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Abstract 

Manufacturing processes, as used for discrete part manufacturing, are responsible 

for a substantial part of the environmental impact of products, but are still poorly 

documented in terms of their environmental footprint. The lack of thorough analysis 

of manufacturing processes has as consequence that optimization opportunities are 

often not recognized and that improved machine tool design in terms of ecological 

footprint has only been targeted for a few common processes. To address these 

shortcomings, a worldwide consortium of universities and research institutes 

launched the CO2PE! – Initiative (Cooperative Effort on Process Emissions in 

Manufacturing) [1]. This paper starts with an overview of the current shortcomings 

in terms of the coverage of production steps during LCA studies with existing tools. 

Further on, the CO2PE! - methodology used to analyze manufacturing unit 

processes is summarized and some initial case studies conducted at the 

K.U.Leuven, which allowed to identify significant improvement potential, are 

presented. 

1 Introduction 

Until recently, companies investing in new machine tools primarily took functional 

performance and the initial purchase price into account as main selection criteria. 

Based on three pillars, a movement towards environmentally benign manufacturing 

can be determined today. Besides more stringent regulatory mandates (e.g. 

emission standards, worker exposure standards, banned materials…), competitive 

economic advantages (e.g. reduced waste treatment and disposal costs, 

conservation of energy, water and materials…) and proactive green behavior (e.g. 

corporate image, ISO 14001 Certification [3], Eco-labeling…) are also motivating 



factors to switch to environmentally being manufacturing [4]. The implementation of 

ecological thinking in the total life cycle of products and services in general and 

manufacturing processes in specific is often supported by a Life Cycle Assessment 

(LCA). According to the ISO 14040 [5] and 14044 [6] standards, an LCA is carried 

out in four distinct phases: Goal and Scope definition, Inventory Analysis (LCI), 

Impact Assessment (LCIA) and finally the Interpretation stage. Since the ISO 

standards rather reflect a general framework, the Institute for Environment and 

Sustainability of the European Commission recently launched the International 

Reference Life Cycle Data System (ILCD) Handbook which consists of a set of 

technical documents that provide detailed guidance on all steps required to conduct 

a Life Cycle Assessment [7]. Besides an accurate and transparent goal and scope 

definition of the intended studies, companies such as machine builders, 

implementing ecological thinking in their business strategies, require reliable and 

complete inventory data, accurate impact assessment methods as well as user-

friendly LCA software and/or environmental process modeling tools. An overview of 

some existing alternatives for each of these needs is shown in Figure 1, and will be 

briefly discussed in Section 2.  

2 State of the art 

2.1 Inventory data 

National Input-Output databases 

The economy of each country can be characterized by input output tables that 

specify the value of the purchases between sectors within the country and abroad, 

as well as the supplies to other sectors and the exports. Furthermore all other major 

costs and revenues can be specified. These tables have been used by several LCA 

experts to compile input output (IO) databases. Environmental data per sector are 

divided by the total value, resulting in an environmental load per unit value. These 

ratios can be used to link the environmental load to all supplies through the 

economy, enabling us to determine an estimate for the total environmental load of 

the outputs of different sectors. Examples can be found for the US [8], Denmark [9], 

The Netherlands [10] and Japan [11]. The disadvantage of IO-databases for LCA is 

that processes are relatively aggregated, i.e. at the level of product groups rather 

than individual products.  



 

Figure 1:  LCA-Framework [5, 6] 

 

 



Sector based databases 

Also various industrial sectors provide LCI-data about their products. The 

International Iron and Steel Institute (IISI) started its worldwide life cycle inventory 

(LCI) study for steel products in 1996. After several updates, the version of 2010 

has recently been launched [12]. Similarly, an environmental profile report for the 

European Aluminium Industry of 2008 is available on the website of the European 

Aluminium Association [13]. Eco-profiling and LCA information of the European 

plastics industry are provided by PlasticsEurope [14]. The BUWAL database 

contains packaging materials like aluminium, glass, plastics, paper and steel sheets 

[15]. Despite the very useful work of the respective sector organizations, their scope 

is often limited to the primary material production (e.g. sheets, foils…) and recycling 

processes.  

 

Ecoinvent database 

The Ecoinvent Centre - a Competence Centre of ETH, PSI, Empa and ART - is the 

world's leading supplier of consistent and transparent life cycle inventory (LCI) data 

of known quality and offers science-based, industrial, international life cycle 

assessment (LCA) and life cycle management (LCM) data and services [16]. The 

database update Ecoinvent data v2.2 is expected to be launched in the near future. 

In contrast to materials and chemicals production, manufacturing processes, as 

used for discrete part manufacturing, are unfortunately less well documented in 

terms of the overall environmental impact. On the one hand, the coverage of the 

wide range of available manufacturing processes is limited. On the other hand, 

most of the available data on manufacturing processes are incomplete: the focus is 

often limited to theoretical energy consumption, and data on the machine tool 

infrastructure or on potential emissions are rarely found [17].  

 

Public Sources 

Furthermore also some international institutions and organisations provide 

information on life cycle thinking-based data, tools and services. Examples can be 

found in the ELCD-database of the European Commission [18] and the Life Cycle 

Initiative launched by the United Nations Environment Programme (UNEP) and 

Society of Environmental Toxicology and Chemistry (SETAC) [19]. Since, the main 

objective of these organisations is the exchange and distribution of LCI-data to a 

wide audience, they mainly count on the channels mentioned above for the real 

LCI-data development.  



2.2 Impact Assessment 

In a Life Cycle Assessment, the emissions and resource consumption linked to a 

specific product are compiled and documented in a Life Cycle Inventory (LCI). A 

Life Cycle Impact Assessment (LCIA) is then performed, considering human health, 

the natural environment, and issues related to natural resource use. Impacts 

considered in an LCIA include climate change, ozone depletion, acidification, 

eutrophication, acidification, human toxicity (cancer and non-cancer related) 

ecotoxicity, respiratory inorganics, ionizing radiation, photochemical ozone 

formation, land use, and resource depletion. The emissions and resources are 

assigned to each of these impact categories and converted into indicators using 

impact assessment models. Based on these indicators, emissions and resources 

consumed, as well as different product options, can be compared [5, 6, 7]. Within 

the wide range of available LCIA methods (e.g. EDIP [20], LIME [21], IMPACT2002 

[22], USES-LCA [23], Eco-Indicator99 [24], CalTOX [25], BETR [26], WATSON [27], 

ReCiPe [28] …) differences can be found in all four steps: selection of impact 

categories and classification, characterization, normalization (optional) and 

weighting (optional). Consequently, significant differences for corresponding 

impacts occur, which embarrass a correct interpretation. Recommendations about 

the use of LCIA methods can be found in the ILCD Handbook of the European 

Commission [7]. Furthermore, the USEtox model [29] is developed within the Life 

Cycle Initiative of UNEP and SETAC [19]. This model is an environmental model for 

the characterization of human and eco toxic impacts in LCIA and for comparative 

assessment and ranking of chemicals according to their inherent hazardous 

characteristics. The model is built on scientific consensus and harmonized 

elements, algorithms, parameters and property data of some LCIA methods 

mentioned above. Nevertheless, besides the accuracy of the used LCI-data, the 

generated environmental impact will be strongly influenced by the selected LCIA 

method. Proper documentation and transparency about the applied LCI data and 

LCIA methods is therefore essential for a correct interpretation and further use of 

the resulting environmental impacts.  

2.3 User-friendly LCA software and environmental 
process modeling  

GaBi [30], SimaPro [31] and Umberto [32] are three of the main LCA-software tools, 

which use LCI databases and LCIA methods to calculate environmental impact of 



products (and services) and can be used to compare alternative solutions. 

Furthermore, an increasing research trend can be observed in the implementation 

of ecological parameters in process design/planning tools. Among many others, 

some related research projects can be found in eniPROD [33], SIMTER [34], EPE 

[35], SolidWorks Sustainability [36] ... .  

The cluster of excellence “Energy-efficient Product and Process Innovation in 

Production Technologies” (eniPROD) [33] of the Chemnitz University of Technology 

and the Fraunhofer Institute for Machine Tool and Forming Technology IWU has 

three main scientific objectives: 1) Key figures, models and algorithms for the 

description of energetic cause-effect relationships, 2) active principles, structures 

and technologies for the design of products and processes and 3) development, 

balancing and planning tools being sensitive to energy for the designing of plants.  

Within the Finnish-Swedish SIMTER project [34], performed at the VTT Technical 

Research Centre of Finland, a discrete event simulation-based tool for 

manufacturing system design engineers is being developed to support optimization 

of sustainable manufacturing systems. The SIMTER project considers parameters 

grouped into three modules - 1) ergonomics, 2) levels of automation (LoA), and 3) 

environmental impacts - in addition to conventional production simulation 

parameters. The developed SIMTER tool is an interactive computer based system 

intended to help decision-makers use data and models to identify and solve 

problems and to make difficult decisions regarding sustainable manufacturing 

system design, especially in terms of social/human and environmental 

sustainability. The latter is obtained by implementing environmental metrics adapted 

from EPA [37, 38] and GreenSCOR [39]: direct and indirect energy consumption, 

direct and indirect CO2 emissions, other air emissions such as NOx and VOC’s, 

solid and hazardous waste as well as water emissions. Since the main difficulty is 

getting data for environmental impact analysis, the SIMTER technique estimates 

energy use based on specifications provided by equipment manufacturers (e.g. 

manuals and vendors) and operational data (e.g. number of hours in different 

operation modes). Consequently, a second challenge is the accuracy or granularity 

of the models.  

The Centre for Sustainable Manufacturing and Reuse/Recycling Technologies 

(SMART) at the university of Loughborough, [35] developed a framework to model 

the Embodied Product Energy (EPE), which is the sum of direct (theoretical and 

auxiliary energy) and indirect (e.g. lighting, heating…) energy consumption during 

the manufacturing stage of a product. This EPE enables a “Design for Energy 

Minimisation” approach to be adopted to reduce the energy consumption during the 



manufacturing stage of a product and provides increased transparency to the 

energy considerations within the LCA of products [40].  

SolidWorks introduces life cycling thinking in the 3D-design software [37]. Besides 

an intuitive LCA tool and environmental impact dashboard, also an alternative 

materials selection tool and improvement reports are available. The required LCI 

data are provided by GaBi [30].  

2.4 Current shortcomings  

Manufacturing processes, as used for discrete part manufacturing, are responsible 

for a substantial part of the environmental impact of products, but are still poorly 

documented in terms of environmental footprint. Nevertheless, compared to the 

materials consumption, the energy and resource consumption (and related 

environmental impact) of the manufacturing stage of products is not negligible as 

often assumed in LCA-studies. From Figure 2, which shows the industrial electricity 

consumption for Europe (EU-27) in 2007 [41], we can conclude that the metal 

processing industry is responsible for about 13,7% of the total industrial electricity 

consumption or 158 billion kWh in Europe. For an average 3500 kWh electricity 

consumption per 4-member household each year, this equals to about 45 million 

households. Although electricity only represents 30 percent of the total industrial 

energy consumption, this demonstrates already the non-negligible importance of 

the manufacturing stage in the general life cycle analysis of a wide range of 

products. Taking into account the large quantities of consumed resources, such as 

process gasses and lubricants, as well as the generated process emissions to both 

techno (e.g. waste material…) and eco sphere (e.g. air emissions…), the 

associated environmental impact only increases. Furthermore, a trend can be 

observed towards more energy intensive, unconventional processing techniques. 

The impact of the manufacturing sector is in consequence growing steadily [42]. In 

literature, Gutowski et al. [43] already reported detailed measurements at 

machine level for a number of machine types. They indicated that energy 

requirements depend on the production rate and are consequently not 

constant, as assumed by ecological impact-software packages, which often 

assume energy requirements only to be proportional to the physical amount of 

material processed, thus neglecting the fixed energy consumption due to 

unloaded motors, coolant pumps, controllers and fans, or other peripheral 

equipment.  



 

Figure 2:  Industrial electricity consumption for Europe (EU-27) in 2007 [41] 

 

To deal with the lack of thorough environmental analysis of manufacturing 

processes and corresponding LCI data, the CO2PE!-Initiative (Cooperative Effort on 

Process Emissions in Manufacturing), summarized in the Section 3, has been 

launched [1]. 

3 CO2PE! - Initiative 

The CO2PE!-Initiative has the objective to coordinate international efforts aiming to 

document and analyze the overall environmental impact for a wide range of 

available and emerging manufacturing processes and to provide guidelines to 

improve these. In 2009, the initiative was officially recognized by CIRP as part of 

the Collaborative Working Group EREE [44] and IMS as Manufacturing Technology 

Platform (MTP) Theme [45]. Based on an extended DIN8580 taxonomy of 

manufacturing unit processes [1, 46], a worldwide data collection effort is 

moderated. A large number of research institutes and associated industrial partners 

in different continents have already joined the initiative and share the required 

expertise and facilities among each other. A centralized overview and coordinating 

effort allow to avoid undesirable redundancy in data collection efforts, and facilitate 

direct communication between parties with overlapping interests and expertise 

needs. Therefore a data-exchange platform has been launched and a methodology 

to systematically collect, treat and distribute data has been developed by the 

initiative consortium.   



3.1 Methodology 

In this section, the goal and scope defintion as well as the in-depth approach of the 

process inventorisation phase of the LCA-based CO2PE! - methodology are briefly 

discussed. Since the main objective of the initiative is to collect and document 

useful and accurate LCI data for a wide range of discrete manufacturing processes, 

the Impact Assessment and Interpretation steps are not included here. 

Nevertheless, both steps are necessary to achieve the second goal in which 

potential for ecological machine tool design improvements will be investigated and 

documented as design guidelines and/or best practices.  

 

 

Figure 3:  CO2PE! – UPLCI Methodology 

 

 



Goal and Scope definition 

First the goal and scope of the study should be clearly defined and must be 

consistent with the intended unit process. The most important parts of the scope 

definition to be considered are the system boundaries and the functional unit of the 

intended process. Furthermore, the machine tool architecture and process 

parameters are investigated and all sub-processes, including subunits, are 

identified and located within the machine tool.   

The system boundary determines which unit process is to be investigated and in 

how far sub processes will be analysed individually. All included in- and outputs 

from the techno and eco spheres must be listed. The system boundaries are set to 

include only the operating phase of one isolated manufacturing unit process, 

disregarding materials processing, production, transport, maintenance and disposal 

of the machine tool itself.   

Besides a process dependent functional unit, which must be clearly defined both 

quantitatively and qualitatively, a generally applicable reference flow of 1 second of 

processing time for a specified load level of a unit manufacturing process for a 

specified material, based on a working scheme of 2000 hours/year (250 days with 

one shift of 8 hours) including some specified use modes is used.  

Another step of the goal and scope definition is the parameter selection in which the 

main process parameters are ranked from largest to minor effect on the energy and 

resource consumption as well as the generated process emissions. The influence of 

the most important parameters is investigated during the following LCI analysis.  

Finally, the machine tool architecture is investigated before an inventorisation of all 

selected energy and resource flows throughout the machine tool takes place. The 

typical use scenarios of the machine tool are considered and both energy and 

resource consuming units as well as emission generating sub processes of the 

machine tool are identified together with their functionality and location.  

 

Process inventorisation 

The in-depth approach of the process inventorisation is mainly based on industrial 

measurements and includes a time, power, consumables as well as emission study. 

Primary, a time studie is performed in order to identify the different use modes of a 

machine tool and their respective share in the covered time span. The identified 

time modes start from the machine tool start-up, over the use phase to finally 

switching off the machine, but are determined for periods of full machine occupancy 

where no idle time due to a lack of orders occurs. The energy consumption of the 



machine tool is obtained by measuring the total machine tool power consumption 

over a specified time period. By measuring individual power consumption patterns 

for all relevant active energy consuming units (ECU’s) in each production mode, 

energy and corresponding ecological footprint optimization potential can be 

identified.  

Parallel to the time and power measurements, the flow of consumables is measured 

for each process material in each production mode. Whitin this study, the 

consumption of process materials or inputs from the techno sphere such as 

compressed air, lubricants or process gasses (N2, O2) are investigated. Although 

the raw-material flow is not relevant for a unit process study, the amount of waste 

created is process dependent and is therefore included as consumable.  

Finally, also an emission study takes place when relevant (e.g. mass balance 

abnormalities, use of hazardous materials). This study includes gaseous, liquid and 

solid emissions as well as heat losses.  

3.2 Case Studies 

In this section, two preliminary case studies, conducted at the K.U.Leuven, are 

briefly presented.  

 

Laser Cutting 

The first case study was performed on a CO2-laser cutting machine tool of 5kW 

[47]. Table 1 shows the different production modes. 

 

Table 1: Production modes and relative time distribution of a 5kW CO2-laser cutting machine [47] 

N° Production Mode % 

1 Cutting: the laser is cutting sheets of metal or moving from one place on 
the sheet to another to start a new contour 

84,9 

2 Table changing: the machine changes tables from the casing to the 
loading area 

6,4 

3 Idle machine time: laser program is loading, product checking, lens 
exchanging,…  

9,2 

 

Table 2 shows the energy, resource and emission flows and related environmental 

impacts during one hour of laser cutting activity [16, 24, 48].  



Table 2: Average energy, resource and emission flows during one hour of laser cutting activity for a 
5 kW laser power setting [47] 

 Production Mode Impact (mpts) % Impact 

Energy 52,2 kWh 1357 68,1 

Process gas (N2) 13,6 m³ 193 9,7 

Produced Waste (St37-2) 6,5 kg 406 20,4 

Air Emissions 7,3 mg NO2 

4,9 mg NO 

917 mg aerosols 

35 1,8 

Total  1991  

 

Since most impact (68%) is caused by the energy (electricity) consumption of the 

machine tool, the energy reduction potential was investigated. An alternative laser 

machine design was conceived, equipped with a fiber laser source with an energy 

efficiency of 30% and a thermostat to automatically switch to winter mode (to 

prevent freezing of the laser cooling circuit during off mode) when necessary. As 

shown in Figure 4, the achieved energy consumption reduction is respectively 29%, 

23% en 22% for 1, 2 or 3 shifts per day, which corresponds to a total impact 

reduction of around 20%. 
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Figure 4:  Comparison of yearly energy consumption for the original CO2-laser and the alternative 
fiber laser machine tool for three operating scenarios (1, 2 or 3 shifts) [47] 



Selective Laser Melting (SLM) 

The second case study is performed on a selective laser melting (SLM) machine 

tool. Notably, this study includes only two products and needs more investigation 

before general conclusions can be made.  The identified production modes are 

listed in Table 3.  

 

Table 3: Production modes and relative time distribution on a selective laser melting machine tool  

N° Production Mode % Time 

1 Start-up mode: an inert process atmosphere is created 12 

2 Melting: the laser is melting powder articles or moving his scan head 68 

3 Sweeping: a new layer is prepared 5 

4 Product removing + cleaning: the products are removed and the machine 
tool is cleaned 

15 

 

Figure 5 shows the energy distribution during productive mode for a selective laser 

melting process of a product with four hours of process time. Around 80% of the 

consumed energy is used by the (100W - YAG) laser source unit.  

 

 

Figure 5:  Energy distribution during productive mode 

 

The energy, resource and emission flows for a product with a total production time 

of four hours are presented in Table 4 [16, 24]. For the emission study, data of the 

Laser Safety database from the Laser Zentrum Hannover e.V. were used [48].  



Table 4: Energy, resource and emission flows for a product with a total production time of 4 hours  

  Impact (mpts) % Impact 

Energy 11 kWh 287 41,6 

Process Gas (N2) 15,5 m³ 308 44,8 

Waste material 0,084 kg 94 13,6 

Air Emissions 1,3 mg NO2 

1,3 mg NO 

3,3 mg aerosols 

~0 ~0 

Total  689  

 

Impact reduction opportunities could be found in all aspects. By using more efficient 

laser sources or powder recycling strategies, energy and waste material savings 

can be achieved. Another interesting impact reducing opportunity can be found in 

the way the inert process atmosphere is created. In the investigated machine tool, a 

pre-flushing flow rate of 6.5 m³/h of nitrogen during the start-up phase of 30 minutes 

is followed by a continuous flow rate of 3.5 m³/h of nitrogen during the actual 

production phase. A better isolated process chamber (e.g. vacuum chamber) could 

reduce the amount of required process gas (N2) by more than 70%, which 

correspondents with a reduction of about 31% in total environmental impact, for a 

product with a total production time of 4 hours. For larger products, this reduction 

will be even higher.   

4 Conclusions 

Based on a systematic methodology for inventorisation and analysis of 

manufacturing unit processes; significant environmental impact reduction 

opportunities could be identified. Nevertheless, manufacturing processes are still 

poorly documented in terms of their ecological performance. The CO2PE! - Initiative 

(Cooperative Effort on Process Emissions in Manufacturing) has the objective to 

coordinate international efforts aiming to document and analyze the overall 

environmental impact for a wide range of available and emerging manufacturing 

processes, and to generate and provide generic guidelines to improve these 

impacts.  
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