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1. Introduction

Nomenclature

EPD environmental product declaration

GHG greenhouse gas

LCA        life cycle assessment

NC numerical control

TBL         triple bottom line

1.1. Background – sustainable manufacturing

This work begins with an introduction to the concepts of 

sustainability, environmental impact and the assessment of 

these for the case of manufacturing and machine tools.

Environmental sustainability is about eliminating the 

negative long-term impact of current human activities. In the 

words of the Brundtland Commission, ‘Development that 

meets the needs of the present without compromising the 
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Abstract

In assessing the environmental impact or sustainability of machining processes and machined products, the characteristics of the machine tool

should be considered. Difficulties in carrying out sustainability assessment include (1) collecting comprehensive input data, and (2) production 

and financial pressures preventing staff and machine availability to conduct in-depth analysis. Life cycle assessment reports are available for

specific machine tools online, but these aren’t commonplace. This research investigates how to conduct sustainability assessments on machine 

tools, with reference to prior research literature, international standards and a new machine tool market study. Science-based and cost-based 

approaches are considered. A cost-based top-down approach is relatively quick, can meet regulatory needs and would provide reasonably accurate 

‘bulk’ results across numerous manufacturing processes and machines. However capturing and scientifically modelling details (bottom-up) of 

individual machines can drive identification and prioritisation of improvements and innovations to reduce environmental impact and meet future 

targets. Based on a market study of 120 numerical control (NC) machine tools in this research, cost-derived calculations did not accurately 

correlate to individual machine tools’ sustainability metrics, due to reasons such as heterogeneity in the market. 55 different manufacturers were 

encountered in the study. Improved correlation represents an opportunity for future work. 15 years is a standard and commonly quoted value for 

the lifetime of a machine tool. Analysis of market data in this work indicated a machine tool life of double this value, around 30 years. From the

study the average NC machine tool mass, volume and footprint dimension (length or width) were 6.6 metric tons, 23 m3 and 2.8 m respectively.

The monitoring of multiple sustainability-related metrics at high frequency on all machine tools would incur a high sensing and data management 

footprint, so a balance can be struck in terms of the assessment level, to maximise value-for-effort.
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ability of future generations to meet their own needs’ [1].

Sustainable thinking can be applied to any activity to make it

viable for the long-term. The three Pillars of Sustainability are 

the Economy, Environment and Society [2]. Health and safety 

(H&S) for workers falls under the Society pillar. The principles 

of sustainability include economic sustainability. In other 

words, traditional design and manufacturing and business 

principles are still valid, with new environmental principles 

running in parallel. These three pillars are referred to as the 

'triple bottom line' (TBL). Only technologies which improve 

sustainability and circularity without negatively affecting 

process quality, process cost, flexibility and H&S are 'no 

brainers'. Most technologies must be weighed up to assess the 

associated trade-offs.

To explain what is meant by 'environmental impact', energy 

use and greenhouse gas (GHG) related carbon equivalent 

emissions are the most common examples in the review below, 

but all ISO 14040 [3] impact categories/ metrics such as land 

and water use are relevant. They can all be evaluated using a 

similar life cycle assessment (LCA) methodology.

Meanwhile, machine tools are best described as non-

portable power tools used for cutting or shaping materials. In 

the case of this research the machine tools are numerically 

controlled (NC) 'subtractive processing' machines, for 

removing material. Figure 1 shows two examples of machine 

tools.

The environmental performance of manufacturing can be 

considered at different size scales or levels, including: (1) the 

global impact of manufacturing activity, for instance on the 

climate; (2) at the level of governments creating protective 

policies and legislation; (3) the level of individual 

manufacturing organisations; (4) concerning a manufactured 

product or product family; (5) at the manufacturing process 

level; and (6) at the individual machine level. This research 

mainly relates to (6), from the perspective of NC machining 

centres, although the thinking could be applied to other 

manufacturing equipment.

In terms of people who would want or need to assess the 

sustainability of a machine tool: these are mainly the product 

manufacturer who operates the machine tool, and the 

manufacturer who supplies the machine tool. In each case they 

wish to minimise environmental damage, but recognising the 

economic TBL pillar, the customer-supplier and company-

investor relationships also play an important role.

a b

Fig. 1. Examples of machine tools: (a) larger and; (b) smaller exemplar.

Fig. 2. Example of machine tool materials breakdown [17].

Manufacturers wish to offer future-friendly products to their 

customers, as well as meeting all other customer needs.

The main functions of sustainability assessment are as 

follows:

• Persuasion (to the market of superior technology, or to 

colleagues of the opportunity for improvement action);

• Direction, i.e. what improvement action to take;

• Convenience (acceptable scope regarding cost/ time), and;

• Evaluation with accuracy: results sufficiently close to the 

'true' values, which can be iterated towards with increased 

investigative time and effort.

With these functions in mind and considering the open

nature of environmental impact assessment for machine tools 

and machining processes, assessment should be designed to 

deliver a practical, informative and persuasive level of output 

to convey key information and support decision making.

1.2. Sustainability assessment and improvement

In 2025 it is mandatory for large European organisations to 

report on their carbon dioxide equivalent GHG emissions. The 

UK has streamlined energy and carbon reporting (SECR) [4], 

and the European Union has the corporate sustainability 

reporting directive (CSRD) and European sustainability 

reporting standards (ESRS) [5].

In reporting GHG emissions, the most widely recognised 

methodology is the Greenhouse Gas Protocol [6]. This 

methodology splits GHG emissions into three scopes. Scope 1 

being the company's own activities, scope 2 is acquired 

electricity, steam, heat and cooling, and scope 3 is all upstream 

and downstream emissions in the value chain.

As organisations often lack access to each other's detailed 

operational data, scope 3 upstream carbon emissions are 

commonly calculated based on procurement data and the use of 

carbon conversion factors. Upstream emissions can be

calculated based on the amount spent in each procurement 

category, combined with standard money-to-carbon conversion 

factors for the categories of purchased products. The ease of 

this cost-based approach can be understood, compared to the 

time and data access required to fully investigate supply chain 

resource flows and associated emissions.
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The following sources consider how to evaluate 

sustainability performance for machine tools as independent 

systems.

ISO 14000 is a family of international standards for 

environmental management, which includes 'ISO 14955: 

Machine tools - Environmental evaluation of machine tools' 

[7]. ISO 14955 is focussed on design and evaluation of machine 

tools for energy efficiency, including how to take standardised 

measurements.

Krautzer et al. [8] created a software application for machine 

sustainability, to be used by small and medium manufacturers 

on various machine types. Manufacturers’ feedback was that 

machine energy efficiency was important, they wanted to fulfil 

their legal requirements, they had little time available for 

environmental improvement activities and tools, and also they 

had little experience of LCA. The software application offered 

a rough and quick assessment of life cycle energy, then a 

detailed and more time-consuming energy assessment to 

follow: users appreciated this two-stage approach. The 

assessment could be completed in less than a working day. 

Users also appreciated the ability to characterise machines and 

identify improvement hotspots. The application could offer 

recommendations as per ISO 14955, to improve sustainability

via energy efficiency. Denkena et al. [9] conducted a review of 

energy efficiency innovations for machine tools. These authors 

calculated that cutting machine tools account for 1 to 3 percent 

of global electricity demand. Machine design is discussed in 

terms of reducing power consumed by the machine's main and 

support units. Energy consumed by sub-components such as 

the spindle, linear drives and local exhaust ventilation (LEV, or

extraction) system are considered. Recommendations include 

the use of minimum-level cooling strategies and intelligent 

non-cutting standby modes. Diaz et al. [10] focussed their 

environmental impact research on calculating machine 

electrical energy use based on the cutting rate. They proposed 

cutting tool changes to reduce consumption.

Uhlmann et al. [11] identified innovations for more 

sustainable machine tools. They discussed reconfigurable 

machine tools, constructed for exchangeable modules. 

Suggestions included machine down-sizing, better actuators, 

overcoming speed-related limits such as vibration, easy 

upgrades, and better process cooling. New sensor and control

installation has been recommended to improve accuracy of 

older machines.

In the following research cases, the machine tool is a central

element within a system or process under investigation for its 

sustainability.

Khan et al. [12] assessed TBL aspects including energy 

demand, cost and carbon emissions, to compare standard and 

emerging cooling and lubrication options assisting the turning 

of a titanium-based alloy. The authors used a radar chart/ spider 

diagram to visually compare the assessed TBL aspects.  Sihag 

and Sandwan [13] included carbon emissions in a weighted 

TBL approach to calculate sustainability of a machining 

process, as a function of economic, environmental and social 

metrics. Hernandez et al. [14] proposed a TBL approach to 

sustainability evaluation for manufacturing, incorporating 6Rs 

(reduce, re-use, recycle, recover, remanufacture, redesign) and 

providing a machining case study. Salem et al. [15] also 

showcased a TBL approach to machining sustainability.

UN rule set [16], 'Machine-tools for drilling, boring or 

milling metal', is a set of product category rules (PCR)

specifying information and the procedure and data 

requirements, to include in LCA and in a resulting 

environmental product declaration (EPD), to characterise a 

machine tool. The stated standard lifetime of a machine tool is 

15 years. It is sometimes necessary for making calculations, to 

be able to assume product life without waiting years for a

machine under test to fail. Also defined in the PCR are standard 

working daily hours and days per year, allowing standardised 

LCA of similar pieces of equipment. 

An example EPD for a range of machine tools was produced 

by Grupo Nicholás Correa [17] with a supporting technical 

paper by Herrero et al. [18]. The contents provide interesting 

insights, such as the machine tool mass consisting of more than 

90 % ferrous material for all models (see Figure 2). In the EPD 

there is an introduction, data are provided, then machines are 

assessed for life cycle environmental impact based on four 

impact categories in a 15-year use case. Herrero et al. show that 

for the four categories evaluated (global warming, 

photochemical oxidant formation, acidification and 

eutrophication), 80 % or more of the impact is associated with 

downstream activity, i.e. after the machine leaves the factory -

mainly in its use phase.

Since the EPD [17] was released, few if any similar machine 

tool EPDs have been published. Potential reasons are:

• Machine manufacturers have diverse machine models and 

customer use phase profiles, so the cost and time to create 

and update EPDs presents a practical problem;

• Manufacturers do not wish to be compared or judged 

negatively on the environmental impact of their products;

• Confidentiality issues exist with accessing and publishing 

customers' usage profiles, as EPDs are supposed to be

made publicly available;

• Lack of staff LCA skills and the required software licenses.

Recent research has aimed to optimise machining processes’

environmental impact and sustainability. Researchers may 

focus on GHG emissions, whilst others have looked broadly at 

TBL-style sustainability metrics. For instance, changing the (i) 

process cutting fluid or (ii) cutting tool materials or (iii) 

workpiece condition of supply will affect not only those 

resources, but also impact on other resources such as 

consumption of electrical energy or the volume of cut material.

Researchers use systems of equations to model and evaluate the 

potential impact of different technology options. Usually

models take the specification of the machine tool into account, 

particularly modelling machine power consumption in 

response to machining parameters. All of the sustainability 

optimisation papers featured below include energy 

consumption as a metric. In TBL optimisation, the social and 

economic impact of technology changes are also taken into 

account quantitatively.

Li et al. [19] evaluated and minimised emissions for 

aluminium ball end milling, based on consumption of 

electricity and cutting tools, to optimise the milling tool path. 
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The researchers eliminated workpiece material and cut metal 

chips from their calculations: coolant/ lubricant was eliminated 

also as all cutting was done dry. Jia et al. [20] used multi-

objective optimisation to simultaneously improve productivity, 

energy consumption and surface roughness in a steel milling 

process. Jiang et al. [21] presented a review of prior carbon 

emissions optimisation activity for machining. These authors 

created their own optimisation methodology which was tested 

on turning data. Salem et al. [15] pursued a TBL approach to 

sustainability assessment for machining processes, with 

normalised scoring and optimisation algorithms, presenting a 

case study to compare process cooling / lubrication 

technologies.

Machine tool manufacturing [22, 23, 24, 25] and computer-

aided manufacturing [26] literature often focusses on 

productivity and cost improvements, but recent releases 

increasingly explain manufacturers' approach to sustainability. 

Improvements include energy-reducing machine technology, 

continuous improvement and ambitious targets, ISO14001 

certification, faster more compact machines with more efficient 

subsystems, use of more recycled materials, reduction of 

annual manufacturing resource consumption and waste 

generation, and re-use of packaging. Computer-aided 

manufacturing software are available for crash and vibration 

(sources of hardware damage) avoidance, energy monitoring 

and for energy minimisation.

1.3. Knowledge gaps and motivation for study

A great deal of thought has already gone into assessing 

machine tools' sustainability and making them more 

sustainable. The importance of machine electrical energy 

efficiency is clear in the literature. Researchers may focus on 

one aspect of sustainability, whilst others may assess many 

metrics across environmental, economic and societal aspects.

They use science-based approaches to model the sustainability 

of manufacturing machines and processes. Meanwhile

manufacturers increasingly are compelled to report on their 

environmental impacts, where this is often calculated based 

on cost data due to the availability of those data.

To contribute usefully to the above situation, this work will 

investigate the following three questions. The machines 

themselves are the point of focus, rather than wider 

manufacturing processes.

(1) Firstly, how (and whether) a machine tool's cost can be 

used to estimate its sustainability metrics. Cost or value is 

the most easily obtained quantitative summarising 

variable, so this could be a means to assess machine tool 

sustainability. This study will investigate the relationship 

between sustainability metrics and cost, and the ability to

quickly and simply predict these metrics.

(2) Secondly the work will investigate 15 years (from section 

1.2) as a realistic age regarding machine tool life.

(3) Thirdly, the possible assessment levels of machine tool 

sustainability will be considered, trading off the ease of 

assessment against the value of what is delivered.

2. Investigative approach and metrics

To investigate the three questions posed, sources of recent 

and publicly available market data were required. Sources [27] 

and [28] were selected, providing access to multiple types of 

contemporary data on hundreds of machine tools. Price and 

top-level specification data were immediately available 

without logging in or making enquiries.

In analysing the above sources, machine cost was the main 

input or factor. Machine mass, dimensions and spindle power

were the considered outputs, or responses. Arguably the cause-

and-effect relationship is the other way round, e.g. a high 

machine mass increases its cost, but in this case cost is the most 

easily-obtained variable. The responses relate directly to 

resource consumption by the machine, and data on these three 

metrics were relatively easily available in the market data 

online. Furthermore, machine tool 'year of manufacture' data 

were gathered and analysed. The gathered data are reproduced 

in Appendix A for readers’ benefit.

To address research questions 1 and 2 of section 1.3, two 

activity streams were carried out. The first addressed question 

1, looking at the relationship between machine tool cost as the 

factor and machine mass, machine dimensions/ volume and 

spindle power as the responses, to see if cost could be simply 

used to infer the responses. For this activity data from source 

[27] were filtered for 30 lathes then for 30 milling machines, 

with the machine tool age controlled in a ±10 % range to 

mitigate the obvious influence of age on cost. The question 1 

investigation imagines that for many machine tools within an 

organisation, the response data above are not immediately 

available, so it would be useful to infer these data for machine 

sustainability assessment.

To address question 2, the lifetime in service of machine 

tools en masse was tested empirically by looking at the 

frequency of sales for a further 60 machines against their year 

of manufacture, using the data source [28].

In all cases where external online data were used, results 

were filtered for machines in North America, creating a large 

pool of initial results. Machines filtered in were always in used 

but good working condition. A further filter was applied for 

completed sales made between January and July 2024. Only 

completed sales were surveyed, to validate that the machine 

cost was reasonable, i.e. a buyer had been found for that price 

and product description. Results were sorted by distance so that 

the order of displayed results was independent of cost. Results 

having missing response data were eliminated. No identifying 

information of transacting individuals or organisations was 

recorded.

3. Results

3.1. Machine sustainability metrics – question 1

The graph Figure 3 contains machine tool spindle power 

data versus cost, as extracted from [27] and collated in Tables 

A1 and A2. The data have been split with separate series for 

NC milling machines and lathes (turning). Y-axis data were
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converted to SI units for consistency. For the milling and 

turning series, lines of best fit have been applied with R2

quoted. R2 is a measure of variance, used as a goodness-of-fit 

measure for linear regression. A small R2 indicates more spread 

of data points around (away from) the best fit curve.

The Figure 3 spindle power data points plotted versus cost 

form two 'triangles of uncertainty'. R2 for milling machines is 

higher than for lathes at 0.4005. When NC machine tool mass 

and volume metrics from Tables A1 / A2 were plotted against 

cost in the same manner (not shown), the scatter of points was 

greater and R2 was lower than for the case of spindle power.

In other words, prediction of these three machine 

sustainability-related metrics based on machine cost with a 

linear fit would yield quite inaccurate results for individual 

machines. The number of machines where the spindle power 

value was predicted by machine cost to within ±10 % tolerance, 

using the linear fit, was 13 out of 60 which is 22 %.

The patterns of machine metric data from Tables A1 and A2

show a trend of the three responses increasing with respect to 

cost. The majority of individual machine tool responses are not 

expected to be predictable to within (say) ±10 % based on 

machine cost. The implications of these findings for 

manufacturers are considered in section 4.1.

Some summarizing sustainability metric data of potential 

value are as follows: the average mass of the 60 NC machines 

surveyed from [27] was 6.6 metric tons, the average footprint 

dimension (length or width) was 2.8 m, and the average 

occupied volume was 23 m3.

Fig. 3. Machine tool spindle power vs cost, from sales data.

Fig. 4. Frequency by year of manufacture, 60 machine tools sold 2024.

3.2. Machine tool life – question 2

Figure 4 is a histogram from source data [28] as compiled 

into Table A3, of machine sales numbers versus their year of 

manufacture. The graph features dotted vertical lines denoting

15 years of machine life, i.e. the recommended standard (see 

section 1.2), and denoting the data-driven machine life.

The average year of manufacture of the 60 machines was 

2006, meaning 18 years old (data collected in 2024). However 

average age does not indicate machine life in service, as the 

average machine in this analysis was still running well to the 

point of having been purchased. A better indicator of life was 

the point at which sales dropped off against the year of 

manufacture, with the assumption being that most machines 

beyond the drop-off age exceeded their life expectancy. They 

could no longer meet the filtered pre-condition of good 

working order, or perhaps desirability or compatibility, each of 

which cause product end of life. From Figure 4 the drop-off 

occurs between 1992 and 1996, which means approximately 30 

years' life. Thus 30 years is the data-driven machine tool life.

4. Discussion and evaluation

4.1. General comments – questions 1 and 2

Commenting on question 1 (Figure 3 and Tables A1 and 

A2), there are several critical reasons why cost doesn't always 

correlate well to machine mass, size and power.

• For the used machines analysed, the amount of run hours 

and maintenance condition are variables of likely 

significance which are not controlled for here.

• A high-precision machining centre or a machine 

manufactured in a high cost-of-living country would cost 

more than average, for a given power/ mass/ size.

• Manufacturers have finite options for the sub-components 

which are available to use. There is likely to be 

discreteness in the spindle, pump and fan system power

levels selectable for a given machining application.

• In general, there is heterogeneity of the marketplace in 

terms of machine manufacturers and countries of origin. 55 

different manufacturers were identified in the market 

analysis.

Adding further factors as above, alongside techniques such 

as multivariate analysis and machine learning, could be an 

aspect for further research.

In terms of question 2, Figure 4 and machine tool lifetime,

this study was not aligned to any manufacturing sector. It could 

be that precision machines last less years before they are unfit 

for purpose, whilst machines can go on making low-

specification parts for longer. The evaluated 30 years could also 

be argued higher or lower based on the following.

• Higher: these market data do not include a 'hidden' body of 

machine tools never bought or sold after initial purchase, 

which have not experienced the potentially life-reducing 
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process of disuse, decommissioning, logistics/ storage and 

recommissioning.

• Lower: these market data represent the conditions of 

manufacturing industry in recent decades. Current and 

future (2020s, 2030s) digital technology changes faster, 

thus there is a need for more flexible, shorter-lived 

machine tools which can be broken down or melted down 

and reconfigured then rebuilt more conveniently.

Notwithstanding the above it is considered that a study of 60 

machines provides a useful and empirical machine life value, 

certainly compared to estimating without data.

Considering maintenance aspects, it should be assumed 

(ideally based on real data) that machine tool sub-elements 

such as the filters, oils, batteries, spindle, viewing windows, 

lights and sensors have a life which is shorter than the main 

structural elements of the machine such as the bed, table and 

chamber. Future work could focus on facts and figures on the 

subject of replacement parts.

4.2. Levels of sustainability assessment – question 3

Cost-related carbon emissions calculations are relatively 

quick and easy to do based on existing financial data, and can 

be done without modelling of industrial processes. This 

represents the 'top down' approach to meet regulatory reporting 

obligations, where most of the literature reviewed in section 1 

takes the scientific 'bottom up' approach to sustainability 

assessment. The convenience of doing an assessment is partly 

related to the availability of different data types and the skill 

sets of staff in different organisational roles. Cost data are 

suitable to estimate scope 3 emissions for a large operation: to 

assess 'black box' supply chain activity which is outside an 

organisation's understanding. For a large organisation, even 

diverse variations in metrics and consumption level vs cost 

such as illustrated in Figure 3 can even out over many factories 

and machines.

On the other hand, there was no simple relationship found 

in this research for assessing individual machine tools' 

environmental impact accurately from their purchase cost. 

Manufacturing process owners can not 'follow the model' using

cost data for sustainability improvement activity. Cost-based 

impact assessment mainly suggests spending less to lower the 

manufacturing environmental footprint. Manufacturers ideally 

need a tool which helps them to de-couple process emissions 

and process cost. For looking at a single manufacturing process 

or machine in-depth, machine sustainability metrics can be 

fairly easily available at a granular level via technicians or 

equipment suppliers. Direct investigation, measurement and 

science-based modelling can show the practical priorities and 

the means for improving sustainability. LCA and creation of 

EPDs are time-consuming and customer-specific as per section 

1.2, and will be done where the demand requires it.

Table 1. Characterising levels of sustainability analysis for manufacturing 

organisations.

Level Example Pros Cons

Very 

low

Aggregated within 

organisational-level 

carbon accounting.

Minimal 

investigation, use 

cost centre spend 

data. Bulk 

estimates work 

better on big data.

Indirect or 

estimated data-

not insightful in 

terms of process 

improvement.

Low Within internal 

improvement 

activity by a small 

manufacturer.

Continuous 

improvement, good 

for customers and 

morale.

Improvement 

(or not) may not 

be quantified.

Medium Within 

improvement 

activity on large 

shop floor(s).

Monitoring 

consumption at 

facility level.

Direct 

measurements.

Quantified 

improvements.

Develop staff 

specialisms.

Staff to juggle 

investigation 

time against 

their standard 

job role.

High Includes dedicated 

staff, product LCA, 

and public release 

of detailed 

environmental 

performance data 

over time.

Uses supply chain 

collaboration.

Show credentials.

Should help win 

large orders 

(tendering).

Easier for 

organisations to 

evaluate their 

macro footprint, 

meet their targets.

Time-

consuming to 

carry out and 

requires 

specialist skills. 

Must allocate 

and retain staff. 

Organisations 

need to see 

return on time 

invested.

Very 

high

Continuous high-

frequency 

monitoring of 

multiple 

sustainability 

metrics on all 

manufacturing 

equipment. 

Wireless devices 

and cloud data 

storage.

Intimate 

knowledge of 

processes.

Gaining new 

insights.

Useful for research 

and development 

use.

High storage, 

processing and 

management 

footprint. 

Includes 

maintenance 

and quality 

assurance for all 

monitoring 

sensors and 

electronics.

This brings the discussion to considering possible levels of 

environmental analysis and assessment for machine tools, 

which are ordered in Table 1 in terms of depth of analysis and 

time taken: from very low to very high. For most manufacturers 

the optimum level of environmental assessment is expected to 

be in the 'low to high' range from Table 1, but with large 

organisations tending towards 'high' due to economies of scale 

and the pressure from external regulation, customers and 

investors.

5. Conclusions

Assessment of environmental impact and sustainability is 

becoming a mandatory requirement for manufacturing 

organisations, with the greatest focus being on global warming 

(greenhouse gas emissions). In alignment with this, prior 

machine tool research emphasises machine energy efficiency.

Furthermore, environmental performance improvement 

activity must be done with consideration of the critical 

economic and social factors also at play.
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Environmental sustainability assessment can be done in 

ways which involve (a) process cost/ spend, or (b) process data 

and science-based model outputs.

The way in which to analyse environmental impact of 

machine tools was considered via a market study of 120 

numerical control (NC) machine tools. It is suggested that 

spend-based environmental impact accounting provides bulk 

estimates of impacts valid at a large scale, but it will not 

provide accurate insight at the level of individual machines, 

unless further factors and modelling techniques are introduced

- a future research opportunity. Basic predictions of machine 

tool sustainability metrics based on machine cost were not 

particularly accurate, for reasons such as heterogeneity in the 

market, with many machine designs and 55 manufacturers 

encountered within the study.

Option (a) above is quick and can be done at a higher level 

within an organisation to comply with regulations ('top-down'). 

Option (b) requires more effort and specialist knowledge, but 

by capturing details ('bottom-up') of machines and processes, it 

facilitates the identification and prioritisation of improvements 

and innovations, to reduce environmental impact and meet 

future targets.

15 years is a standardly used and commonly quoted lifetime 

for a machine tool. Analysis of machine market data in this 

work indicated a machine tool life of double this value, around 

30 years.

From the market study, the average mass, volume and 

footprint dimension (length or width) of NC machine tools

were 6.6 metric tons, 23 m3 and 2.8 m respectively.

At the deep level of environmental analysis, the effort to 

monitor multiple metrics at high frequency on all machine tools 

incurs a high sensing and data management footprint. A 

balance can be struck between the extremes of assessment level 

and effort.
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Appendix A. Machine tool market data

Machine tool data were gathered and filtered from market 

sources [27] and [28], in the manner described in section 2. The 

filtered data are displayed in tables A1, A2 and A3. In tables 

A1 and A2, column 1 has been truncated for better overall 

readability.

Table A1. 30 NC milling machines, manufactured 2012 to 2014, with metrics.

Table A2. 30 NC lathes, manufactured 2012 to 2014, with metrics.
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Table A3. 60 NC machines. All sold in 2024, sorted by year of manufacture.
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