, additional materials are also shown to enter the 

process, and waste can be generated. Based on the real layout of production facilities, the 

mapping also includes the ventilation and energy supply systems. 

Figure 17. Resources flow mapping of the frame beam manufacturing area.

Quantitative mapping 

At the factory level, data in category A (collected) has the biggest share, as shown in Figure 18. 

This demonstrated that the implementation of basic resource efficiency assessment at the 

factory level has been made possible by the better availability of data.  

The proportion of data in categories B (available but not collected) and C (not available) rises 

as the research moves deeper into the manufacturing site's more intricate levels. This makes it 

more challenging to conduct resource efficiency assessments at these levels. 

Figure 18. Distribution of three data categories at factory, production area, and process levels.
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Discussion: 

Challenges in data completeness and reliability 

A conceptual data quality framework developed by Levitin and Redman in 1995 suggests that 

there are five dimensions that are crucial in data quality analysis: contents, scope, level of detail, 

composition, and consistency (Levitin et al., 1994). Furthermore, data scarcity and reliability 

issues are two limitations in system modelling and assessment in the context of production data 

management (data scarcity refers to the limited availability of data, while reliability issues 

encompass the accuracy and trustworthiness of the data itself) (Despeisse and Bekar, 2020). 

o Data scarcity hinders full-scale resource efficiency assessments

Improved data collection is needed, especially at the production area and manufacturing 

process levels, as indicated by the trend in Figure 18. To guarantee the effectiveness of resource 

efficiency assessments, it is imperative to match the initial phase of data collection with the 

requirements of the assessment methods for resource efficiency. Data that are most important 

to the assessment being carried out might be prioritized by manufacturing companies. 

o Data reliability hinders resource efficiency assessments

A thorough examination of the resource flow data that was gathered is necessary to identify 

gaps in data reliability. There can be various issues with data reliability; for example, in this 

case study, the electricity consumption data were found to be inconsistent due to the 

unsynchronized timestamps on machines. 

o Unstandardized data collection templates hinder resource efficiency assessments

The standardization of data collection has been constrained in this feasibility study by the 

manual collection of data on operating activities and material flows. Comparing and combining 

data from various resource flows or time periods becomes challenging. Improving the 

effectiveness of quantitative analysis requires addressing the standardization of data templates 

(Ćwikła, 2014). Standardized data templates can improve data quality, expedite data 

management procedures, and enable more thorough and trustworthy quantitative analysis. 

4.4 Results from the multi-case study 

Short description: 

A multi-case study has been in progress with three manufacturing companies since early 2024, 

focusing on collaborative development of the initial integration model for resource efficiency 

assessment. The study follows the three steps (shown in Figure 15), starting with manufacturing 

understanding, then qualitative mapping, to quantitative mapping. The qualitative mapping 

continues to use the IDEF0 functional units modeling approach (Presley and Liles, 1998) and 

the data classification approach (shown in Table 4). While performing these steps, requirements 

and expectations are collected to convert the initial integration model into a user-friendly tool. 

The prioritized part of the model is the data readiness check tool (shown in Figure 14), which 

helps evaluate whether the factory data can fulfill the data required by assessment methods for 

resource efficiency. 
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Main results: 

Qualitative mapping of the machining processes in two manufacturing sites 

To understand the complexity of the machining area in manufacturing site A, the data 

availability and the qualitative mapping were drawn for three levels: production area, 

machining processes, and machining machines (only the first two layers are shown in Figure 

19). At the machining area level, raw material, chemicals, and consumables consumption were 

available and could be allocated to the cylinder blocks production. Energy consumption was 

available, but the data was aggregated for the whole building where the machining line shares 

with other production areas. It is not known yet how much energy consumption should be 

allocated to the machining line. The mapping can zoom in to individual machines. The 

machining process consists of four sub-processes: preset, machining, assembly, washing, and 

drying. Only a few resource flows have corresponding consumption monitored for the 

machining process. However, when breaking down to single machines, it was currently 

infeasible to have resource consumption data. 

Figure 19. Process mapping of machining area and machining processes. 

A qualitative mapping of the machining area at manufacturing site B was also performed after 

the mapping of site A. The machining area was selected for two reasons: the machining area 

was the factory’s focus area for resource efficiency, and mapping similar manufacturing 

processes can help future benchmarking between sites in this multi-case study. 
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Demonstration - Data readiness check for resource efficiency assessments 

The multi-case study developed a demonstration of a data readiness check based on the method 

library and the integration model proposed in the literature review (Paper 1). This 

demonstration tested the two entry points designed in the integration model. Additionally, it 

explored the feasibility of embedding a data readiness check into qualitative mapping. The 

demonstration used blurred information and data from previous case studies. 

The top-down approach chose energy consumption as the strategic focus. Energy portfolio 

(method no. 31) from the assessment method library for resource efficiency was selected 

(Thiede et al., 2012). The bottom-up approach selected qualitative process flow maps (method 

no. 26), representing the method library in this simplified demonstration (Smith and Ball, 2012). 

The demonstrated manufacturing area, a production line with four stations, was visualized in 

Figure 20. Resource flows going into and out of each station were specified based on the 

understanding about the manufacturing area, including data availability, data handling, and data 

sampling rate. Data requirements were indicated by a circle (method no. 26) and a triangle 

(method no. 31). Data availability was indicated by the color coding: available resource flow 

data were marked in green, and those unavailable data were marked in red. 

Figure 20. Data readiness checks visualized within a process mapping. 

The demonstrated readiness check only considers data availability preliminarily. Data readiness 

for two methods was shown in Figure 21. Because energy consumption data had good 

availability, the top-down approach was evaluated as feasible for the manufacturing area. In 

the bottom-up approach, data readiness still needs to be improved because data of waste flow 

was not available for potential methods. 



- 33 -

Figure 21. Data readiness dashboard of the demonstration. 

In this simplified demonstration, the resource efficiency assessment moved on with the energy 

portfolio method. The gaps in data readiness for implementing the other alternate were 

analyzed to initiate additional data collection. 

Discussion: 

Next step: scale-up data readiness check from demonstration to multi-cases 

The demonstration was a simplified use case. Methods selected in both approaches were too 

basic to show the complexity in real-world cases. The multi-case study will be a platform for 

future work. Considering the data availability at different levels in selected manufacturing sites 

based on the process mappings, further resource efficiency assessments will focus on the 

machining area level for all three sites. Both top-down and bottom-up approaches will be tested 

within these manufacturing areas, identifying feasible assessment methods for resource 

efficiency with the current available data from the method library as well as taking companies’ 

strategic goals into account.  

The systematic categorization of assessment methods for resource efficiency in the literature 

review study provides a foundation for scaling up the data readiness check as well as further 

resource efficiency assessments. However, for industrial users to perform the check and 

assessment autonomously, the study process needs a user-friendly interface and clear step-by-

step instructions. 

Resource Efficiency Assessment Methods Data Readiness (0-100) Traffic Lights

M26: Qualitative process flow maps 70

M31: Energy portfolio 100
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5 
DISCUSSION 

This chapter elaborates on and answers the research questions. The contributions of this 

research are highlighted. Furthermore, reflections on methodology used in this thesis and 

future research direction are discussed. 

5.1 Answer to RQ1 - What are the challenges for resource-efficient manufacturing? 

Summing up the outcomes from studies conducted, challenges for effective resource efficiency 

assessments in manufacturing can be discussed from three elements: Foundation – 

foundational knowledge in the research area; Drive – applicability of assessment methods for 

resource efficiency; and “Lubricant” – data readiness in manufacturing factories. Figure 22 is 

an illustration of the challenges and how they may interact with each other. 

Figure 22. Challenges for resource-efficient manufacturing in foundational knowledge, 

assessment methods, and factory data readiness. 
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5.1.1 Foundational knowledge in the research area of resource-efficient manufacturing 

Like any other area of research, resource efficiency in manufacturing is built on foundational 

knowledge, which helps understand relevant concepts and identify gaps in existing research. 

Terminology usages are typically important from this research perspective. 

Resource efficiency is not always chosen as a key word in studies related to resource-efficient 

manufacturing. Researchers may use resource efficiency in general even though they only 

focus on a specific resource flow in manufacturing, such as energy consumption (Larek et al., 

2011). While other researchers working on energy consumption may use other keywords like 

energy management systems instead of discussing resource efficiency as an umbrella 

terminology (Lee et al., 2024; Vikhorev et al., 2013). Researchers also use the term resource-

efficient manufacturing but only focus on reducing production costs and maximizing profits 

for manufacturers (Gould and Colwill, 2015). 

Terminologies around production information systems need to be further standardized as well. 

Researchers use manufacturing information systems to facilitate energy consumption 

(Vikhorev et al., 2013). When researchers were trying to identify an information source for 

resource flow model parameterization, they also used the term manufacturing IT systems 

(Leiden et al., 2021). 

In this thesis, the usage of different terms around resource efficiency hindered the searching 

for existing literature. A few important papers were found missing from the research domain 

of sustainable manufacturing and resource efficiency from the initial search. Additional 

snowballing was conducted to cover the research domain as comprehensively as possible. In 

the implementation of assessment methods for resource efficiency, manufacturing companies 

find it challenging to identify and select suitable methods due to the diversity of keywords used 

in method development. Both academia and industry can benefit from improved terminology 

alignment around resource efficiency in manufacturing. 

5.1.2 Applicability of assessment methods for resource efficiency 

Finding assessment methods for resource efficiency that work effectively for factories remains 

a challenge for manufacturing companies. Several implementation factors were identified from 

the review of assessment methods for resource efficiency (shown in Figure 13). Combining the 

findings from case studies, the applicability of assessment methods for resource efficiency is 

impacted from several different aspects: instructions for implementation, performance 

measurement and indicator usage, and connections to standards and production information 

systems. 

Industrial users prefer using assessment methods for resource efficiency with a clearly defined 

scope and focused resource flow as the starting point. Those assessment methods with clear 

scope and target resource flows often have more detailed instruction on data requirements. 

Manufacturing companies can quickly evaluate whether a specific method is feasible with the 

data they currently have. Additionally, many assessment methods start with the assessment 

itself without describing the circumstances under which this method should be suitable, for 



- 37 -

instance, possible contributions to strategic goals. Step-by-step instructions are not always 

available for potential users in industry. 

The effectiveness of industrial applications is also affected by the indicator used in assessment 

methods for resource efficiency. Basic indicators like absolute resource consumption are 

straightforward and widely used, but they are not capable of communicating from the 

standpoint of sustainability performance. Indicators converted from direct resource 

consumption can vary a lot. Carbon emissions from material, energy, and waste flows are used 

to report resource efficiency from an environmental sustainability perspective in studies but 

not in a standardized way (Billy et al., 2022; Zheng et al., 2022), which hinders benchmarking 

across the industry. Moreover, assessment methods for resource efficiency also need to comply 

with legislation in the face of the increasing expectations from government and society. 

Assessment methods for resource efficiency aligned with legislation in measuring and 

reporting environmental sustainability performance are welcomed by practitioners.  

For a single assessment method, the connection to standards affects mostly reporting under the 

legislation, as discussed as one of the enablers. But when combining methods to increase the 

coverage of different environmental aspects and other sustainability dimensions, alignment 

with the same standards across methods will support compatibility and transferability of the 

results. On top of the connection to standards, connections to production information systems 

support manufacturing companies in implementing resource efficiency assessments by saving 

time and human resources in data collection. 

5.1.3 Factory data readiness 

To prepare for optimization of resource efficiency, manufacturing companies should have 

factory data ready as inputs for resource efficiency assessments. In this thesis, the readiness of 

factory data is interpreted from three characteristics: data availability, data reliability, and data 

inventory standardization. 

Results from both case studies indicated a pattern that data required in resource efficiency 

assessments had limited availability at the production area and process level compared to the 

factory level. Having access to data about resource flow that goes in and out of the whole 

factory may make it possible to produce some resource efficiency indicators, such as resource 

consumption per product. However, in-depth assessment requires better data availability at 

lower levels in the factory for higher resolution in performance analysis, bottleneck detection, 

and improvement. Moreover, factory data availability does not necessarily need to cover 

everything. Depending on the selected (or likely to be selected) assessment methods for 

resource efficiency, prioritization can be made in data collection. 

Given the complexity regarding equipment and operation in manufacturing factories, 

maintaining the reliability of factory data is crucial to resource efficiency assessments’ integrity. 

Issues regarding data reliability were found when examining data collected for resource 

efficiency assessments in the conducted case studies. For instance, timestamps on equipment 

could lose synchronization, particularly for equipment that has been in service for many years. 

In some cases, manually collected data needs to be further calibrated as well. Data recorded 

from logbooks can be inconsistent due to human errors. 
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These data reliability issues are relatively easy to fix once identified by applying immediate 

actions or Kaizen projects in the long term. In the feasibility study conducted in this thesis, 

manufacturers set up regular calibrations for their equipment and measurement gears. Training 

on improving record integrity for operators and double-confirming rules was also applied on 

the site. But finding the root cause of unreliability in factory data and preventing unreliable 

data from generation is more important than firefighting. 

A standardized data inventory helps the implementation of any kind of assessment in industry, 

despite the means of data handling. Case studies conducted in this thesis showed that many 

manufacturing companies have not considered resource efficiency assessments when building 

up on-site data inventory. In both cases, collected data of resource flows varied in forms and 

sampling rates, making later data processing for quantitative analysis challenging (Ćwikła, 

2014). Additionally, standardized templates for collecting data of different resource flows can 

improve data reliability in manual handling. Besides internal assessment, standardized data 

inventory for resource efficiency assessment purposes can also facilitate easy benchmarking 

with external organizations. 

Nevertheless, these challenges in foundational knowledge, method applicability, and data 

readiness are relevant to each other. For instance, industrial practices of preparing factory data 

readiness and enhancing the applicability of assessment methods for resource efficiency will 

contribute to foundational knowledge development, encouraging collaborative knowledge 

creation. While connecting assessment methods for resource efficiency to production 

information systems, manufacturing companies can build up data inventory for long-term use. 

5.2 Answer to RQ2 - How can manufacturing companies make data-informed decisions 

that lead to resource efficiency? 

To tackle the challenges identified from the three elements shown in Figure 22, manufacturing 

companies are in the driver´s seat for resource efficiency regarding the factory data readiness. 

This thesis discusses reforming the way of conducting resource efficiency assessments by 

proposing an integration model (Figure 14) that offers manufacturing companies two entry 

points in both strategic (top-down) or opportunistic (bottom-up) scenarios. 

Also, to highlight “data-informed decision making” in the answer to RQ2, this thesis identified 

two critical decision-making points: decisions on assessment methods selection and resource 

efficiency assessment execution. To utilize factory data while making these decisions, actions 

such as connecting to production information systems, building up resource efficiency data 

inventory, and evaluating factory data readiness for resource efficiency assessments should be 

taken by manufacturing companies. 

Figure 23 illustrates the two different entry points under strategic and opportunistic scenarios 

as well as when the two critical decisions are made. The text that follows describes how data-

informed decision-making is enabled with actions to involve factory data. 
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Figure 23. Decision-making points in resource efficiency assessments under strategic and 

opportunistic scenarios. 

5.2.1 Connecting to production information systems and building up resource efficiency 

data inventory 

Assessment methods for resource efficiency reviewed in this research often rely on extensive 

efforts on data collection and processing. These assessment activities can be beneficial for 

quarterly or annual reporting purposes. However, conducting another round of assessments for 

continuous monitoring can be time-consuming. It is also more challenging to reuse the results 

for planning and improvement activities than just for one-time reporting. Connecting resource 

efficiency assessments to production information systems can ease the sourcing of factory data 

and therefore help tackle data-related issues. 

The connections are built during the preparation phase, where manufacturing companies 

maximize the use of their factory data and create the data inventory. As shown in Figure 23, 

the resource efficiency data inventory can be established with or without selected assessment 

methods for resource efficiency, depending on the chosen entry point. In the strategic scenario, 

manufacturing companies will bring data requirements from selected assessment methods for 

resource efficiency to their production information systems and collect corresponding data. In 



- 40 -

the opportunistic scenario, currently available factory data related to resource consumption will 

be extracted from production information systems and examined with reference to data 

requirements of different assessment methods in the library. The assessment will proceed only 

with feasible methods. In both scenarios, production information systems in manufacturing 

companies will be the main data sources for resource efficiency data inventory and in the later 

execution of assessment or future iterations. 

5.2.2 Perform data readiness check for resource efficiency assessments 

In both scenarios illustrated in Figure 23, a data readiness check is performed to determine 

whether the assessment process can move on to execution or not (additional actions are needed). 

In the strategic scenario, manufacturing companies kick off resource efficiency assessments 

with selected methods focusing on specific resource flows. According to the data requirements, 

data are collected from production information systems and stored in resource efficiency data 

inventory. The resource efficiency data inventory is examined regarding data readiness to check 

if collected data can fulfill the requirements. The readiness of data indicates the feasibility of 

selected assessment methods for resource efficiency. 

In the opportunistic scenario, resource efficiency data inventory has inputs from the assessment 

method library for resource efficiency and existing production information systems. In this case, 

data readiness check aims to identify feasible assessment methods with data available from 

manufacturing factories in the current situation. 

The demonstration presented as a part of the results from the ongoing multi-case study 

(described in Section 4.4) proved the feasibility of data readiness checks in both strategic and 

opportunistic scenarios. For industrial implementation, the readiness check tool needs to be 

extended to all 38 assessment methods for resource efficiency and to methods that could 

potentially be added to the library. 

5.3 Contributions to knowledge 

In the research area of resource-efficient manufacturing, improving the maturity of knowledge 

requires a better understanding of the definition of resource efficiency and what the challenges 

are in the manufacturing setting.  

This thesis reviewed research areas related to resource efficiency in manufacturing, focusing 

on material, energy, and waste efficiencies. Furthermore, assessment methods for resource 

efficiency were systematically categorized, and a method library was created. Analysis based 

on this categorization contributes to a more consistent understanding of assessment methods. 

Future research on this topic now has a solid foundation to initiate discussions on, such as 

following the systematic categorization in developing new assessment methods for resource 

efficiency. 

This thesis also identified the gap between the development of assessment methods for resource 

efficiency development in academia and applications of these methods in industry. By 

investigating the implementation factors in effective resource efficiency assessments, this 
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thesis provides insights into enablers and barriers from theory to practice. With findings 

presented in this thesis, awareness has been brought to the obstacles that must be considered 

when conducting resource efficiency assessment studies. For instance, the development of 

assessment methods for resource efficiency should include explicit data requirements and be 

able to connect to relevant standards. These implementation factors will also equip 

manufacturing companies with awareness regarding data readiness, instructions, and 

legislation. Knowledge-wise, the method library created from the systematic literature review 

helps industrial users to better understand the variety in assessment methods for resource 

efficiency. Overcoming the lack of one-solution fits all, this thesis empowers manufacturing 

companies to select the one best suited for their factory data and the purpose of performing 

resource efficiency assessments. 

5.4 Contribution to practice 

This thesis has developed a preliminary integration model for manufacturing companies to 

effectively implement resource efficiency assessments. The first two tools introduced in this 

new model are: 

• Connecting the implementation of resource efficiency assessments with production

information systems, and

• Performing data readiness checks.

In general, the integration model in this research guides manufacturing companies through the 

implementation of assessment methods for resource efficiency and points out critical decision 

points in the preparation stage, including selecting methods and evaluating data readiness for 

execution. Manufacturing companies can connect their ongoing resource efficiency 

assessments to production information systems at certain points for data collection and build 

up resource efficiency data inventory later depending on the entry point they chose. The two 

entry points lead manufacturing companies to different scenarios (strategic and opportunistic), 

where they perform data readiness checks before executing resource efficiency assessments. 

In the short term, the practical model allows manufacturing companies to take a chance of using 

currently available data to perform resource efficiency assessments. The method library with 

standardized categorization can facilitate a fast identification of potential assessment methods 

for resource efficiency by using the given factory data. Though the opportunistic approach can 

be criticized for lacking long-term planning in resource efficiency improvement, it still adds 

value by achieving low-hanging fruits, especially for SMEs and industrial practitioners early 

on in their transformation journey. Every time with updated data or method library, 

manufacturing companies may retain the opportunistic approach and build up an initial data 

inventory for future attempts of adopting a strategic approach. 

The long-term contribution is mainly driven by the strategic approach. The current method 

library and its potential to include more effective assessment methods for resource efficiency 

enable flexible method selection for diverse strategic goals. Iterations triggered by evaluating 

data readiness will eventually complete the resource efficiency data inventory in manufacturing 

companies. A matured resource efficiency data inventory does not aim to include as much data 

as possible but only maintains necessary data for desired resource efficiency assessments. 
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5.5 Methodological reflections 

This section is a continuation of the discussion on research methodology for research design 

and execution in Section 3.4, including methodological reflections on methodology selection, 

data collection methods, scientific quality, and research ethical considerations. 

5.5.1 Methodology and data collection methods selection 

Given the aim and objectives of this research, collaborations with industry are important to 

develop practical solutions for achieving resource efficiency. Methodologies for participatory 

research, such as action research, were also in consideration for the research in this thesis. 

Action research, defined as a participatory, democratic approach to bringing theory and practice 

together by solving problems practically (Brydon-Miller et al., 2003), seems to be a good fit in 

this research for the purpose of developing solutions to realizing resource-efficient 

manufacturing. In person, the commitments often made by action researchers to engage 

practitioners and to deliver helpful tools are fascinating. While bridging between theory and 

practice, action research also focuses heavily on changes and reflections (Avison et al., 1999). 

An important criterion of assessing action research quality is to evaluate the changes made by 

practitioners in their organizations. In this thesis, changes in resource efficiency assessments-

related activities take time. 

Although action research was not used in overall research design, its collaborative approach 

still inspired the facilitation of research activities under the DRM framework. The case studies 

conducted with industrial partners used on-site visits and workshops to meet and engage people. 

The close collaboration made it possible to understand the expectations from practitioners and 

gather data as well as information needed by the knowledge creation in a limited time. The 

collaborative approach also directs future research to focus on implementation and making 

changes in real-world manufacturing.  

5.5.2 Scientific quality of the research 

Good research is expected to be fact-based and unbiased. Though the starting point for doing 

research on the topic of data utilization in resource-efficient manufacturing is personal interests 

and concerns, the research has been keeping the objectivity. The DS stage in the DRM makes 

sure that the existing condition of the aimed research area is carefully evaluated. Research 

objectives and questions are assessed and modified based on an expanded understanding of the 

current situation of resource efficiency assessments in manufacturing companies. Research 

activities are all documented, and results are openly shared with participants for traceability 

and transparency. 

The quality of the descriptive results can be assessed by internal and external validity (Brogan, 

2013; Kirk and Miller, 1986; Yin, 2009). While answering RQ1, three elements that support 

resource efficiency in manufacturing were identified, and then challenges identified from 

different studies were grouped correspondingly for further discussion. Observation and 

analysis done in case studies and literature reviews were direct inputs for discussing challenges, 

showing a good internal validity. Externally, the descriptive findings on in-depth challenges 

were recognized by participating industrial partners, which provide good platforms for future 

validation of the developed model and tools. Moreover, applications of these initial prescriptive 
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outcomes (answers to RQ2) are not limited to currently studied manufacturing companies. New 

partners from different industry sectors (such as building and construction) can also find this 

thesis inspirational and adopt the findings in other contexts. 

 

5.5.3 Ethical considerations 

To conduct research that is not only appreciated by the scientific community but also adds value 

to society, researchers are expected to relate to and uphold certain standards and norms in the 

professional activities (Säfsten and Gustavsson, 2020). This thesis discusses ethics based on 

the research ethics guidelines provided in Good Research Practice (Swedish Research Council, 

2017). 

This research first considered confidentiality in communications with industrial partners, 

including data to be published, personal information, and confidential information. For 

example, for papers that are written based on case studies, industrial participants must approve 

them before submissions. Key data or information will be blurred in publications if necessary. 

This research also tried to maintain good openness and transparency when sharing data, results, 

ideas, and tools with industrial participants. Research can be difficult to understand. It is 

important to make information accessible and open to questions from participants. Improving 

the skill of communicating complex challenges with people from different hierarchies is also a 

learning objective in this thesis. 

5.6 Future work 

The future research will continue working on the completeness and maturity of the proposed 

integration model for effective implementation of assessment methods for resource efficiency 

in manufacturing companies. Besides the features that help manufacturing companies connect 

resource efficiency assessments to production information systems and perform data readiness 

checks in the preparation phase, the research will move forward to the implementation phase 

with collaborated industrial partners. The maturity of the proposed model will be enhanced 

from multiple dimensions. The library of effective assessment methods for resource efficiency 

will be updated regularly to include new methods. The systematic categorization of methods 

in the library will also be optimized to better connect to standards, legislation, and production 

information systems. So far as presented in this thesis, the development and demonstration of 

tools have been mainly driven by researchers. To achieve autonomous decision-making in 

selecting assessment methods for resource efficiency and data readiness checks, future research 

needs to lower the effort level for manufacturing companies to get started, considering effective 

knowledge transfer and upskilling. A more user-friendly interface will be developed and 

validated together with industrial practitioners. 

Another direction for future research is to identify joint interests with the research area of 

digital technologies in the manufacturing sector. Artificial intelligence (AI), which has huge 

capacity in terms of data analytics, has not been considering resource efficiency in 

manufacturing as a clear objective (Waltersmann et al., 2021). Through assisting production 
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planning and optimization, AI solutions showed their potential impact on energy efficiency, but 

the link in between was not clearly stated. In future research, AI could be employed directly in 

the establishment of resource efficiency data inventory for manufacturing companies, tackling 

data-related issues such as availability, reliability, and standardization. Other technologies, 

such as product digital passports and digital twins, can also help tackle data-related issues in 

effective resource efficiency assessments at manufacturing companies. Interdisciplinary 

collaborations will add extra value to this research journey towards resource-efficient 

manufacturing.  
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6 
CONCLUSION 

In this final chapter the results of the research are discussed and concluded. 

The aim of this thesis is to provide a solution for manufacturing companies to achieve resource 

efficiency and make data-informed decisions by effectively utilizing factory data and 

assessment methods for resource efficiency. The solution was formed in two steps through 

answering two research questions. 

Answers to the first research question presented three elements that support resource-efficient 

manufacturing: 1) foundational knowledge in the research area, including consistent 

terminology and performance indicator usage; 2) applicability of assessment methods for 

resource efficiency, including instructions for implementation, performance indicator usage, 

and connections to standards and production information systems; and 3) readiness of factory 

data in manufacturing companies, covering data availability, data reliability, and data inventory 

standardization. The three interconnected elements need to work together to achieve resource-

efficient manufacturing.  

Answers to the second research question identified two decision-making points, including the 

decision on selecting assessment methods for resource efficiency and resource efficiency 

assessment execution. To make data-informed decisions, this thesis suggests manufacturing 

companies take two actions: connecting production information systems to build up resource 

efficiency data inventory and performing data readiness checks in resource efficiency 

assessments. This thesis also proposed two scenarios where manufacturing companies can 

make decisions in a data-informed manner: strategic and opportunistic. Detailed instructions 

on handling both scenarios were also provided. 
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This research contributes to knowledge through the systematic categorization of assessment 

methods for resource efficiency and analysis of challenges as well as impact factors in effective 

resource efficiency assessments. Actions and tools suggested are value-adding to industrial 

practice, especially when bringing more practitioners on board. Future research will focus on 

completing and maturing the tools together with validation in the real world. 

Given the large number of methods available and the increasing availability of industrial data, 

creating new assessment methods for resource efficiency or simply collecting more data is no 

longer an effective way to improve resource efficiency in manufacturing. Both academia and 

industry need a better understanding of assessment methods for resource efficiency and factory 

data and, therefore, be able to connect resource efficiency assessments with production 

information systems for agile data sourcing and ensuring just adequate data readiness.  
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