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Abstract


The digitalisation of production has a positive impact on manufacturing processes in terms of resource efficiency and environmental impact, particularly in the form of increased efficiency as well as cost and resource savings. However, the use of digitalisation technologies is also associated with efforts such as costs, CO2 emissions, and raw material consumption. When planning or deciding on the digitalisation of manufacturing systems, it is therefore necessary to assess whether these technologies pay off in terms of sustainability over their life cycle. This literature review (based on the PRISMA guidelines) analyses the relevance of sustainability assessment and its methods for the digitalisation of production in research. The review reveals that research focuses on the benefits of digitalisation technologies in manufacturing, while the assessment of efforts and their benefits is in its infancy. There is a need for further research on holistic assessment methods for digitalisation technologies. In particular, there is a lack of assessment methods that consistently link the economic and environmental dimensions of sustainability, and there is also a lack of guidance for the application of assessment methods in production.
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1. Introduction


Digitalisation technologies are becoming increasingly important in the context of sustainable manufacturing. Technologies such as Industry 4.0 (I4.0) are recognised as a key facilitator in the efficiency of industrial processes [1,2]. Due to climate change and the increasing scarcity of resources, sustainable manufacturing and prudent use of raw materials along the product and production life cycle are indispensable. Companies are faced with volatile raw material availability and rising energy and raw material prices that influence their value added and productivity. The extraction and processing of raw materials and the manufacturing of products also result in an environmental footprint. Therefore, cost reduction solutions and effective resource management are needed [3]. Both the research community and the industrial sector attribute great potential to digitalisation for the transformation to greener production. A variety of methods, instruments and tools exist in the context of I4.0 that are intended to make production systems more sustainable and resource-efficient [4,5,6,7,8,9]. I4.0 technologies offer, as one approach, the possibility of saving costs, energy and raw materials in production through data mining and analytics for dynamic key figures and monitoring [10,11,12,13]. However, the described advantages are offset by costs and resources due to hardware and software systems. These systems require energy and raw materials throughout their life cycle and incur investment and operating costs that must be recouped in terms of costs and resource consumption to have an overall positive impact. To be able to assess the benefits of digitalisation technologies holistically, the economic and environmental efforts must also be considered. This paper therefore analyses the current state of research on sustainability and methods for sustainability assessment in the application of digitalisation technologies such as cyber–physical systems and digital twins in the production environment.



In the following chapters, a literature review (LR) based on research questions is conducted. The LR consists of four steps, during which papers focusing on the environmental and economic assessment of digital twins (DTs) and cyber–physical systems (CPSs) are identified. Subsequently, the approaches and assessment methods used in the identified papers are analysed. This analysis leads to the derivation of assessment criteria for comparing these methods in terms of their environmental and economic sustainability dimensions. As a result, various methods for assessing digitalisation technologies in manufacturing systems are presented, and research gaps in this field are identified.




2. Background and Scope of the Research


2.1. Digitalisation Technology in Manufacturing Systems


Terms such as digital transformation, digitalisation, or I4.0 describe a link between the real, physical world and the digital, virtual world [14]. The term digitalisation encompasses an evolutionary concept, which refers to the transformation of analogue data into digital data and forms the basis for the roof-type concept of I4.0. The basic idea of I4.0 was first mentioned by Kagermann in 2011 and describes the integration of digital technologies into industrial processes and production environments [15]. The terms encompass a variety of technologies, functions and subject areas [16]. On the one hand, the terms cover subject areas such as new business models and smart products, and on the other hand, the use of new digital technologies in the production environment is mentioned [17,18,19,20]. I4.0 can essentially be divided into two dimensions: horizontal integration, which includes cross-company and company-internal intelligent cross-linking, and vertical integration, which takes into account intelligent cross-linking of the different hierarchical levels of the production environment [21]. The use of I4.0 technologies in the production environment is expected to increase efficiency and sustainability, for example by improving quality, reducing machine downtime or increasing plant utilisation [22,23]. In this context, I4.0 technologies and methods such as digital twins (DTs), Big Data, cyber–physical (production) systems (CP(P)Ss), (Industrial) Internet of Things ((I)IoT) or artificial intelligence (AI) are used in particular [24] (Table 1).



In a coherent I4.0 value network, DTs form the basis for data generation and build a virtual representation of a physical object or process, continuously updated with real-time data to enable predictive insights. DTs are summarised as many individual elements in CPSs/CPPSs. Integrating CPSs/CPPSs/DTs with physical processes creates complex systems capable of interaction, communication and adaptation. The IoT network serves as an interface to the outside world to expand data availability and to network the CPSs/CPPSs. Based on these data, the desired benefit and an improvement in production conditions can be achieved manually or automatically. Here, sensors and actuators serve as means of communication with the production level [38,39]. Systems that transmit and store data are on a higher level. The systems are intelligently linked and exchange data with each other via the cloud, which is integrated into the IoT [40]. Finally, data are evaluated for decision-making using manual or automated (e.g., machine learning) approaches [21,41]. These technologies require hardware such as sensors, computers and servers and software for data storage, transmission and analysis. The necessary components, in turn, require energy and resources and incur costs to their operation. This must be amortised by the benefits of their use.




2.2. Sustainability as an Assessment Criteria for Digitalisation Technologies in Manufacturing Systems


The assessment of digitalisation technologies in the production environment is similar to the evaluation of investments established in business administration. However, traditional business administration typically only evaluates based on costs and returns [42]. On the other hand, approaches to defining sustainability consider a broader range of evaluation factors. Based on the definition provided by the UN Brundtland Commission, which characterises sustainability as “meeting the needs of the present without compromising the ability of future generations to meet their own needs”, this approach can also be applied to sustainability assessment [9,43]. In 2015, the UN agreed upon 17 Sustainable Development Goals (SDGs). Some of these can also be applied to sustainability assessment in manufacturing systems, namely SDGs 7, 8, 9, 12 and 13 [44]. The mentioned goals encompass various themes and can be attributed to the three pillars of the overarching sustainability concept of the Triple Bottom Line, which includes economic sustainability, environmental sustainability and social sustainability [45,46] (Table 2).



As mentioned, ecological assessment is a fundamental concept in classical investment appraisal, and there are numerous established methods for this purpose. Therefore, the ecological pillar is considered a crucial decision-making basis in this literature review. For the literature assessment, keywords such as production efficiency, costs and benefits, and investment decision are used. Environmental assessment is gaining increasing importance in times of critical resource and energy situations and is also considered within the framework of the literature analysis. To identify relevant papers, keywords such as environmental consequences, environmental sustainability, life cycle, LCA and energy efficiency are used. The social pillar incorporates human aspects into sustainability assessment. Few or no evaluation methods are available for this new thematic area, and quantifying social impacts is challenging. Therefore, social impacts will not be considered in this literature review.




2.3. Research Questions


Similar to other investment decisions in production, investments in digitalisation technologies and their application need to be considered holistically to ensure sustainability in economic and environmental terms. For this purpose, savings in costs and resources achieved by the technology need to be compared to the expenses and efforts. In the current phase of the increasing digitalisation of production systems, there is a high potential to positively influence the resource efficiency of the new technology [8]. However, this requires methods for holistic assessment that can be implemented in research and practice. In business administration, it is standard practice to calculate the profitability and amortisation of investments over their lifetime. Different methods of profitability and investment calculation are applied [47,48]. In environmental science, Life Cycle Assessment (LCA) is mainly carried out to comparatively analyse the environmental impacts of different product alternatives [49]. Approaches that consider the amortisation of environmental impacts are hardly known or rarely applied. Some of these approaches are defined as environmental payback (period) or environmental break-even. They are applied, for example, to assess new technologies that have a higher environmental impact in one life cycle phase that needs to be amortised in the other life cycles [50,51]. Or they analyse whether the environmental impacts of circular economy systems pay off [52]. The environmental break-even is defined as the point at which the environmental impacts of two systems are equal [53]. A methodology that combines economic and environmental assessment is known as eco-efficiency [54,55,56]. However, eco-efficiency analyses are used to compare alternatives in terms of their environmental impact and life cycle costs and do not assess the environmental payback or the economic amortisation. Therefore, methods for sustainability assessment of digitalisation in manufacturing systems are necessary to avoid these technologies not paying off. For this purpose, researchers must develop, present and validate methods. Beier et al., 2020, already pointed out that there is little literature in the field of sustainability assessment of digitalisation systems and that further research is needed [57,58]. The aim of this review is to examine the relevance of economic and environmental assessment methods in the digitalisation of manufacturing systems. Another area of interest is which economic and environmental aspects of digitalisation technologies in manufacturing systems are the subject of research and which methods are applied to assess digitalisation technologies in manufacturing systems. The focus here is on technologies such as CPSs, CPPSs and DTs, and the applications of I4.0 in production that contribute to increasing sustainability. In this context, this paper aims to answer the following research questions (RQs):




	
RQ 1: What is the importance of “digitalisation technologies (DTs and CPSs) and sustainability” in production environments in research?



	
RQ 2: Which subjects are discussed in terms of “digitalisation technologies (DTs and CPSs) and sustainability”?



	
RQ 3: How is the sustainability assessment of digitalisation technologies (DTs and CPSs) discussed in research?



	
RQ 4: Which approaches exist to assess the economic and environmental benefits of digitalisation technologies (DTs and CPSs) in manufacturing systems?










3. Methods


3.1. Literature Review


This study is based on a literature review (LR), which generally uses a four-step scheme according to Mengist et al., 2020. It is applied particularly in environmental science to identify the relevant literature and evaluate it against the RQs. By doing so, the current state of research is recorded by gathering knowledge quantitively and qualitatively. This will reveal the status of sustainability assessment methods in the subject field and identify research gaps and challenges. Based on defined search terms with keywords, the literature found is analysed in the four successive steps of (1) identification, (2) screening, (3) eligibility and (4) selection. This methodological procedure enables us to review a broad subject field such as digitalisation technologies and sustainability and ensures transparency and replicability. The LR was conducted based on the PRISMA guidelines (Appendix A) [59,60].



The results are divided into quantitative and qualitative results. While the quantitative results analyse and present the literature found regarding publication date, countries and institutions of origin, keywords and topic clusters, the qualitative results characterise the assessment approaches and discuss approaches for the economic and environmental assessment of digitalisation technologies in production in detail.




3.2. Data Collection and Analysis


The LR uses the database Web of Science, and it is extended by a snowball search in the literature that is considered eligible after analysing the identified publications. It includes all kinds of articles such as peer-reviewed, early and open-access articles, proceeding papers and book chapters. In the first step, no period is defined for the publication years, but it turns out that there are no relevant publications before 2017. Therefore, in the second step, the period of publication years from 2016 to 2023 is defined. All publications must be written in English or German and be available online as a full text. Due to the broad subject field and, in particular, the focus on digitalisation technologies in production or manufacturing systems, scientific categories such as physics, chemistry, mathematics and social sciences are excluded (Table 3).



To identify the current state of research and analyse it with respect to the RQs, the LR is conducted as follows:




	
(1) Identification: In the first step, the search terms are defined. Based on the research questions, these terms focus on cyber–physical production systems (CP(P)Ss) and digital twins (DTs) in the production environment. To ensure no relevant literature is missed, no further restrictions were imposed regarding environmental or economic assessment. Therefore, the literature search used the terms “digital twin”, “cyber-physical (production) system” and “manufacturing” and connected them to the search terms (ALL = (manufacturing production “digital twin*”)) and (ALL = (manufacturing production “cyber physical system*” “cyber physical production system*”)) (used queries in “web of Science”: Query 1: manufacturing production “digital twin*”, Query 2: manufacturing production "cyber physical system*" “cyber physical production system*”).



	
(2) Screening: In the second step, duplicates are removed and the remaining search results are filtered. To identify the articles that are relevant to the research problem, the titles and keywords of the papers are analysed first. All papers that obviously deal with another topic are excluded (no production background). Further, the abstracts of the remaining research results are analysed and assigned to the categories Industry 4.0, digital twins and cyber–physical systems (including CPPSs). Papers with another I4.0 background (Big Data, AI) are excluded. To identify and categorise the literature that deals with the cost and resource efficiency assessment of digitalisation technologies in production systems, the categories environmental and economical are added. Publications were considered that address environmental or economic issues in the context of CPSs or DTs. From this, papers can be derived that basically deal with the use of digitalisation technology to increase cost or resource efficiency. These categories are necessary to study the importance and dynamics of the research subject related to the search term (RQ 1 and RQ 2). These publications are classified according to the year of publication, the type of publication, the journal category (engineering, environmental, computer and other sciences), the most important journals, the frequency of keywords, the regions (countries) and the most important universities (institutes) of the publications.



	
(3) Eligibility: In the third step, the existing methods for holistic assessment are filtered out of these results and evaluated in terms of whether they deal with (i) a holistic approach for an economic and/or environmental assessment, (ii) efforts (costs) and benefits associated with digitalisation technologies, (iii) a specific economic assessment and (iv) a specific environmental assessment (RQ 3). In addition, the cross-references of the literature examined are analysed in a snowball search and included in the LR. This is carried out based on the relevant literature, as it is assumed that other relevant literature is mentioned there. As a result, various subject fields are characterised to determine the relevance of the sustainability assessment of digitalisation technologies in research.



	
(4) Selection: In the fourth step, the papers that meet the criteria are analysed in terms of content in relation to RQ 4 to identify the methods used for a holistic assessment of digitalisation technologies. It is essential to describe the status of the methods presented and to analyse them with regard to the consistency of the approach from problem description to decision-making. Other criteria are whether the assessment includes the entire life cycle from cradle to grave in the assessment methodology and whether it takes into account different impact categories and linear/non-linear cost–benefit functions. It is also of interest whether common assessment methods are applied and whether these consider economic and environmental sustainability dimensions.










4. Results


4.1. Quantitative Results


4.1.1. Identification and Screening Results


Based on a total of 1431 publications found in the first step of the LR, 504 publications were eligible for evaluation after the deletion of duplicates (n = 95) and screening of the titles and abstracts. More than half, namely 832 publications, did not comply with the classification of I4.0, DTs, and CP(P)Ss as well as the economic and/or environmental criteria. Therefore, they were excluded from the screening (Figure 1). The remaining 504 publications were characterised according to year of publication, type of publication, journal categories and journals, authors keywords, regions (countries) and most relevant organisations such as universities or academic institutes. A further analysis classified the remaining 504 publications in terms of content with regard to the subject of economic, environmental and economic–environmental assessment. Based on this, the main aspects of the publications are characterised and used for further classification of the publications.



From the 504 papers, 31 papers were identified and supplemented by 14 publications from cross-references (snowball search) that dealt with economic or environmental assessment. In a full-text screening of these publications, 18 papers were selected for a detailed content analysis with regard to assessment methods [12,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76].




4.1.2. Chronological Development, Type and Journal of Publications


The chronological analysis shows that the first publications on the subject were made in 2017. No relevant publications were found in the LR before 2017. After that, there was an annual increase from 17 in 2017 to 148 in 2022 in publications. From 2020 onwards, this trend was even more prominent. This trend declined in 2023. Only 71 papers were identified in the LR. It is noticeable that many papers from 2023 deal with the new research fields of artificial intelligence [77,78] and Industry 5.0 [79,80,81], which, however, are not part of this LR (Figure 2).



Regarding the type of publications, most of them are articles in journals (n = 497). Of these articles, 47 are literature reviews. However, none of the review articles answers the RQs of this LR. Even though they deal with digitalisation and sustainability, they focus on other subjects such as the circular economy, green processes, supply chains or current trends and perspectives in digitalisation and sustainability [82,83,84]. In contrast, only six are proceeding papers and one is a book chapter (Figure 3).



Analysing the publications according to the scientific journal categories, a broader range of science categories are covered, but there is one category that stands out: almost half of the papers are published in engineering journals (48%), followed by computer science (25%), applied sciences (12%), environmental sciences (8%), miscellaneous (3%), management sciences (2%) and natural sciences (1%) (Figure 4).



Looking at the journals in which 10 or more than 10 publications have appeared, these publications are published in journals that deal with production systems, manufacturing, sustainability and clean production. The journals with the most publications are “International Journal of Production Research” (n = 34), “Applied Sciences-Basel” (n = 29), “International Journal of Advanced Manufacturing Technology” (n = 26), and “Journal of Manufacturing Systems” (n = 23). These are strongly related to production and manufacturing topics. This is followed by two journals that belong to the “environmental science” category. Namely, these are the “Journal of Cleaner Production” (n = 22) and “Sustainability” (n = 21). Then, four journals dealing with robotics and manufacturing (Robotics and Computer-Integrated Manufacturing), computers and manufacturing (International Journal of Computer Integrated Manufacturing, Computers in Industry, Journal of Intelligent Manufacturing)and an open-access platform (IEEE ACCESS) are included in this ranking. In total, these nine journals account for 222 of 504 publications (Figure 5).




4.1.3. Keyword Analysis


Analysing the keywords in the publications shows that most of them are related to the field of engineering, in particular manufacturing and production (Figure 6). The most frequently used keywords focus on digitalisation and manufacturing: Industry 4.0, smart manufacturing, Internet of things, manufacturing systems, production facilities, Big Data, data analytics, artificial intelligence, cloud computing, machine learning and simulation. However, keywords with a lower frequency are also filtered. These keywords are related to economic efficiency in manufacturing, such as optimisation, scheduling and monitoring, or to environmental efficiency, such as energy efficiency and sustainability. Other keywords mentioned in the publications are, for example, collaboration, real-time systems, condition monitoring and reinforcement. From 2023 onwards, the keywords Industry 5.0 and AI appear sporadically.




4.1.4. Publications per Country and Organisations


The countries and universities (institutes) of publications are also of interest. Almost 90% of publications come from European (n = 226) and Asian regions (n = 220), whereby the country of the first author or the country, if only one is named, is assumed (Figure 7). North America counts for 35 and South America for 11 publications, while Australia published eight and Africa four papers. Analysing the publications by the 10 leading countries, China leads the way with 157 publications, followed by Germany (n = 46), Italy (n = 34), the USA (n = 26), Sweden, Spain, Great Britain, South Korea, India and Taiwan. The last six mentioned all have between 12 and 18 publications (Figure 8a). These top ten countries account for more than 70% of the publications (363 of 504 publications). In total, the 504 publications come from 51 countries.



Counting the top five organisations by the five countries with the most publications (China, Germany, Italy, USA and England), some countries such as China and Italy have organisations that account for more publications in the respective country, while Germany, the USA and England have a more or less balanced involvement of the country’s top five publishing organisations (Figure 8).



Analysing the world’s leading organisations and ranking them by number of publications, these organisations come from China, Italy and Germany. The leading organisation by number of publications is the Chinese Northwestern Polytechnical University (n = 13), followed by the Guangdong University of Technology (n = 10) and the Politecnico di Milano (n = 7). The other organisations are also from China and have seven or eight publications each, with the exception of Technische Universität Braunschweig, which comes from Germany. The latter also has six publications in this subject field.




4.1.5. Characterisation by Subject Fields


In the next step, the evaluation, the 504 publications are semi-qualitatively analysed by reading the abstract. As a result, the publications are assigned to the two categories “economic issues” and “environmental issues” and their sub-criteria (Figure 9). The category “economic issues” is divided into the sub-criteria support of investment decisions, cost–benefit analysis, efficiency, and optimisation. Meanwhile, the category “environmental issues” is split into environmental consequences, sustainability, LCA, life cycle perspective and energy efficiency.



A total of 356 publications can be assigned to the category “economic issues” and 209 publications deal with “environmental issues”. Almost 61 publications can be assigned to both categories. These papers address economic and environmental subjects in their research. However, the economic aspects of digitalisation technologies in manufacturing systems are quantitatively more predominant than the environmental ones. The environmental aspects have a high level of novelty and diversity in the subjects. The aspects vary from overarching topics such as sustainability and environmental consequences of digitalisation technologies to specific topics such as LCA and consideration of life cycle phases. While the LCA topic looks at the methodology, the topic of the life cycle perspective considers environmental aspects of the different life cycle phases of digitalisation technologies. Most of the economic publications within the mentioned sub-criteria deal with production efficiency, improvements and optimisation of processes or efficiency, and optimisation of production machines. In almost all of these publications, cost reduction is cited as an advantage of digitalisation technologies.





4.2. Qualitative Results


4.2.1. Content Analysis


Based on the quantitative analysis of the 504 publications and an accompanying snowball search of cross-references, 18 publications are identified that are subjected to an economic and/or environmental assessment of digitalisation technologies such as I4.0, DTs or CPSs. A full-text screening of these 18 papers indicates that 6 publications deal with an economic and 14 publications with an environmental assessment [12,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,82] (Table 4). Two of these publications are counted twice as they consider both aspects [73,76].



In nine of the papers examined, only the recommendation is made to consider the advantages and disadvantages of digitalisation technologies [61,65,67,69,70,71,73,74,82]. The focus here is on recommendations for carrying out an environmental impact assessment. With one exception, the recommendations are exclusively derived from literature reviews on the subject [65]. In addition to this, there are nine papers that discuss the economic and/or environmental assessment methods for digitalisation technologies by applying or presenting methods or carrying out calculations [12,62,63,64,66,68,72,75,76]. In most of these publications, namely seven out of nine, the methods are evaluated in practice by conducting case studies on environmentally relevant issues [12,62,63,64,72,75,76]. And only one of these publications, which is a case study, addresses both environmental and economic issues [76]. These nine publications qualify for further analysis as they deal with assessment methods.




4.2.2. Analysis of the Assessment Methods


The nine publications that focus on assessment methods are analysed with regard to defined criteria. These criteria take into account the applied digitalisation technologies such as CP(P)Ss, IoT or DTs, the economic or environmental assessment method, the data sources used in the assessment, the decision criteria and impact categories applied and whether a use case is considered (Table 5). The other nine publications that deal with economic and/or environmental assessment but only provide a literature review without referring to an assessment method or case study were excluded from this analysis [12,62,63,64,66,68,72,75,76].



In order to illustrate the methodological and chronological development of assessment methods, the publications are analysed in a specific order, irrespective of their alphabetical order in Table 5. Firstly, all publications that deal exclusively with an economic assessment methodology are considered [62,64,72]. Then, the publications that propose an environmental assessment method are taken into account [12,63,66,68,75]. And finally, the publications that discuss both economic and environmental assessment methods are analysed [76]. Within this categorisation, an ascending chronological order is followed.



Burggräf et al., 2018, Tu et al., 2018 and Bamunuarachchi et al., 2021 [62,64,72] applied economic methods for the assessment of digitalisation technologies. Burggräf et al., 2018 propose the development of a return-on-investment model (ROI model). For this purpose, the costs and benefits of digitalisation technologies are considered and a comprehensive catalogue for assessing the costs and benefits is proposed. Not only linear but also non-linear models are taken into account by considering dynamic dependencies [62].



Tu et al., 2018 present an architecture framework for CPSs and IoT as the main purpose of their work. The framework is presented as a concept and mapped in a case study that is validated in the manufacturing industry and in a laboratory demonstrator. To evaluate the framework in the context of the case study, a cost–benefit analysis is conducted. For this, the operating time saved during the use of digitalisation technology is evaluated against the acquisition costs of the technology. The calculated net savings serve as a comparative value in various utilisation scenarios and as a decision-making support as to whether an investment is worthwhile. The data are collected from measurements in the case study. The study concludes that digitalisation technology is already profitable in the specific environment of the case study. In addition to the savings in operating time, it is emphasised that other quantifiable and non-quantifiable factors can also increase the benefits [64].



Bamunuarachchi et al., 2021 developed models for cost calculation, which are primarily from the software sector and focus on the programming cost of the software. They recognised this as a research gap and developed a cost model that includes the costs of identifying and integrating machine data as well as developing and testing the application. For each of these cost types, they developed an equation to cover the relevant cost factors, e.g., required input data, and machine settings. In a case study, they apply their cost model to a milk pick-up process and use the steps of cost identification, degree of adaptability and degree of sustainability. The calculated costs are the basis for decision-making on whether the investment in digitalisation technology makes economic sense [72].



An environmental assessment is proposed by Schebek et al., 2017, who use the principles of the LCA method to calculate the environmental impact through the entire life cycle. They refer to the VDI 4800 standard and use the resource depletion potential impact category. The resource consumption of digitalisation must be amortised through savings. The case studies are based on data from savings and consumptions in the production facilities and literature. The resource consumption (expenses) for digitalisation technology is determined along the entire life cycle, from resource extraction through manufacturing and use to recycling [12]. They propose a step-by-step approach to evaluate different I4.0 scenarios with different technologies. In the first step, they define the current state of the system under consideration. Based on this, they develop a target state, find matches between these two states and calculate the changes. As a last step, they create a decision support. With their methodological framework, they provide a basic concept for a holistic assessment of digitalisation technologies. However, the approach lacks a decision criterion on the meaningfulness of an investment or the derivation of a recommendation for action.



Thiede 2018 specifies Schebek et al., 2017 [12] and develops a methodological approach for assessing the environmental impact in relation to potential savings through CPPSs. For the assessment, an LCA is applied. A production system is considered as a use case in order to carry out a comparative assessment of a manufacturing system with/without a CPPS. The comparison is based on energy or resource efficiency, which is the ratio of input to output. Specifically, it is the ratio of output to input of energy or raw materials. In addition, the environmental impact is calculated for both and serves as the basis for calculating an environmental break-even. The considered impact category includes the Global Warming Potential and considers this along different periods of use with different potential for improvement. This methodology allows the overall environmental impact of the digitalisation technology to be estimated. However, recommendations for implementation and the possibilities to consider different scenarios are missing [63].



In a literature review, Chen et al., 2020 examine the environmental impacts of digitalisation in manufacturing and whether digitalisation technologies can support the reduction in environmental impacts. In total, they identify 93 publications discussing the positive and negative impacts of digitalisation technologies in manufacturing. Their two main findings are that (1) the use of digitalisation technologies in manufacturing processes reduces the environmental impact by increasing resource and information efficiency throughout the product life cycle and that (2) the manufacturing, use and disposal of the digitalisation technology (hardware) cause an environmental burden. However, most of their reviewed literature focuses on the digitalisation of the product life cycle, while less attention is paid to the assessment of digitalisation technology hardware. For decision-making, they outline a combined LCA approach for the environmental assessment of the product and technology life cycle. Notwithstanding this proposal, they note that there is a lack of research on the holistic environmental impacts of digitalisation technologies [66].



In another literature review by Olah et al., 2020, the effects of digitalisation technologies in manufacturing systems on environmental sustainability are analysed in order to determine the positive and negative impacts of I4.0 on the manufacturing sector and its primary technology. In the next step, they describe four scenarios of environmental sustainability and assess the benefits of I4.0 qualitatively based on the results of the literature review and a cross-study. This scenario-based analysis of digitalisation technologies in manufacturing systems is intended to serve companies and other stakeholders as an environmental guide for the introduction of new digitalisation technologies. As the authors noted, there is a lack of quantitative assessment of the environmental impact of digitalisation technologies in manufacturing systems in their research. They therefore recommend methods such as material intensity, LCA and energy calculations to quantitatively assess the impact of digitalisation technologies [68].



Rogall et al., 2022 take the approach of Thiede 2018 [63] and develop it further with regard to a methodology for identifying the environmentally relevant main influencing parameters of CPPSs. Specifically, an approach is presented that serves to enable systematic, sustainability-oriented development of CPPSs by applying a five-step approach: (1) system definition to identify relevant variables, (2) system understanding to describe relationships between variables, (3) derivation of use case to define specific objectives and stakeholders, (4) CPPS setup to determine necessary data streams and IT elements, and (5) environmental assessment to evaluate potential savings and efforts for setup and operations for digitalisation technologies. In the first and second steps, all variables relevant to the development of a sustainable CPPS that influence sustainability are determined and examined with regard to mutual relationships and interactions. As a result, the identified variables are divided according to their relevance, and a systemic understanding of the CPPS to be developed is formed. In the further steps, they connect the already selected variables with specific technologies of the production environment, create an application scenario for the CPPS and design it with regard to the necessary hardware and software. In the fifth step, the environmental assessment, the potential environmental savings and efforts are calculated for the setup and operation of the CPPS. The setup includes the environmental backpack of digitalisation technologies. The environmental assessment is carried out by using the LCA method and is based on the impact category Global Warming Potential (CO2 equivalents (kg CO2−eq)). The environmental footprint of the individual CPPS components (backpack) is then used to derive the necessary savings in energy and material consumption of the operation (payback) to achieve an environmental break-even. Feasibility diagrams that show the environmental footprint versus the environmental savings of CPPS components are proposed to support decision-making in the digitalisation of production. As a result, the minimum environmental benefits of a CPPS component can be read off [75].



Aigner et al., 2022 deepen the approach by Thiede 2018 and Rogall et al., 2022 [75] and apply it to the retrofitting of manufacturing systems with digitalisation technologies. They present a scheme that includes the following steps: (1) definition of the scope of the investigation, followed by (2) the environmental and economic assessment of the retrofitting and (3) a final synthesis of the quantitative results (step 2) into a qualitative assessment to support decision-making. The assessment of the retrofitting is set in reference to the status quo without digitalisation technologies and extended by a sensitivity analysis. As a case study, they use a grinding machine including periphery to evaluate the developed scheme and examine the environmental and economic profitability of retrofitted I4.0 solutions (retrofit measures; CPPS) by comparing production with and without digitalisation technology for a reference component (or different retrofit scenarios). To this end, they define a framework that contains the definition of a system boundary and a functional unit as a basis for comparison [76]. In addition to the actual consideration of the production machines, they also include the peripheral devices required to operate the systems. However, the scope of the production machine and the periphery is limited to the input and output flows of the process. For the environmental assessment of the CPPS, an LCA is carried out that uses the impact categories Global Warming Potential (GWP), Cumulative Energy Demand (CED), Cumulative Raw Material Demand (KRA), water consumption and land use. The economic assessment is based on the investment and the variable costs including the disposal. It is similar to a total cost of ownership calculation [76].






5. Discussion


5.1. Importance of Digitalisation Technologies and Sustainability in Research


When looking at the LR and its quantitative analysis, it is noticeable that digitalisation technologies in manufacturing systems in connection with sustainability have arrived in research (RQ 1). With 504 publications, this is not a marginal subject of research, especially when one considers that the keywords were used to limit the scope to digitalisation technologies in manufacturing and that individual technologies such as additive manufacturing were excluded. However, it is a subject that emerged in the last six years and received increased research attention in 2021 and 2022 in particular (Figure 2). More than half of the publications were published in this period. The importance of the subject can also be derived from the number of reviews: 10% of these (n = 47) are review articles that deal with the current state of research and the research gaps in this subject field. The subject is particularly relevant in Europe and Asia, as most of the publications originate from these regions (Figure 7). China, in particular, dominates the number of publications, followed by European countries such as Germany, Italy and Sweden, but also the USA (Figure 8). In these countries, technical universities and institutes are publishing on this topic. This is also reflected in the publication journals. Most journals are dedicated to production technology or manufacturing (48%), computer technology (25%), applied sciences (12%) and environmental sciences (8%) (Figure 4). Among the top journals are two that deal with environment and sustainability, which emphasise the link between the subjects of manufacturing and sustainability as a current research area (Figure 5). The keyword analysis confirms this further and shows a connection between the highlighted digitalisation technologies and various optimisation methods such as data analytics, machine learning, reinforcement learning, simulation and blockchain on one hand and efficiency such as (energy) efficiency, (condition) monitoring, and fault diagnosis on the other hand (Figure 6).




5.2. Research Subjects in the Field of Digitalisation Technologies and Sustainability


The analysis has shown that the focus in the field of digitalisation and sustainability is on economic topics. The topics of efficiency and optimisation are dealt with here. In contrast, environmental topics are discussed to a lesser extent in the context of digitalisation. In terms of environmental topics, the focus is on the keywords sustainability and life cycle perspective (Figure 9). These subject fields share a common focus on sustainability and digitalisation from a quantitative perspective. Qualitative methods for evaluating technologies or their application scenarios are less commonly used, for example, to support investment decisions, cost–benefit analysis or LCA. In general, the benefits of digitalisation technology, such as efficiency, sustainability and energy efficiency, are often emphasised, while the disadvantages (environmental impact) are not taken into account. It is noteworthy that the disadvantages are mainly mentioned in the economic area. A closer look at the selected publications that specifically address the sustainability assessment of digitalisation technologies shows that they use quantitative assessment methods. The papers focus on the LCA method for environmental publications and cost–benefit analysis, including ROI models, for economic publications [12,64,65,66,75,76]. The papers analysed deal more with specific content such as energy efficiency, support of investment decisions or environmental impact than with general subject areas such as efficiency and optimisation or sustainability. Compared to general publications, this trend is noticeable.



This is confirmed when looking at literature analyses carried out by other authors. For example, Chen et al., 2020 found that there are only a few papers that objectively consider the advantages and disadvantages of the digitalisation of manufacturing. In most cases, the advantages outweigh the disadvantages. When negative effects are considered, they are often very generalised or focus on specific technologies. There is no overarching view [66]. Olah et al., 2020 come to a similar conclusion in their literature review and state that there is no clear consensus on the long-term impact of digitalisation technologies on the environment. They see a need for research [68]. Bonilla et al., 2018 confirm the assessment by Chen et al., 2020 [66] that the effects are predominantly positive [61]. Badakhshan and Ball (2021) carry out research specifically on a digital twin and also conclude that there is a lack of studies that deal with sustainability challenges [71]. Sony (2020) confirms this with his research, and notes that although there is a lot of literature on the subject, there are only a few studies that summarise the advantages and disadvantages of digitalisation technology in terms of sustainability. He cites the advantages in terms of increased efficiency in production and in environmental issues. This is consistent with the results of this review [69].




5.3. Sustainability Assessment of Digitalisation Technologies in Research


From a sustainability perspective, it is essential that the advantages of digitalisation technologies outweigh the disadvantages. Or, to put it another way, the efforts made in favour of these technologies in the manufacturing systems must pay off in terms of economic, environmental and social requirements. In this context, Schebek et al., 2017 [12] point out that although the use of digitalisation technologies in production can be expected to result in potential reductions, the technologies themselves also consume resources. According to that, consumption occurs during the production of digitalisation components and their operation. Additionally, da Silva et al., 2020 [82] describe the problem that potential (energy) savings through I4.0 technology are limited due to the availability of critical raw materials required for its production. Olah et al., 2020 [68] argue in the same direction: I4.0 in manufacturing systems stands for efficiency increase and operational optimisation, but other dimensions such as the resource consumption or environmental impact of these technologies are not considered. Or they can even lead to negative effects. From an economic perspective, Jamwal et al., 2021 [74] emphasise the cost–benefit balance when applying digitalisation technologies. With regard to that, Burggräf et al., 2018 [62] address the socio-economic dimension of sustainability. They raise the fact that digitalisation technology poses challenges for small- and medium-sized enterprises in terms of costs and expertise. Badakhshan and Ball 2021 [71] argue along the same lines and recommend analysing not only the benefits of digitalisation technologies but also the problems that arise from them.



On this basis, it is assumed that there is a need for further research into the sustainability assessment of digitalisation technologies in manufacturing systems. The focus of this assessment should be on the economic and environmental assessment, while the socio-economic aspects addressed by Burggräf et al., 2018 [62] and Badakhshan and Ball 2021 [71] ask for a maturity model to assess the readiness for the adoption of digitalisation technologies in manufacturing systems. Maturity models for digitalisation technologies are attracting widespread attention in research. For example, Hein-Pensel et al., 2023 found 24 maturity models for the adoption of I4.0 [83]. Referring back to the sustainability assessment, Pater and Stadnicka 2021 [73], Sony 2020 [69] and Vrchota 2020 [70] also conclude from their literature reviews that digitalisation technologies in manufacturing require a holistic sustainability assessment. The latter must focus on an economic and environmental assessment (RQ 3). This LR has identified nine assessment methods, of which three deal with an economic, five with an environmental and one with an economic and environmental assessment method (Table 4). Using the research agenda of Machado et al., 2020, which classifies research efforts on sustainability requirements for I4.0 into the areas of business model, production, supply chain, product and policy development, the research subject of economic and environmental assessments of digitalisation technologies in manufacturing systems must be added in the area of production [84].




5.4. Approaches for the Economic and Environmental Assessment of Digitalisation Technologies


In terms of economic and environmental sustainability, the LR identifies three dimensions of assessment methods for digitalisation technologies in manufacturing systems: nine publications deal with an economic (n = 3), environmental (n = 5) or both economic and environmental assessment methods (n = 1). These assessment methods can be further characterised as to whether they are qualitative or quantitative methods or whether they apply more general considerations (Figure 10).



The economic assessment methods all deal with quantitative methods that are familiar with cost accounting or business case calculations [62,64,72]. The method of cost–benefit-analysis applied by Tu et al., 2018 [64] and Bamunuarachchi et al., 2021 [72] compare the investment costs with the potential cost savings of the digitalisation technologies in manufacturing systems, but the authors do not take into account operating or disposal costs. Instead of cost–benefit analysis, Burggräf et al., 2018 [62] calculate the return on investment (ROI) that also excludes the costs of operating and disposing of digitalisation technologies. In both the cost–benefit analysis and the ROI, the authors do not take into account the timing of costs and savings. Therefore, the application of the familiar quantitative economic method lacks a life cycle approach and a dynamic calculation method to make a holistic assessment of digitalisation technologies in manufacturing systems.



In addition to the economic methods, the environmental assessment methods are divided into qualitative and quantitative ones [12,63,75,76]. Based on different scenarios, Olah et al., 2020 [68] assess the contribution of digitalisation qualitatively and provide guidance for the adoption of these technologies. This is comparable to the literature review by Bonilla et al., 2018 [61], which assesses digitalisation technologies qualitatively based on the results of the review. However, this qualitative method cannot be used to assess specific digitalisation technologies in manufacturing systems. Consequently, they recommend quantitatively assessing digitalisation technologies and propose methods such as material intensity, LCA and Cumulative Energy Demand. In contrast to that, Schebek et al., 2017 [12], Thiede 2018 [63] and Rogall et al., 2022 [75] apply a quantitative method. They all refer to LCA and its principles. They all propose a comparative assessment based on the LCA method and use the calculation of an environmental break-even point (eBEP). The eBEP was first introduced by Fleischer 1993 [53]. Schebek et al., 2017 [12], Thiede 2018 [63] and Rogall et al., 2022 [75] use different impact categories in life cycle impact assessments and consider different life cycles for their assessments. Additionally, the methodological procedure of the assessment differs between them. Further, Schebek et al., 2017 [12] introduce the raw material criticality assessment as a supplement to LCA. The LCA method is also proposed by Chen et al., 2020 [66]. They propose an LCA of the technology and product life cycle. Aigner et al., 2022 [75] extend these methods and include an economic assessment. Thus, they form a first approach that holistically assesses digitalisation technologies in manufacturing systems. Instead of a cost–benefit analysis or an ROI assessment, Aigner et al., 2022 [75] came up with a method that refers to the method of total cost of ownership (TCO). The LCA method seems to be crystallising as an environmental method, while the methodological procedure lacks a consistent methodological procedure, which is essential for transferring it into practice (RQ 4).



The reflection of the assessment methods with regard to holistic assessment criteria makes it possible to reflect the current state of research (Figure 11). It can be seen that only a small proportion of the publications analysed (n = 9) meet these criteria. A criterion is a consistent methodological procedure that is presented as a step-by-step guide by three authors [12,72,76]. However, these procedures only describe the implementation of the studies in the publications. In practice, these can be used to a limited extent as the boundary conditions for investment decisions and manufacturing facilities are not taken into account in the methodological procedure. Further research is needed to define the parameters and conditions of manufacturing systems that are relevant for the assessment, particularly with regard to a temporal system boundary. This is necessary, for example, to assess economic and environmental savings, especially when digitalisation technologies are retrofitted.



In terms of a holistic assessment, all phases of the life cycle of digitalisation technologies must be taken into account. This means that, in addition to the efforts and benefits of the operation, the raw material extraction and manufacturing as well as recycling must be considered. Only Schebek et al., 2017 [12], Chen et al., 2020 [66] and Aigner et al., 2022 [75] take into account the entire life cycle of digitalisation technologies. All others consider other physical system boundaries for the assessment. This often neglects the upstream or downstream chain or limits the assessment to the use phase of digitalisation technologies. The necessity of geographical, technical or temporal boundaries, as required in LCA, is not discussed and requires further research in addition to the physical system boundary.



Additionally, the physical and temporal behaviour of efforts and benefits during operation (use phase) can also have an influence. In theory, linear gradients are often assumed for the use phase, whereas in practice, non-linear gradients or changes due to initial states often exist. Thiede 2018 [63] and Rogall et al., 2022 [75] use feasibility diagrams to compare the environmental impacts of CPPSs and achieve improvements. Their non-linear gradients classify the profitability of different digitalisation technologies for decision-making. Burggräf et al., 2018 [62] present a dynamic cost assessment with non-linear curves in addition to a static one with linear cost gradients. They note that costs must be calculated dynamically, as technological progress leads to non-linear cost curves.



The economic and environmental impacts of digitalisation technologies are crucial to ensure a holistic assessment. Sustainable manufacturing must take both the economic and environmental dimensions into account [76]. As far as the assessment is concerned, the methods used must be scientifically recognised. LCA is the method of choice for environmental assessment and is well known. However, the chosen impact categories of the LCA vary in different publications [12,66,76]. GWP and CED are often used, supplemented by raw material demand, land use or another method for assessing the criticality of raw materials. The methods for economic assessment rely on methodologies taken from cost accounting or business case calculation, but often do not take into account the entire life cycle’s costs [62,64,76].





6. Conclusions


This LR aims to characterise the relevance of digitalisation technologies in manufacturing systems and sustainability in research. The focus here is on the questions of assessment and the methods for assessing the sustainability of digitalisation technologies in manufacturing, whereby only the economic and environmental dimensions of sustainability are considered. The LR provides evidence that the subject is receiving attention in research, whereby it is narrowed down from the description and assessment of the economic and environmental sustainability benefits to the assessment methods (RQ 1). From 2017 to 2023, there was an increase in publications on the topic. Even though the number of publications has recently decreased to 71, there is still research interest.



Many publications discuss the benefits of digitalisation technologies in manufacturing without addressing the efforts of producing and operating them or using an assessment method to quantify them (RQ 2). However, a few methods for assessing the sustainability of digitalisation technologies in manufacturing systems are discussed. They are becoming increasingly important. Starting in 2017, individual research focused on assessment or assessment methods to quantify the effects of digitalisation technologies in manufacturing systems. This is followed by methodological developments that elaborate on physical system boundaries, applying different impact categories and additional methods of economic and environmental assessment.



However, nine potentially relevant papers are identified that address the assessment of CPSs and DTs. The focus is on environmental aspects (n = 5). Three papers address economic aspects, and only one case considers a holistic assessment in terms of both environmental and economic aspects (RQ 3). The analysed assessment methods can be distinguished into qualitative and quantitative approaches (RQ 4). For economic assessment, exclusively quantitative methods are employed, covering a broad range from cost–benefit analysis to KPIs and investment appraisal. However, all approaches lack a holistic consideration that also incorporates the end of life of the technologies. For environmental assessment, qualitative methods such as scenario development and evaluations based on literature reviews predominate, but no specific assessment approaches can be identified. This highlights the lack of concrete assessment approaches for CPSs or DTs in industrial practice. Among the few identified quantitative approaches, a form of LCA is predominantly used. However, there is still a need for further research regarding a holistic analysis until the end of the life cycle, a specific methodological approach for industrial practice, and the inclusion of multiple impact categories. Overall, most of the analysed evaluation methods lack the integrated representation of environmental and economic criteria and the depiction of non-linear relationships. Additionally, an evaluation of the approaches in industrial practice is necessary.



Therefore, further research is identified in the field of a holistic assessment method to support sustainability in decision-making in the field of digitalisation technologies in manufacturing systems. This is to be supplemented by a standardised methodological approach that considers physical, technical, temporal and, in some cases, geographical system boundaries as well as relevant assessment parameters for the retrofitting or investments of manufacturing systems. However, this is a young research field that is still being developed further, and its sustainability assessment needs cooperation between different specialist disciplines.



As with any literature review, the LR at hand may be limited due to the keywords defined and the search engine used. Other keywords and additional search engines such as Scopus and Google Scholar can lead to different literature results. The period was set until 2023. Furthermore, in this young field of technology and research, limitations arise due to non-uniform definitions of topics, even more so as digitalisation technologies in manufacturing systems are a multidisciplinary field of research in production and manufacturing technology, computer technology and science, as well as environmental sciences. The social aspects of sustainability and their assessment methods are not considered. This would complement a holistic sustainability assessment. However, the impact categories and assessment methods are still under development.
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Figure 1. Scheme and results of the LR on the assessment methods for digitalisation technologies in manufacturing systems (own illustration based on Mengist et al., 2020 [59]). 
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Figure 2. Number and cumulative percentage of publications from ≤2016 to 2023 (own illustration). 
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Figure 3. Classification of the publications (n = 504) by publication type (own illustration). 
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Figure 4. Analysis of publications (n = 504) by journal categories (own illustration). 
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Figure 5. Analysis of publications by journal, with 10 or more publications (own illustration). 
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Figure 6. Analysis of keywords in publications (n = 504), sorted by frequency of mention: the larger the words, the more frequently they are mentioned (own illustration). 
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Figure 7. Analysis of publications (n = 504) by countries (own illustration). 
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Figure 8. Analysis of (a) top ten countries and (b) top five countries by top five organisations, based on the number of publications (own illustration). 
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Figure 9. Analysis and results of 504 publications by content (own illustration). 1 [65], 2 [64], 3 [73,76], 4 [70], 5 [69,73,74], 6 [12,66,75,76], 7 [67,71], 8 [73,76]. 






Figure 9. Analysis and results of 504 publications by content (own illustration). 1 [65], 2 [64], 3 [73,76], 4 [70], 5 [69,73,74], 6 [12,66,75,76], 7 [67,71], 8 [73,76].



[image: Sustainability 16 06275 g009]







[image: Sustainability 16 06275 g010] 





Figure 10. Classification of economic and environmental assessment methods for digitalisation technologies in manufacturing systems (own illustration) [12,62,63,64,66,68,72,75,76]. 
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Figure 11. Cumulative fulfilment of the holistic assessment criteria of the assessment methods by publications (n = 9) (own illustration). 
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Table 1. Terms and definitions of I4.0 (own illustration).
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	Terms
	Definitions
	Sources





	Digitalisation
	The term digitalisation describes an ongoing evolution of a general process, whereby analogue data are transformed into digital formats. Digitalisation finds application across various sectors including economy, education and healthcare. In an industrial context, it involves capturing, storing and processing information related to machines and equipment, workpieces and products to enhance process efficiency and explore new possibilities.
	[12,25]



	Industry 4.0
	Industry 4.0 describes the concept of the fourth industrial revolution (Industry 1.0: water and steam power; Industry 2.0: assembly line and electricity; Industry 3.0: automation, computers, and electronics; Industry 4.0: intelligent interconnection of machines and processes; Industry 5.0: interconnection of humans and machines, AI), which entails the integration of digital technologies into industrial processes and production environments and forms the roof over the following mentioned technologies. It encompasses technologies such as the Internet of Things, cyber–physical systems, digital twins, Big Data analytics, and automation to create smart factories and more efficient production processes.
	[15,16,17,18,26]



	DTs
	DTs map the physical world as a virtual image (complex digital representation) and can be a part of a CPS. In addition to the function of digitally mapping production machines, DTs are used for the simulation of entire production systems and factories, including their self-description or the mapping of the data basis for machine learning. By using and analysing real-time data from the physical systems, different users are able to view or control the objects as required. The decision-making is facilitated based on the available information from real, simulation and algorithm data.
	[27,28,29]



	CPSs/CPPSs
	CPSs are physical objects equipped with an embedded system as well as sensors and actuators. In addition to the hardware, they also include software components and combine the physical with the virtual world through the use of the IoT. The various components are integrated, controlled and monitored by a computational core and affect production processes. A CPPS is a network of several CPSs that together control an entire production system.
	[30,31,32]



	IoT
	The IoT connects things and services (industrial equipment) to an IoT platform, networks it with the entire ecosystem of the company and creates a connection between the systems. It also represents the basis for connecting the CPSs.
	[33,34,35]



	Digitalisation- technologies
	Digitalisation technologies encompass the tools and devices required to digitalise processes or make them Industry 4.0 capable. For instance, these include the necessary hardware and software in the form of smart sensors and actuators, data transmission systems and programmes for data processing and analysis to build CPSs and DTs and combine the two concepts of DTs and CPSs.
	[12,36,37]










 





Table 2. Dimensions of sustainability connected to SDGs (own illustration) [44,45].
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	Terms
	Definitions
	SDGs





	Economic

sustainability
	Economic sustainability describes the economic activities of a society in a manner that does not result in losses or disadvantages for future generations.
	Industry, Innovation and Infrastructure (9), Responsible consumption and production (12)



	Environmental

sustainability
	Environmental sustainability refers to the utilisation of ecosystem structures only to the extent that they can regenerate themselves.
	Affordable and clean energy (7), Responsible consumption and production (12), climate action (13)



	Social

sustainability
	Social sustainability describes the enduring social development of a state or society, considering intergenerational equity.
	Decent work and economic growth (8)










 





Table 3. Selection criteria for the literature review (own illustration).
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	Criteria
	Included
	Excluded





	Data base
	Web of Science
	Scopus, Google Scholar and any other data base



	Time period of publication years
	<= 2016 to end 2023 *
	* the search initially considers studies before 2017, but no relevant publication was found before 2017



	Document

types
	Articles (all, peer-reviewed and open access articles), proceedings and book chapters
	--



	Science

Categories
	Engineering Manufacturing, Engineering Industrial, Operations Research Management Science, Computer Science Interdisciplinary Applications, Engineering Electrical Electronic, Materials Science Multidisciplinary, Engineering Multidisciplinary, Automation Control Systems, Computer Science Information Systems, Engineering Mechanical, Green Sustainable Science Technology, Environmental Sciences, Computer Science Artificial Intelligence, Robotics, Multidisciplinary Sciences, Engineering Environmental, Environmental Studies, Management Mechanics
	Physics Applied, Telecommunications, Chemistry Multidisciplinary, Chemistry Analytical, Engineering Chemical, Energy Fuels, Mathematics Interdisciplinary Applications, Construction Building Technology, Metallurgy Metallurgical Engineering, Chemistry Physical, Engineering Civil, Physics Condensed Matter, Biotechnology Applied Microbiology, Social Sciences Interdisciplinary and all other specific categories



	Publishers and publication

titles
	all
	--



	Language
	English or German
	any other language



	Availability
	available online as full text
	not available online as full text



	Countries/

Regions
	all
	--










 





Table 4. Analysis of the literature based on selected assessment criteria (own illustration).
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Authors

	
Subject

	
Assessment Focus

	
Link to the Topic of Holistic Assessment of

Digitalisation Technologies




	
Specific Methodology of Assessment

	
Literature Research

	
Case Study

	
Environmental Assessment

	
Economic Assessment






	
Burggräf et al., 2018 * [62]

	
X

	

	
X

	

	
X

	
Burggräf et al., 2018 present a calculation methodology for the economic assessment of CPS based on established cost accounting models.




	
Tu et al., 2018 [64]

	
X

	

	
X

	

	
X

	
Tu et al., 2018 assess an IoT/CPS test environment using a classical cost-benefit analysis.




	
Jena et al., 2019 [65]

	

	

	
X

	

	
X

	
Jena et al., 2019 discuss the need to calculate an ecological return on investment or amortisation period.




	
Bamunuarachchi et al., 2021 * [72]

	
X

	

	
X

	

	
X

	
Bamunuarachchi et al., 2021 develop a comprehensive cost model for the evaluation of I 4.0 applications in the development phase of digitalisation technologies (cost-efficient development).




	
Schebeck et al., 2017 [12]

	
X

	

	
X

	
X

	

	
A methodological approach for the environmental assessment of digitalisation technologies is proposed by Schebeck et al., 2017.




	
Bonilla et al., 2018 * [61]

	

	
X

	

	
X

	

	
Bonilla et al., 2018 recommend the development of a procedure for the quantitative environmental assessment of digitalisation systems.




	
Thiede 2018 * [63]

	
X

	

	
X

	
X

	

	
Thiede 2018 presents a methodology for the environmental assessment of CPS and demonstrates the need to integrate an economic assessment.




	
Vrchota 2020 [70]

	

	
X

	

	
X

	

	
Vrchota 2020 indirectly refers to the need for a holistic assessment when using digitalisation systems.




	
Chen et al., 2020 [66]

	
X

	
X

	

	
X

	

	
Chen et al., 2020 discuss the general effects of digitalisation on environmental sustainability and examine the question of whether these are positive or negative.




	
da Silva et al., 2020 * [82]

	

	
X

	

	
X

	

	
Da Silva et al., 2020 describe the problem that potential (energy) savings through I 4.0 technology are limited due to the availability of critical raw materials required for its production.




	
Lukasik and

Stachowiak 2020 [67]

	

	
X

	

	
X

	

	
Lukasik and Stachowiak 2020 not only point out the advantages, but also the problem of ecological

sustainability.




	
Oláh et al., 2020 * [68]

	
X

	
X

	

	
X

	

	
Oláh et al., 2020 carry out a Literature review and a scenario-based analysis (qualitative assessment criteria of energy and material consumption).




	
Sony 2020 [69]

	

	
X

	

	
X

	

	
Sony 2020 indirectly points to the need for an economic assessment (profitability calculation) of digitalisation systems and notes that there is a need for further research into the environmental impact of digitalisation systems.




	
Badakhshan and Ball 2021 [71]

	

	
X

	

	
X

	

	
Badakhshan and Ball 2021 discuss and recommend analysing not only the advantages of DT but also the problems that arise from its use.




	
Jamwal et al., 2021 [74]

	

	
X

	

	
X

	

	
Jamwal et al., 2021 refer to the problem of costs and benefits when using digitalisation technology.




	
Rogall et al., 2022 [75]

	
X

	

	
X

	
X

	

	
Rogall et al., 2022 extend the approach of Thiede 2018 with a method for identifying environmentally relevant influencing parameters of CPS.




	
Aigner et al., 2022 [76]

	
X

	

	
X

	
X

	
X

	
Aigner et al., 2022 analyses the environmental and economic profitability of retrofitted I 4.0 solutions (retrofit measures, CPPS) by comparing production with/without digitalisation technology of a reference component (or various retrofit scenarios). This deepens the approaches of Thiede 2018 and Rogal et al., 2022.




	
Pater and Stadnicka 2021 [73]

	

	
X

	

	
X

	
X

	
Pater and Stadnicka 2021 discuss the need for further research to evaluate the use of DT.




	

	
9

	
10

	
8

	
14

	
6

	








* identified in a snowball research.













 





Table 5. Analysis results of the methods based on the defined evaluation criteria (own illustration).






Table 5. Analysis results of the methods based on the defined evaluation criteria (own illustration).





	Analysis Criteria
	Digitalisation

Criteria
	Economic Criteria
	Environmental Criteria
	Used Data Sources
	Use Case

(Case Study)
	Decision Criteria
	Impact

Category





	Description
	Which digitalisation technology is considered (CPS/CPPS/IoT/DT/other)?
	Which economic assessment takes place and which criteria are evaluated?
	Which ecologic assessment takes place and which criteria are

evaluated?
	Which sources are used to obtain the data for the assessment?
	Which use case is applied?
	Which criteria are used for evaluation or to support decisions?
	Which evaluation basis for the selected methods is used?



	Burggräf et al., 2018 [62]
	CPS
	return on investment (ROI) cost-model
	-----
	directly from the case study
	production environment (focus material flow)
	ROI-Model
	costs



	Tu et al., 2018 [64]
	CPS/IoT
	cost-benefit-analysis
	-----
	measured data and data form the case studies
	experimental use case

(demonstrator)
	ratio of benefit to cost
	costs



	Bamunuarachchi et al., 2021 [72]
	I 4.0 applications
	cost model
	-----
	directly from the case study
	logistic process
	defined cost factors
	costs



	Schebek et al., 2017 [12]
	I 4.0-Technology
	-----
	LCA method
	directly form practice (case studies)
	different I 4.0 scenarios (real production scenarios)
	ratio of benefit to effort
	energy resources, ecosystem services (CO2), raw materials



	Thiede 2018 [63]
	CPPS
	-----
	LCA method
	data form different studies to this theme and LCA-Databases (like Eco invent)
	different production systems
	quotient of output to energy and resource

input
	global warming potential



	Chen et al., 2020 [66]
	digitalisation technology (I 4.0-Technology)
	-----
	LCA approach
	literature study
	-----
	relationship between effort and benefit of the technologies and products
	energy, resources (raw materials)



	Olah et al., 2020 [68]
	I 4.0-Technology

(focus CPS)
	-----
	scenario-based analysis (qualitative assessment)
	literature study
	-----
	resource consumption and environmental impact
	material use, energy use, waste, GHG-emissions



	Rogall et al., 2022 [75]
	CPPS
	-----
	LCA method
	LCA database and from measured data in the case study
	prototype process (3D-Prinitng)
	energy and material consumption
	global warming potential



	Aigner et al., 2022 [76]
	CPPS (retrofitting

solutions)
	calculation based on investment
	LCA method
	directly from the case study, from databases and other studies
	machining process (metal cutting machine)
	effort and benefit according to the developed method
	global warming potential, cumulative energy expenditure, cumulative raw material expenditure, water consumption, land take, resource criticality
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