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A B S T R A C T

Multiple international organizations and many governments around the world have declared climate emer-
gency. There is a pressing need to minimize the environmental impacts of human activities including
manufacturing processes. Machining by mechanical cutting is a fundamental manufacturing process andmin-
imizing and eliminating its environmental impacts is vital. In this keynote paper, sustainability in the context
of machining is identified. The resources used in machining have been categorized and the social and envi-
ronmental impacts and potential methods to reduce them have been identified. The findings are critically dis-
cussed and the gaps and challenges for future research direction are highlighted.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC
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Fig. 1. Inputs and outputs of a machining system.
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1. Introduction

Manufacturing of products and goods has driven economic
growth and prosperity to many regions of the world. However, the
world is in a state of climate emergency. The CO2 emissions due to
human activities in the past 50 years have been higher than the total
over the entire human history. The issue is not limited to greenhouse
gas (GHG) emissions. Natural resources have been extracted at an
alarming rate over the past 60 years and the list of critical raw mate-
rials (CRMs) have been increasing in the past decade [84]. The linear
concept of extraction-production-consumption-disposal is no longer
sustainable.

Machining is a fundamental manufacturing process for producing
precision mechanical parts used across different industries.
The global metal machining market is estimated at »$378 billion in
2023 [210] supported by a »$73 billion cutting tools market [90].
Fig. 1 illustrates the inputs and outputs of a machining system con-
sisting of the machine tool, workpiece material, cutting tools, cool-
ant/lubricants (CLs) and tooling such as tool holders and fixtures.
Each of these affects the impacts of a machining system on the envi-
ronment. Energy is used for operating machine tools and a small por-
tion of this energy is used for material cutting.

1.1. What is sustainability?

In 1987, the UN Commission on Environment and Development
set out Sustainable Development as meeting “the needs of today with-
out compromising the ability of future generations to meet their own
needs” [297]. This led to the concept of eco-efficiency: environmental
impact per unit output. Despite improvements in eco-efficiency of
products and services over the years, total global environmental
impact has continued to increase due to the rise in consumption
driven by effluence and population. Rockstrom et al. [229] proposed
a framework based on nine “planetary boundaries” associated with
the Earth’s biophysical subsystems and defined a safe operating zone
within the planet’s system. By 2023, six out of these nine planetary
boundaries were violated.

Kara et al. [131] provided a detailed analysis of the definitions for
sustainability and sustainable development, and highlighted their short-
comings. Based on the work of Nykvist et al. [184] on translating plane-
tary boundaries to national limits, Hasuchild [109] proposed the
concept of absolute sustainability. They [111] noted that whilst sustain-
able manufacturing aims to satisfy the needs of present and future gen-
erations, it should not violate the planetary boundaries. It is argued that
environmental sustainability takes precedence and planetary
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boundaries should be used instead of the triple bottom model (environ-
mental, economic and social) [110]. Achieving environmental sustain-
ability however, must not be used as a means to sacrifice human rights.
Instead, efforts should focus on equitable division of the limited resour-
ces and not exceeding the planetary boundaries.

To meet the needs of the society, the resource consumption
remains high but never beyond the planetary boundaries [223]. How-
ever, an analysis by O’Neill et al. [185] indicated that whilst basic
physical needs of the world population can be met without signifi-
cant breach of the planetary boundaries, reaching more qualitative
goals (life satisfaction, equality, life expectancy, etc.) requires a fun-
damental change. One such change is achieving two to six times
increased efficiency in resource consumption including in
manufacturing. Additionally, circular economy strategies such as
extending the life of products, repairing, reusing, remanufacturing
and upcycling them, and recycling at the end of their life can reduce
the demand on extracting materials, reduce energy consumption for
manufacturing and reduce waste generation. Kara et al. [131] pro-
vided a detailed review of circular economy strategies and their
potential to increase material efficiency and reduce environmental
impacts.
Fig. 2. Donut economy model for machining adapted from [222].

1.2. Sustainability in machining

Sustainable machining entails reduction and elimination of the
negative environmental and social impacts of a machining system
without transgressing the planetary boundaries to meet the needs of
the present and future generations, and improve the quality of life.
The machining system includes the material cutting and machining
itself as well as the production and procurement of the machine tool,
cutting tools and the CLs. The societal impacts of machining are often
overlooked. Beyond direct impacts on the workers’ health and well-
being, the supply chains of the materials and products used in a
machining system can have a profound impact on the societies that
they operate in. The principles of sustainability should not be limited
to the processes but also products, systems and supply chains must
be considered.

Sustainable manufacturing was defined by the US Department of
Commerce as “processes that minimize negative environmental
impacts, conserve energy and natural resources, are safe for employ-
ees, communities and consumers and are economically sound” [114].
Dornfeld [78] applied this definition to machining. In these defini-
tions, “sustainable” is used in an absolute term [110]. In the absence
of meaningful targets or quantifiable measures, sustainability in
machining is difficult to assess or verify.

Sustainable machining systems must operate within the planetary
boundaries [229]. However, operationalizing planetary boundaries at
various levels is ongoing research [50,56]. It is difficult, if not impossi-
ble, to assign specific planetary limits for machining on its own with-
out considering the wider implications throughout its value chain. To
this end, ‘downscaling’ and defining specific budgets may be useful
for global impacts such as GHG emissions e.g. targeting net-zero GHG
emissions from machining. Machining companies that achieve this
can be considered climate neutral. However, defining specific budg-
ets for other areas is more complex. Additionally, allocated limits
may be seen as targets. Alternatively, the impacts from a machining
system can be ‘upscaled’ to planetary boundaries level [281] to high-
light how it is contributing to transgressing the planetary bound-
aries.

Whilst absolute goals are necessary for achieving environmental
sustainability in sustainable machining, relative sustainability is
deemed more practical in many scenarios. Relative assessment can
help identify and develop opportunities for minimizing the negative
impacts paving the transition towards the ultimate goal of sustain-
able machining. Zero-waste, complete recyclability and reduced
energy consumption can be the steppingstones to reach such goals.
Hauschild et al. [108] highlighted the potential conflict between
absolute and relative sustainability where over-consumption can
diminish reduced environmental impacts.
The economy provides the foundation for meeting the social
needs. The technology must be affordable for widespread adoption
but lower costs may lead to increased consumption which needs to
be controlled via other means. As such, the donut economy presented
by Raworth [222] has been adapted as shown in Fig. 2.
Machining as part of the economy provides a foundation to meet
the minimum social needs. The safe operating zone is defined
between the inner boundary of the social foundation and the carrying
capacity of the planet as the outer boundary. Within this space, the
quality of life can be improved if material efficiency is enhanced, and
environmental impacts are reduced.

Following this introduction, an overview of the societal and envi-
ronmental impacts of machining is presented. The efforts are then
focused on the environmental impacts of various aspects of a machin-
ing system (machine tool, cutting tool, workpiece, cutting chips and
CLs) and discussing the technologies for minimizing these impacts.
Finally, the cumulative energy consumption for machining including
the embodied energy of cutting tools and CLs is presented. An in-
depth discussion is provided which lays the future direction for
achieving the vision of sustainable machining.

2. Societal and environmental impacts of machining

Machining is a fundamental manufacturing process for producing
functional engineering parts and products. The challenge is that in
most economic metrics, it is not classified as a standalone industrial
sector. Machining is a service provider to a multitude of industrial
sectors such as aerospace, automotive, energy, defense, medical
implants, consumer goods, etc. Nearly 25 % of the machine tools glob-
ally are used in automotive sector whilst 15 % are in aerospace and
defense and 13 % are employed in power and energy sectors [133]. In
this section, an overview of the major societal and environmental
impacts of machining is presented.

2.1. Societal impacts

The ISO 26000 standard provides a framework for social responsi-
bility for business and organizations and defines seven core subjects:
human rights, labor practices, the environment, fair operating practi-
ces, consumer issues and, community involvement and development.
The UNEP/SETAC guidelines [279] introduces social life cycle assess-
ment (S-LCA) as a tool for investigating the social impacts of various
activities on five stakeholders: workers, local community, value chain
actors, society and children. The impact categories cover health and
safety, human rights, working condition, governance, socio-economic
impacts, etc. which may consist of multiple indicators. The indicators
are assessed against a reference value as a minimum acceptable per-
formance level usually set by the International Labor Organization
Convention, ISO 26000, OECD Guidelines, etc.
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Sutherland et al. [269] reviewed the major social impacts of
manufacturing activities. Wu and Su [298] provided a detailed over-
view of S-LCA and its application for a manufacturing system. These
methods can be applied to manufacturing broadly and machining
processes specifically. Indicators specific to manufacturing can be
found in [146]. The S-LCA for machining must consider the cradle-to-
gate and cradle-to-grave life cycle of machining process and the
materials used for the workpiece, cutting tools and CLs. Some of the
specific indicators applicable to machining are defined below:

- Health and Safety: Occupational dermatitis and occupational
asthma due to the exposure to water-based metalworking fluids
(MWFs), a type of CL [258,300].

- Health and safety, equal opportunities: The ergonomics of
machine tool and machine interface design [152,157,225]. Hafiz et al.
[107] noted the differences in physical dimensions and capabilities of
users. They noted that the majority of the machines are designed for
an average European/North American worker. A similar issue was
explored for female workers by Khan [137].

- Human rights, child labor, forced labor and modern slavery,
health and safety, damage to local environment in the value chain:
An important social impact of a machining system involves a trans-
parent and responsible supply chain with respect to human rights. In
machining, this particularly applies to the supply chain for raw mate-
rials for cutting tools (e.g. tungsten, cobalt, etc.), workpiece and CLs
(mineral and agricultural-based chemicals, etc.) and their environ-
ment and human impacts. Artisanal mining, child labor [36,37,39]
and exposure to toxic material [19] can take place in mining and
extraction processes. There is a concern that these mining operations
in the global south typically work on raw materials with limited eco-
nomic benefits and the international capital has not been translated
into social benefits for the local communities [4].

Haddad et al. [106] performed a S-LCA on manufacturing of alumi-
num aerospace components including machining and noted that
upstream supply chains (mining, raw material production, etc.) have
a profound influence on the social impacts of a product. Machining
industries have a social responsibility to ensure that they do not inad-
vertently support human exploitation [35] in their value chain. Digi-
tal technologies such as material passports, blockchains, etc. can be
implemented to ensure traceability and transparency of tools and
materials used in machining.

2.2. Environmental impacts

The environmental aspect of machining is one of the main issues
related to sustainability in machining. Direct and indirect energy and
raw material consumption, and waste disposal are the main sources
of the environmental impacts of machining. Whilst the direct energy
and material consumption (Scope 1) are easier to analyze, controlling
the sources of energy and raw materials used for machining is more
complex.

The UK Department for Environment, Food and Rural Affairs have
identified 22 environmental key performance indicators that are cat-
egorized into emissions to air, water and land as well as resource use
[67]. The main environmental impacts frommachining include global
warming potential due to GHGs, water acidification as a result of
releasing toxic gases, eutrophication by releasing nutrients chemical
into water, human toxicity including cancerous and noncancerous,
ecotoxicity, land use and abiotic (resource) depletion among others.

2.2.1. Global warming potential, acidification and human toxicity
Machining is widely electrified and generally, there are no direct

greenhouse gas (GHG) emissions (Scope 1) from operating a machine
tool. However, there are emissions associated with producing elec-
tricity (Scope 2) as well as extracting the material for machine tool,
tooling and consumables (Scope 3) i.e., workpiece material, cutting
tools, coolant/lubricants, etc. Reducing the machine tool’s electricity
consumption for machining a part can reduce the emissions associ-
ated with producing electricity. Using clean electricity from zero-
emission sources can further reduce the Scope 2 emissions from a
machining system due to the use of electricity.
While reducing machining energy consumption is a major step,
the environmental impacts of machining are wider than only GHG
emissions from electricity consumption. Energy and specifically fossil
fuels are used in the mining and extraction of materials for producing
the workpiece, cutting tool and machine tool as well as for operating
the machineries used in farming oil seeds for CLs. Carbon, sulfur and
nitrogen dioxides released from burning fossil fuels can dissolve in
water leading to soil and ocean acidification.

The direct air contaminants from machining are related to solid
dust and liquid aerosols generated during material cutting and
microbial volatile organic compounds (MVOCs) within the human
toxicity category. Dust particles are most common in machining brit-
tle materials where small chips and dust are generated such as during
machining of carbon fiber reinforced plastic (CFRP) composites [69].
This can lead to generation of particles smaller than 2.5 µm (PM2.5)
which if inhaled can cause serious health issues. Depending on the
material, digestion of the particles or skin contact can also result in
adverse health effects in workers [105].

Water-based MWFs are widely considered a health and safety
hazard [257] which can become aerosolized during machining [290].
Human toxicity can arise from inhaling and exposure to these aero-
sols leading to occupational asthma, dermatitis and even cancer
[197,258]. Water-based MWFs provide a rich environment for fungi
and bacterial growth which can generate MVOCs [198]. The health
and safety aspects are among the key concerns for the use of MWFs.
In the UK, the Health and Safety Executive [58] requires ongoing risk
assessment and training to ensure that exposure is prevented or ade-
quately controlled.

Airtight machine tools and local exhaust ventilation (LEV) systems
are highly recommended to prevent exposure to aerosolized CLs [58].
In minimum quantity lubrication (MQL) systems, aerosolized lubri-
cants which may or may not contain nanoparticles or chemical addi-
tives can become airborne and contaminate the air [162]. Within the
research community, the health impacts of inhaling these nanopar-
ticles are rarely considered. Examples of these potentially hazardous
nanoparticles are carbon nanotube (CNT), boric acid and aluminum
oxide nanoparticles [182].

2.2.2. Land use, resource depletion, eutrophication and ecotoxicity
The materials for cutting tools and workpiece are mined and

extracted from ores, consuming energy and resources and generating
waste and contaminating waterways and soil [158]. Tungsten and
cobalt are extracted for producing cutting tools. Both of these materi-
als are CRMs and enormous waste is generated during their extrac-
tion [31]. Depending on the mining and extraction method, they can
have a profound impact on the environment. This can be resource
depletion, ecotoxicity in the form of releasing chemicals and waste
into the environment and land use by deforestation and habitat loss
for mining.

Over 10 million cubic meters of cutting fluids are consumed each
year [248]. These need to be maintained, treated and disposed.
Water, mineral oil, synthetic lubricants and chemical additives are
used in producing these fluids.

Ecotoxicity due to water pollution originating from the use of
MWFs is one of the major direct impacts of machining. There are
strict rules and requirements in various countries on the use, treat-
ment and safe disposal of MWFs [54,172,179,280]. Specifically,
water-soluble MWFs can lead to water pollution through leaching of
toxic chemicals such as extreme pressure additives, biocides and fun-
gicides, emulsifiers, etc. [197]. Particles of workpiece and tool materi-
als can be washed during cleaning of the parts and chips and be
released into the environment.

Contamination of soil by mineral oil based MWFs can lead to oxy-
gen deprivation, resulting in the development of anaerobic microor-
ganisms and making it uninhabitable for aerobic microflora and
plants [98]. Water contaminated by spent MWFs in the environment
has been shown to damage crop growth [99].

Mineral oil-based CLs are extracted from crude oil leading to
resource depletion and land use. Vegetable-based oils are extracted
from oil plants. In farming, pesticides and fertilizers can leach into
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the environment leading to ecotoxicity and eutrophication. Using
plant-based derivatives in machining may compete with food pro-
duction and lead to land use by encouraging deforestation for farm-
lands [161].

The social and environmental impacts associated with the products
used in machining highlight the need for a close collaboration with
suppliers and a transparent supply chain to ensure minimal impact on
the environment for sourcing the consumables for machining.
3. Classification of resources used in machining

To evaluate the environmental sustainability of machining, the
environmental impact of the input material, energy flows and the
generated waste flows must be assessed. Dahmus and Gutowski [60]
developed a model presenting an overview of the inputs and outputs
of a machining system including the waste products for assessing the
environmental impacts of machining. Fig. 3 shows an updated system
diagram for metal cutting based on [24].
Fig. 3. Inputs and outputs for the environmental assessment of machining based on
[24].

Fig. 5. Circularity of cutting tool materials.
In Fig. 4, the effect of various inputs of machining processes on the
life cycle stages of a machined part is summarized. Machining has
minimal impact on the extraction stage of the raw workpiece mate-
rial and the end of life stage of a part. The environmental impact of
producing non-consumable inputs e.g. the machine tool, clamping
system, tool holders, workshop floor, etc. are usually not considered
in the Life Cycle Assessment (LCA) of machined parts justified by their
relatively long lifespan [60,214]. Nonetheless, the impact of these
inputs should also be considered for a holistic LCA of machining.
Machine tools have large masses with high material and CO2 foot-
print. Diaz et al. [75] demonstrated that the embodied CO2 of a
machine tool from its manufacturing can be as high as 55 % of its
emissions due to the use of electricity over its lifetime.
Fig. 4. Impact of machining inputs on lifecycle phases of a machined part.
LCA is widely used to investigate the environmental impact in the
design phase of products. Most studies that carry out a LCA for
machining make a comparison of the impact generated by employing
different CLs [86,203]. In most cases, they only consider the CLs and
the machine’s energy consumption. Energy consumption of a
machine tool is an important contributor to the direct environmental
impact of machining [88]. However, a comprehensive analysis should
also consider the wider impacts of the production, use and end of life
treatment of the cutting tools, CLs, tooling and the machine tool.
4. Cutting tools

Cutting tools are one of the major consumables in machining pro-
cesses and minimizing the environmental impacts of machining
necessitates innovation and optimization of all aspects regarding the
tools’ life cycle shown in Fig. 5. Reducing the environmental impacts
of machining through cutting tools can be achieved by reducing the
resource and energy footprint of the tool, extending the tool life and
its time in circulation through reconditioning and remanufacturing.
The cutting tool performance can also directly affect the energy con-
sumption during machining.
Starting with tool manufacturing, factors such as the percentage
of recycled material, use of alternative environmentally friendly
materials and reducing the total energy consumption in the process
chain represent opportunities to minimize and eliminate the envi-
ronmental impacts of machining.

The second category comprises the tool’s use phase. Improved
tool performance through extended tool life and enhanced wear
resistance reduces secondary process times leading to increased pro-
ductivity. At the end-of-life, deciding whether to recondition, recycle
or dispose of the tools becomes crucial. Reconditioning and remanu-
facturing of the tools should be prioritized to extend the materials in
circulation. However, this requires overcoming technical and logisti-
cal challenges and to ensure that the tools are not damaged beyond
repair and that reconditioned tools can perform similar to new tools.
With the inevitable end of a tool’s life, recycling needs to be
addressed by implementing organizational concepts to facilitate eco-
nomic and effective recycling.

4.1. Environmental impact of cutting tool manufacturing

High speed steel (HSS), cemented carbide, ceramics, polycrystal-
line diamond (PCD) and polycrystalline cubic boron nitride (PCBN)
are the most common materials used for cutting tools [141]. Tung-
sten carbide with cobalt binder, also known as cemented carbide or
WC��Co is one of the most important cutting tool materials used for
over 80 % of the cutting tools in industry.

The extraction of tungsten by mining requires large amounts of
resources. With a yield of »0.13 %, only 2.55 kg of tungsten can be
extracted from 2000 kg of tungsten ore generating a significant
amount of solid waste [45]. Farjana et al. [87] assessed the environ-
mental impact of cobalt extraction and found high electricity demand
as the main concern, followed by the particle emitting blasting pro-
cess and diesel consumption. They recommended using electricity
from renewable sources and reducing the amount of particles
released during blasting to be prioritized. The WC��Co tool market
alone is responsible for an annual consumption of 36,600 tons of
tungsten. Producing this amount from primary ores directly trans-
lates to 350,000 tCO2. Increasing the recycling rate from the current
34 % and reducing dissipation and discard losses has the potential to
save up to 40 % of CO2 emissions and up to 70 % of energy demand



A. Shokrani et al. / CIRP Annals - Manufacturing Technology 73 (2024) 483�508 487
[264]. Sandvik Coromant noted a 20 % decrease in their CO2 emissions
through the reported material recycling rates reaching 80 % with an
expected future increase to 90 % [234].

Furberg et al., [92] performed a cradle-to-gate Life Cycle Inventory
(LCI) for producing 1 kg WC��Co rods in different scenarios as illus-
trated in Fig. 6. Their analysis was limited to the production of blanks
including powder production, forming green compacts and sintering.
For a typical ø10 mm x 72 mm solid carbide tool, these equate to 31
MJ-eq energy and 1.25 kg CO2-eq footprint.
Fig. 6. GHG emissions from producing 1 kg tungsten carbide [92].
For tool manufacturing, the blanks also require grinding, coating,
polishing and other finishing processes. Li et al. [154] noted that the
carbon footprint of a P10 WC��Co insert with 15 g weight can reach
104.6 kg CO2/kg which includes the emissions due to material extrac-
tion and cutting tool production. However, for their analysis, they
only considered 29.6 kg CO2/kg associated with tool manufacturing
from WC��Co blanks. A similar value was used by [128]. For produc-
ing a WC��Co blank for a ø10 mm x 73 mm solid end mill, Kirsch et
al. [140] defined a 9.01 MJ embodied energy, significantly lower than
the aforementioned studies. However, they broke down the tool
manufacturing processes and calculated that 8.75 MJ energy is
required for making an AlTiN coated tool from the blanks. This only
included the direct energy for grinding and coating equipment.

Both tungsten and cobalt are CRMs [84]. Apart from scarcity, the
production of these metals is concentrated in a few geographical
locations which can pose a risk to the global supply as shown in
Fig. 7. Reducing the demand for WC��Co can be achieved by deploy-
ing alternative cutting tool materials such as HSS, ceramics and other
non-metallic materials e.g. PCBN and PCD. Whilst the performance of
these alternatives has been well studied [174,245], there is a need for
proving their environmental viability in a machining system using
LCA. Furberg et al. [93] assessed the environmental and resource
impacts of substituting WC��Co tools with synthetic PCD. They found
that PCD tools do not provide a viable alternative to WC��Co tools in
order to reduce the environmental impact or resource consumption
in machining Ti6Al4V alloy. The high energy consumption and the
use of WC��Co and molybdenum in the production of PCD resulted
in high environmental and resource impacts. Additionally, higher
costs and recyclability of alternative tool materials may pose chal-
lenges in their wide adoption [243]. PCD has an embodied energy of
10 MJ/g and 0.9 kg CO2-eq/g. Catalano et al. [42] investigated the
embodied energy and carbon intensity of producing 10 mm diameter
HSS tapping tools. They noted 128.5 MJ energy and 9.25 kg CO2-eq/
kg for a HSS bar from primary sources. Additional processes include
turning, heat treatment, grinding, cleaning and coating leading to
Fig. 7. Cobalt and tungsten production by country [94,134].
36.1 MJ energy and 1.5 kg CO2-eq emissions per tool which can be
reduced to 31.2 MJ and 1.17 kg CO2-eq if 80 % recycled material is
used.

The data for energy demand and CO2 footprint of various cutting
tool materials is sparse. There is a need for cradle-to-gate and cradle-
to-grave analysis of cutting tools of different materials considering
their embodied energy and CO2 footprint balanced against their
machining performance e.g. tool life.

4.2. Enhanced tool performance

Increasing tool life, while reducing material consumption and spe-
cifically CRMs, can reduce the environmental impacts associated with
production and use of cutting tools [228].

4.2.1. Micro- and macro- geometries
The magnitude and distribution of the thermomechanical stresses

during machining can be controlled by modifying the geometry of
the cutting edge. Friction represents »20 % of the total energy in cut-
ting process and can be reduced using cutting edge preparation tech-
niques [3]. The most common techniques are grinding, brushing,
abrasive jet machining or laser machining [70]. Particularly, laser
machining has gained in importance, as customized cutting edge
geometries in super-hard cutting materials, e.g. PCD or PCBN can be
realized [315]. Basset et al. [21] stated that when using coated tools, a
significant increase in tool life of more than 100 % can be realized
through cutting edge preparation.

Modifying the contact surfaces of the cutting tools through textur-
ing functional surfaces and macro geometries can be used to control
the friction and/or contact area at the cutting zone to reduce cutting
forces and energy consumption and, enhance tool life [3]. Increased
tool life by improving wear resistance and machining performance,
can also reduce the use of CRMs [194,205]. Texturing the cutting tools
parallel to the cutting edge has shown to reduce cutting forces by
7.7 % in turning AISI 316 [283]. A reduction in the chip-tool effective
contact area can also be achieved by macroscopic alterations on the
tool. Using an insert with serrated edges was shown to reduce cutting
power by 17 % [177]. Whilst additional processing of the cutting edge
and tool surfaces can improve tool performance and reduce cutting
forces, the viability of these methods needs further assessment in
terms of resource and energy efficiency. In this case, these methods
are only viable if the additional energy and materials used for proc-
essing the tools are offset by a reduction in machine tool’s energy
consumption or significantly increased tool life.

4.2.2. Protective coatings
Coatings are a viable and cost-effective method for extending tool

life whilst reducing friction and energy consumption. Albeit only a
few microns in thickness, coatings feature abrasion resistance, ther-
mal insulation, friction reduction and chemical inertia. Thus, the sub-
strate is protected against thermomechanical and thermochemical
wear resulting in increased tool life and reduced CRM consumption
[32,228]. For instance, in milling of hardened steel, Bouzakis et al.
[33] summarized that coatings significantly reduced both stresses
and temperatures in the substrate. This can lead to 200 % and up to
500 % increase in tool life compared to uncoated tools at the same
cutting speed [228]. To permanently resist the thermomechanical
and chemical loads acting on the tool, coatings with different proper-
ties are required depending on the application and as depicted in
Fig. 8.

Since a compromise must be achieved among various require-
ments, different coating materials have been integrated as in multi-
nanolayer and nanocomposite coatings in place of a single layer coat-
ing whilst also enhancing crack resistance as shown in Fig. 8
[228,311]. In addition to the architecture and deposition technolo-
gies, the coating materials and compounds also affect the coating’s
performance during machining [32].

Besides performance, the energy consumption of a coating pro-
cess is of central importance. There are multiple technologies to
apply coating on cutting tools. Among these, physical vapor



Fig. 10. Overview of industrial tool concepts with reduced material footprint in
machining processes.

Fig. 8. Criteria required for effective of cutting tool coatings and development of hard
coating, based on [228,311].
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deposition (PVD) and chemical vapor deposition (CVD) are the most
common methods. It has been reported that CVD has a higher energy
consumption than PVD coating [21].

According to Kirsch et al. [140], the energy for PVD AlTiN coating
process was 2.64 MJ, which is »15 % of the total embodied energy for
a milling tool. Bauer et al. [22] summarized the cumulative energy
demand for coating 100,000 drilling tools. They showed that PVD
process requires 108,000 MJ for TiN coating, which is about half the
energy required for Ti+TiAlN coating. However, considering the
material consumption for coating cutting tools, the analysis shows
that Ti+TiAlN coating, which requires less material, has significantly
lower environmental impact, especially for climate change, resource
depletion, and acidification. Moreover, they reported that in PVD
plants, a large amount of material does not reach the tools, resulting
in waste. Considering that the materials used for coating have a large
impact on the tool’s environmental impact, there is still a potential
for improvement in coating technologies. Coatings affect the recycla-
bility of WC��Co and make reconditioning of worn tools more com-
plex indicating a need for further research. For instance, Oerlikon
presented a very hard Ta-C coating for the machining of non-ferrous
metals, plastics or CFRP/GFRP. In addition to improved tool life and
surface quality, this coating can be reapplied multiple times, allowing
the tool to remain in use for longer and go through reconditioning
phases before the need for recycling [186].
4.3. Exchangeable pieces and combination tools

An effective approach to minimize the consumption of CRMs is
the adaptation of a ratio between the tool’s effective cutting section
and its total volume leading to a reduction in tool size, use of
exchangeable pieces, combination tools or increased number of cut-
ting edges. Exchangeable inserts have been utilized in turning opera-
tions for decades, primarily in order to reduce tool costs. About 75 %
of all turning operations are performed with a depth of cut in the
range of ap = 1�3 mm. Hence, using smaller tools, without sacrificing
tool life, can save costs and reduce the required amount of hard mate-
rials such as WC��Co [119], see Fig. 9.

In drilling, primarily, only the cutting edge is subject to wear pro-
viding an opportunity for using alternative materials for the body of
Fig. 9. Smaller inserts to reduce WC��Co consumption by Iscar [119].
the tool. This has led to the development of various concepts [205].
Exchangeable head systems are a prime example of efficient resource
utilization as only the drilling head is made of CRMs and the body
can be used over and over again. Moreover, there is the possibility of
reconditioning such tools [167].

Sandvik Coromant have produced inserts with seven cutting
edges, shown in Fig. 10a, allowing for using different sides of the
same insert and reducing the material consumption for tools [233].
The HT 800 WP drilling system by G€uhring [101] has exchange-
able tips with micro-machined cutting edges and a screw lock
mounted orthogonally to the drilling axis as shown in Fig. 10b.

Ceratizit [44] relies on replaceable head drills with Hirth toothing,
allowing for reconditioning with reduced grinding effort. However,
due to the precision required for producing multiple components,
these systems can be expensive, limiting their large-scale use in
industry. Wider industrial adoption requires further developments to
make the manufacturing process more economical.

Besides the reduction of WC��Co consumption for cutting tools,
the industry is also concerned with developing combination tools.
Mapal [165] reported that by using combination tools such as the one
shown in Fig. 10c, the total manufacturing time can be minimized.
Unproductive times, tool change and traverse paths as well as mate-
rial consumption are reduced this way.

Another approach to improve cutting tool performance was initially
presented by Iscar to address the need for increasing number of cutting
edges (up to 16 per insert). This increases the material removal rate
(MRR) and tool life. Coupled with an increased number of insert seats,
a symbiosis of elevated productivity and less amount of unused
WC��Co is achieved [120,233]. In cooperation with Audi AG and Insti-
tute of Machining Technology (ISF), Emuge-Franken has reduced pro-
duction time and energy consumption for making internal threads
through helical thread forming “punch tapping” [307,308].

4.4. Additive manufacturing (AM) of cutting tools and chucks

AM allows for producing cutting tools with specific properties
(natural frequency, resonance, etc.), complex geometries and internal
cooling channels using less material [57,121]. The specialist designs
can improve process stability, tool life and part surface quality and
reduce energy consumption [176,224]. Internal coolant channels
with optimized geometries can also enhance cooling and lubrication
during machining (Fig. 11a).
Fig. 11. AM tool holder: a) Sandvik lightweight CoroMill� 390; b) Mapal UNIQ hydraulic
expansion chucks overview; c) Chucks inminiature format with HSK-E25 connection.



Fig. 13. a) Laser de-coating of cutting tools and b) a picosecond laser system’s energy
demand based on [168,193].
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Lakner et al. [148] demonstrated that using an AM tool with modi-
fied cooling channels can lead to a 67 % increased tool life in milling
AISI 4140+QT.

Mapal has produced an AM miniature hydraulic chuck with
decentralized coolant outlets and negligible radial run-out error
[166] as shown in Fig. 11b. They also developed hydraulic expansion
chucks, UNIQ, with an equally slim design as shrink fit chucks, see
Fig. 11c. In addition to the advantage of smaller dimensions, the use
of hydraulic chucks provides the benefit of energy savings, decreased
material consumption and a longer service life. These chucks can
complete up to 15,000 clamping cycles. A convincing argument for
switching to hydraulic clamping is the high amount of energy
required for heating shrink fit chucks. A shrink fit tool holder requires
about 12 MW of energy during its lifetime and is able to clamp only
approximately 500 cycles [76].

By combining CFRP and AM, Kennametal were able to reduce the
weight of a stator boring tool by 50 % shown in Fig. 12 [135]. M€ohring
et al. [176] developed a hybrid milling tool combining a damped steel
body and CFRP. Application tests showed that the lightweight design
reduced both vibrations and energy consumption while simulta-
neously increasing productivity.
Fig. 12. Kennametal 3D-printed RIQ reaming tool � Stator Drilling Tool with 3 diame-
ter steps for Electric Vehicles, based on [135].

Fig. 14. Carbon emissions and efficiency over the service life of gear hobs including
multiple regrinding cycles [153].
Yang et al. [301] highlighted achieving a homogeneous grain
size as the major challenge in AM of WC��Co. Wolfe et al. [296]
and Hyperion Materials & Technologies [224] developed WC��Co
inserts using Binder Jetting 3D Printing in various grades, with perfor-
mance equivalent to conventionally produced carbides. Despite the
many advantages of AM for producing cutting tools, higher production
costs and lower productivity must be considered [145]. The low pro-
ductivity in current AM technologies, limits the application to high end
specialist tools.

4.5. Reconditioning and reusing cutting tools

Tools deployed in machining processes are subject to wear which
affects their performance. Whilst advances in wear resistant materi-
als and coatings with optimized tool geometries are targeted to delay
the wear progression, the cutting tools will inevitably wear and need
replacement.

Upon reaching the end of service life, tool reconditioning can be
considered to extend the lifespan of the cutting tool material by
resharpening the cutting edges without going through the complete
recycling process. Many cutting tool suppliers offer a reconditioning
service beyond limiting themselves to regrinding. SECO Tools has
reported a continuous increase in demand for their reconditioning
service, claiming most carbide tools can be renewed two to three
times [241]. Reground tools often fail to perform the same as the
original tools; something that customers reportedly expect specifi-
cally in production lines where statistical process control is used for
deciding tool change frequency. Some coatings can affect theWC��Co
substrate and referencing worn tools for regrinding can be challeng-
ing. In order to pave the way for a simplified and widespread circula-
tion of used tools, the performance of the reconditioned tools needs
to be on par with new tools. Additionally, the perception of the indus-
trial users must change to confide in the products allowing for circu-
larity of cutting tools. Automated real time tool condition monitoring
(TCM) systems can facilitate the issues related to the unpredictable
wear behavior of cutting tools [77]. Investigations of machining steel
with new and reground WC��Co drills indicated that the best results
can be achieved by regrinding and removing the coating preceding
the recoating step [263]. Research on substrate-sparing methods for
de-coating using an excimer laser was published by Marimuthu et al.
[168]. TiN coatings were shown to be effectively removed from
WC��Co tools without the need for chemical treatments as depicted
in Fig. 13a.
Further research was focused on laser de-coating TiN and TiAlN
layers. Moving closer towards the goal of a circular economy, the
authors identified auxiliary equipment of the laser systems being as
energy intensive as the laser source itself as shown in Fig. 13b. The
highly effective shorter wavelength laser system has the potential to
become more efficient with further optimization [193]. The ever-
increasing attention to environmental sustainability in all production
sectors encourages scrutinizing procedures that were never fully
optimized. The regrinding of tools is an example of a task that was
reconsidered by Denkena et al. [68]. It demonstrated that by analyz-
ing required grinding allowances and using more suitable grinding
wheels, significant amounts of energy and resources could be con-
served.

Li et al. [153], assessed the CO2 footprint of gear hobs with differ-
ent substrates and coatings considering that they can be repeatedly
reground and recoated. Attributing the reconditioning efforts to the
use phase, the total CO2 emissions over the tools’ lifetime rise in an
approximately linear way, reflected by an increasing efficiency due to
the extension of its service life as shown in Fig. 14. Polvorosa et al.
[209] investigated the practicality of resharpening tapping tools for
the aerospace industry noting that these are usually being discarded
at the end of their service life. The results indicated a potential
increase in service life when resharpening and recoating the tools for
tapping Inconel 718 and advised monitoring the cutting forces and
edge geometries to anticipate failure.
4.6. Tool recycling

Cutting tools can only be reconditioned a certain number of times
before being scrapped. Recycling cutting tool materials such as
WC��Co provides an opportunity to ensure future availability of criti-
cal materials, reduce resource depletion and minimize waste genera-
tion. As shown in Fig. 15, the demand for WC��Co is expected to
grow in the medium term [247], further emphasizing the call for
action to increase the material’s recycling rate.

A considerable share of the recycled tungsten stems from process-
ing scraps, the byproducts of manufacturing tungsten goods. On the



Fig. 15. Current and future tungsten demand based on [175,247].
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contrary, a large amount of tungsten is lost at the end of use stage and
the recycling rate of end of life tungsten products must be increased
[306]. The material flow for tungsten is illustrated in Fig. 16, breaking
down the share of recycling input rate, end-use in applications and
the overall losses.
Fig. 16. Global flow of tungsten based on [306].

Fig. 18. GHG emissions of producing example alloys through extraction (primary), full
recycling and a mixture of recycled and primary metal [82].
Different methods have been developed for recycling tungsten.
They can be categorized into direct recycling (zinc process and crush-
ing/milling), chemical recycling (indirect recycling) and melting met-
allurgy, where scrap WC is used as an alloying element [264]. Direct
processing is known to have the lowest recycling cost, energy con-
sumption and chemical waste [239]. However, the composition of
the scrap should be the same as the final product. This necessitates
minimal contamination and pre-sorting the scrap in terms of compo-
sition and grade.

In contrast, chemical recycling can recover mixed grades of WC
and other carbides into their original form indistinguishable from vir-
gin powder [306]. WC produced through chemical recycling has 75 %
lower CO2 emissions than virgin WC. However, direct recycling by
zinc process outperforms chemical recycling by an order of magni-
tude as illustrated in Fig. 17 [43].
Fig. 17. Benefits of recycling WC��Co in different scenarios [43].
Faga et al. [85] noted that WC��Co produced by direct recy-
cling has higher porosity than that of primary WC��Co which can
affect its machining performance. However, when coated tools
are used, the difference between recycled and primary WC��Co
substrates was negligible. Major tool manufacturers such as Cera-
tizit [46], Sandvik Coromant [232] and Seco Tools [242] among
others offer recycling services for most types of WC��Co using
direct and indirect methods. Given the lower energy require-
ments and chemical waste generation, direct methods are pre-
ferred. This requires sorting of collected scraps by composition
and grade necessitating a closer collaboration and joint efforts by
tool manufacturers and end users alike [47,239].
5. Parts and chips

The ratio between the weight of the initial workpiece material to the
final product is referred to as buy-to-fly ratio in aerospace industry and
can be as high as 90 %. In machining, this means that cutting chips can
be as much as 90 % of the output of the process. The primary transfor-
mation of the material, its manufacturing, life span and end of life treat-
ment affects the environmental sustainability of a product. Up to 98 % of
the energy footprint of a machined product is due to the embodied
energy in the workpiece material [11,214]. Most metals can be recov-
ered by recycling. However, contamination and mixing different grades
pose significant challenges in achieving complete recyclability and
recycled alloys may have different mechanical properties. Nonetheless,
using recycled materials allows for significantly reduced primary mate-
rial and energy consumption as well as GHG emissions and they can be
used for less demanding applications. Fig. 18 illustrates the carbon emis-
sions of example primary materials compared to partially recycled and
fully recycled equivalents.
Globally, metal recycling rates are dictated by their value and
availability of the material in large quantities [117]. However, prior
to recycling, every effort should be made to reuse, repair and reman-
ufacture parts to extend the life of materials in circulation before
recovering the materials through recycling.

Reduced environmental impacts may be achieved by i) reducing
the amount of material used for producing a part by using near-net
shape processes, ii) extending the lifespan of the products through
improved surface integrity and iii) reusing/ recycling of the inevitable
chips produced during machining.

5.1. Near-net shape manufacturing

Manufacturing a part with a geometry close to the final dimen-
sions or near-net manufacturing directly affects the amount of chips
and scraps generated in the finishing or semi-finishing machining
operations. Additionally, achieving dimensions close to the final tol-
erances in the material transformation stages, before finishing opera-
tions, reduces the environmental impact generated by the
transportation of the bulk material [159].

Fig. 19 compares three example scenarios for fabricating a turbine
blade using investment casting, AM, and conventional machining.
Conventional machining requires the least number of processes but
generates more chips since the bulk material is the furthest from the
final shape of the turbine blade. More sub-processes are involved in
investment casting and AM but near-net shape parts are obtained
before finishing machining.

Several studies have compared AM and machining from the
energy consumption point of view, for a wide range of components
with different cavity to material ratios. Priarone et al. [212,213]
highlighted that AM allows creating lightweight workpiece bulks
before finish machining. This greatly reduces the energy demand and
GHG emissions generated by transportation. Other studies noted that
the main machining scenario where AM has a clear advantage over
machining is when high complexity shapes, with significant weight
reduction need to be manufactured in small batches [116]. These
requirements make AM a good candidate for manufacturing parts
with a high buy-to-fly ratio used in aerospace applications. Even



Fig. 19. Process steps for manufacturing turbine blades using different manufacturing
processes based on [278].

Fig. 21. Specific cost of AM titanium required to compete with machining from solid
based on buy-to-fly ratio [10].

Table 1
Effect of surface integrity on the performance of a component.

Part property

Fatigue strength Corrosion resistance Wear behavior

Topographic
parameters

Rough surfaces act as
microcracks that
nucleate fatigue
cracking [147].

Oxygen can accumu-
late in surface
grooves and create
pitting corrosion
[317].

Fretting fatigue can
appear from rub-
bing two rough
surfaces [191].

Mechanical
parameters

Tensile stresses can
initiate cracks
[125].

Stress corrosion
cracking [48].

No significant effect
[147].

Micro-structural
damage

White layer induces
tensile stresses
[147].
Finer grain size
stops crack propa-
gation.
Recrystallization
can induce tensile
stresses [125].

Recrystallization can
induce stress corro-
sion cracking [147].

Fine grain size can
improve wear
resistance [125].
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though the workpiece material from AM has a greater embodied
energy than the blank employed for machining, the amount of mate-
rial used for producing a part is smaller [211]. Volke et al. [286] dem-
onstrated chip-less finishing of AM parts by equipping a CNC lathe
with high pressure pumps and burnishing tools, emphasizing the
sustainability gains due to reduced wear, allowances and compres-
sive residual stresses in the workpiece contributing to a potentially
prolonged product lifespan.

Torres-Carrillo et al. [278] performed a detailed LCA comparing
three manufacturing process plans for a case study of an aircraft
engine turbine blade: i) machining from a block, ii) investment cast-
ing followed by finishing machining and iii) AM with finish machin-
ing. A buy-to-fly ratio of 8:1 was assumed to provide a quantitative
comparison of the energy consumption and global warming potential
associated with the three manufacturing methods summarized in
Fig. 19 [112]. The mechanical properties and performance of parts
manufactured through different routes is ongoing research which
should be considered.

As demonstrated in Fig. 20, the high buy-to-fly ratio in machining
turbine blades makes it far less energy efficient than near-net-shape
manufacturing techniques due to the embodied energy of the raw
material. The environmental impact due to the raw material is
smaller for AM and investment casting. However, for these processes,
the energy footprint and GHG emissions associated with manufactur-
ing processes are significantly larger.
Fig. 20. Energy consumption and global warming potential ofmanufacturing a turbine blade.
A cost analysis by Allen [10], Fig. 21, shows that AM can replace
roughing operations for parts that have a high buy-to-fly ratio,
require complex machining operations and are made from expensive
materials. Nevertheless, finish machining operations are necessary
for producing defect-free precision parts. For instance, for a landing
gear rib demonstrator weighing 21 kg, the buy to fly ratio can be
reduced from 11.5:1 in machining from a billet to 1.14:1 using wire
arc additive manufacturing [5]. Nonetheless, the mechanical proper-
ties and performance of parts produced through different routes
must still be investigated.

5.2. Surface integrity improvement

Machining is one of the most common finishing and semi-finish-
ing operations. Surface integrity after machining can affect fatigue
life, corrosion resistance and tribology of products. The most impor-
tant effects of surface integrity parameters on the mechanical proper-
ties of a part are summarized in

Table 1.
Novovic et al. [183], demonstrated that up to 90 % of high cycle
fatigue life involves crack initiation underlining the importance of
low surface roughness values to enhance fatigue resistance. Arola
and Williams [16] developed analytical models to predict fatigue
strength depending on three main surface roughness parameters: Ra,
Rt and Rz. Therefore, improving the surface roughness and surface
integrity of a component by careful selection of cutting parameters,
cutting tools and machining environment can effectively increase the
service life of a component.

Childerhouse et al. [53] reported that hot isostatic pressing (HIP)
of electron beam melted-AM Ti-6Al-4 V followed by finish machining
at 1 mm depth of cut led to 69 % increase in fatigue life compared to
as built and HIPed samples. Suarez Fernandez et al. [266] decoupled
the impact of forging and machining on fatigue life of Ti-6Al-2Sn-
4Zr-6Mo aeroengine compressor disk components. They noted that
machining induced compressive residual stresses resulted in
2�3 times increased fatigue life compared to as-forged test pieces.
They also acknowledged that there will be variation in baseline
fatigue data between forged parts.



Fig. 23. Process steps for different chip recycling methods, adapted from [74,288].
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5.3. Chip recycling

The energy that goes into the process of extracting raw materials
is generally higher than the energy used for material cutting during
machining. For instance, the embodied energy for primary aluminum
and steel are about 390 kJ/cm3 and 185 kJ/cm3 respectively, whilst
their specific cutting energies are »1 kJ/cm3 and 2�9 kJ/cm3

[129,199,221]. Using recycled materials, where technically possible,
can reduce the energy and material footprint of the workpiece.

Metal wastes generated during manufacturing have a higher
chance of collection and recycling. There is a great opportunity for
recycling cutting chips that are generated in large quantities before
they are mixed with other materials. This reduces the need for
extracting and using virgin materials for producing metal alloys.

Chips are typically compacted into briquettes and are transported
for melting and casting. Whilst recycling of metal chips should be
encouraged in lieu of landfill disposal, this process has major disad-
vantages in the form of metal loss during transportation and due to
oxidation as well as increased labor and energy costs [293]. Chips of
different alloys from different sources can be mixed prior to melting
which will need mixing with additional primary metals to ensure via-
bility of the outputs. The high area to volume ratio in the case of the
scrapped chips results in a high amount of waste in conventional
melting. In recycling aluminum, no more than 54 % of the initial
material volume can be recovered due to the casting losses [100].
Contamination by CLs reduces metal recovery during melting. Gray-
son [96] noted that incinerating one unit of MWFs during melting
leads to production of two units of dross. To enhance recovery of
highly fragmented materials, new methods of recycling need to be
explored.

Solid state recycling through hot extrusion [151], screw extrusion
[80], equal channel angular pressing [249] and friction stir welding
[150] can bypass smelting in recycling of metals. Solid state recycling
has been applied to aluminum [240], titanium [249] and magnesium
[14] alloys. Hot extrusion has been reported to achieve 95 % recycling
rate, requires 96 % less energy and reduces the environmental impact
of recycling by a factor of 3�4 compared to recycling by smelting
[80,219]. Schulze et al. [240] experimentally proved that aluminum
chips can be recycled into metal sheets without remelting, by using a
hot extrusion process. They showed that after hot extrusion, forming
processes such as air bending to V-shaped profiles or deep drawing
of cups can be achieved as with primary aluminum. The direct use of
chips without remelting introduces additional challenges due to the
oxide layers covering each individual chip, that can prevent effective
welding of the chips [151]. This can reduce the ultimate tensile
strength and ductility of the material [219,292]. However, when car-
ried out successfully, solid state recycling enables reduced energy
consumption and CO2 emissions as shown in Fig. 22 and the material
can be used in downstream applications.
Fig. 22. Energy demand and greenhouse gas emissions for producing one ton alumi-
num profile by casting and hot extrusion [240].

Fig. 24. Energy consumption for producing Ti-6Al-4 V AM powder from primary mate-
rials and cutting chips from roughing and finishing machining operations [73].
Converting scrap chips into powder feedstock for AM is another
solution with great potential, since it requires less energy than creat-
ing forged, cast, or rolled ingots. Dhiman et al. [74] carried out an in-
depth literature review of all metal atomization processes and pro-
posed ball milling as a viable and low energy demanding solution for
powder production. The stages of different processes employed to
recycle chips produced in machining are shown in Fig. 23.
Denkena et al. [73] proposed a method consisting of compaction,
HIPing and Electrode Induction Melting Inert Gas Atomization (EIGA)
for producing AM powder from Ti-6Al-4 V chips generated in rough-
ing and finish machining operations. As shown in Fig. 24, they
reported a maximum of 72 % reduced energy consumption compared
with AM powder from primary titanium alloy. This is mainly due to
the elimination of the energy for producing primary titanium. How-
ever, no comparison was made for AM powder production from
recycled titanium.
The cutting chips are commonly contaminated by MWFs posing
an issue in both remelting and solid recycling methods. Recovering
the MWFs from the chips provides an opportunity for cost saving and
reducing the need for replenishing them on machine tools. It also has
the added benefit of reducing the emissions and energy consumption
for recycling of metal scraps since less MWFs residues need to be
incinerated. Impurities on cutting chips increase the energy con-
sumption in recycling [72]. The oils and emulsions are usually elimi-
nated by centrifugation and evaporation of the cutting oils by heating
up the chips up to 450 °C for 2�5 h [293]. These additional cleaning
processes require energy and resources, increasing the environmen-
tal impact of the manufactured part. In contrast, clean chips produced
in dry and cryogenic machining require 70 % and 74 % less energy for
recycling, respectively [72]. It has also been reported that dry chips
have a higher purchase value allowing for recovering the investment
costs for additional equipment [113].



Table 2
Examples ingredients of MWFs, adapted from [34].

Compound class Example compound

Base Mineral oil, water
Boundary lubricity additives Glycerol mono oleate, whale oil, natural fats, oils,

synthetic ester
Extreme-pressure additives Chlorinated paraffine, sulphurous ester,

phosphoric acid ester, polysulphide
Corrosion inhibitors Sulfonate, organic boron compounds, amine,

aminphosphate, zinc dialkyldithiophosphate,
tall oil fatty acids

Emulsifiers Anionic: sulfonates, potassium-soap, alkanol-
amine-soap;
Nonionic: fatty alcohol ethoxylate, fatty acid
amide;
Cationic: quaternary ammonium salts

Coupling agents fatty alcohol ethoxylates and fatty acid esters
pH buffer Hydrophobic amines with high pKa are used as

an alkalinity booster
Biocides Nipacide, BIT, BBIT, TMAD, NaPy, etc.
Antioxidants phenolic and aminic varieties
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6. Coolants and lubricants

Coolant and lubricants (CLs) have been used for their ability to
dissipate heat (cooling) and to reduce friction (lubrication). In addi-
tion, they may provide thermal stability, chip removal and protection
against corrosion [257]. Brinksmeier et al. [34] presented a thorough
overview of the development and use of CLs and highlighted regula-
tory requirements and energy and resource efficiency as the main
drivers for future developments in CLs.

Until now, the research has focused on development and evalua-
tion of CLs for enhancing the efficiency and productivity in machining
of various materials by extending tool life, improving geometrical
accuracy and surface integrity of parts and enabling higher MRR.
These also potentially have the capability of improving the environ-
mental sustainability of machining by reducing energy and resource
consumption. However, the impact of additional resource and energy
consumption for using CLs needs further investigation.

Depending on the type of CLs and method of application, different
machining environments have been proposed.

These are i) flood cooling at various pressures and flow rate
including High Pressure Cooling (HPC); ii) dry and compressed air
cutting; iii) variations of Minimum Quantity Lubrication (MQL); and
iv) super cold and liquid gas cooling such as cryogenic machining
[64,143,295]. The main challenges in assessing the environmental
impact of CLs are the multifaceted and interdisciplinary nature of CLs,
their impact on machining performance and part quality and com-
plex formulation of the chemicals used.

6.1. Flood cooling with Metalworking fluids (MWFs)

Flood cooling is the most dominant method for applying MWFs in
machining within industry and most machine tool manufacturers
supply flood cooling as standard on machine tools. It is considered
the baseline for most investigations into alternative cooling and
lubrication strategies in terms of machining performance and envi-
ronmental impact assessment.

MWFs, also known as cutting fluids, are a category of CLs. They are
classified into neat/straight oils and water-based MWFs. The latter
can be an emulsion of oil in water or solutions of different chemicals
in water also known as soluble oils or synthetic MWFs [34]. Water-
based MWFs with varying concentrations are the most common cut-
ting fluids used in machining. They are prepared in large quantities
and a coolant pump is used for recirculating and delivering them at
varying flowrates and pressures into the cutting zone covering the
cutting tool and the workpiece. Depending on the system, the coolant
preparation and delivery pump can have a power rating as high as
the machine tool itself [68].

The formulation of MWFs is usually proprietary material of the
manufacturers, commonly in the oil and lubricant industries, and
the exact compositions are not disclosed. There is a growing reg-
ulatory requirement to eliminate or minimize specific substances
in MWFs due to their health and/or environmental impacts
[83,285]. The choice and use of biocides is regulated for example
by the Biocidal Products Regulation (EU 528/2012 � BPR) in the
EU and the Biocidal Products Regulations 2001 in the UK. In the
US, a biocide formulation must be registered with EPA. There are
calls for restricting the use of medium and long chain chlorinated
paraffins (MCCP and LCCP) [59,81]. In the EU, there are new regu-
lations restricting or prohibiting the use of substances that are
persistent, bio-accumulative and/or toxic [59,285]. Table 2 shows
a summary of common composition of MWFs. Further details of
the chemistry of MWFs can be found in [41].

In order to deliver the required function during machining, the
performance of MWFs in machining needs to be better understood
through additional knowledge of their chemistry, microbial state, tri-
bochemistry at the cutting zone and the physical conditions during
manufacturing processes [34]. The wide range of additives used in
formulation of MWFs highlights the key challenges in evaluating the
environmental and societal impacts of the use of MWFs throughout
their lifecycle. The compounded effects of all these additives are
relatively unknown and a more accurate evaluation of the overall
impact requires full cooperation of MWF producers. Additionally, the
material, energy and GHG footprint of the MWF should be investi-
gated at the development phase and declared. This calls for an inter-
disciplinary approach to the development of future MWFs. The
selection and application of MWFs in machining is still not well
understood and empirical knowledge and non-scientific practices
remain the dominant factors for such selection and use.

Whilst there are some studies on the embodied energy and CO2

footprint of cutting fluids, the exact impacts of production, mainte-
nance and disposal of MWFs are not well understood and the few
existing studies focus on soluble oils [11,77]. In most studies, the
impacts of chemical additives, fluid maintenance, recirculation and
disposal are neglected or overly simplified. Anionic and non-ionic
surfactants typically have a large energy and CO2 footprint [238].
Researchers [77,262] have identified surfactants as the dominant
contributors to the overall emissions related to formulation of MWFs.
Various grades of base oil are used for different MWFs [180]. How-
ever, the energy and emissions from mixing the formulation have not
been considered.

6.1.1. Minimizing the impacts of water-based MWFs
One of the major issues related to recirculating flood cooling is the

bacterial and fungi growth in the water-based MWFs. Bacterial
growth is commonly controlled by using biocides and monitoring the
pH of the fluid. An alternative method is to deprive the harmful bac-
teria from nutrients in the MWFs by encouraging the growth of
“good” microorganisms and saturating the fluid. Kuenzi et al. [144]
reported the early adoption of this concept by employing Pseudomo-
nas oleovorans waterborne bacteria. Their investigation showed that
the harmless bacteria is capable of eliminating human pathogenic
bacteria over time [144,198]. Instead of biological control, Meyer et
al. [173] and Teti et al. [274] focused on the lubricating properties of
microorganisms as a substitute for oil. Meyer et al. [173] tested two
yeast and three bacterial species that can survive higher pH values
required in machining conditions. Milling tests on AISI 52100 steel
showed improved surface roughness and reduced tool wear. Damm
et al. [62] incorporated micro-organisms in MWFs. They reported
reduced cutting forces and tool-wear leading to improved tool life
due to the presence of higher fatty acids and organic deposits in yeast
cells. It is important to ensure that the biological balance of the harm-
less microorganisms is maintained throughout their life to minimize
the risk of harmful bacterial growth.

Another development towards minimizing the environmental
impacts of cutting fluids has focused on fully synthetic MWF replac-
ing mineral oils with other renewable synthetic alternative com-
pounds derived from vegetable oils referred to as bio-based MWFs. It
has been reported that these cutting fluids are more stable and have
a longer lifespan. They have the advantage of lower human toxicity
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and biotoxicity compared to mineral oil. The compounds can also be
extracted from algae to reduce competition with food production
[102]. However, a comprehensive LCA investigation by Guiton et al.
[102] highlighted that mineral oil MWFs have lower environmental
impact than algae and rapeseed oil based MWFs except for climate
change and fossil fuel use (abiotic depletion). The main contributors
to the impact of algae-based oils are the electricity consumption and
nutrient input. In this regard, producing rapeseed oil based MWFs
has a slightly lower impact on climate change but the highest impact
on land use. Using electricity from renewable resources, recycling of
water and choosing efficient algae species can significantly reduce
the environmental impact of algae-based MWFs in the future.

6.1.2. High pressure cooling (HPC)
HPC falls under the category of flood cooling but at significantly

higher pressures. It was first reported in 1950s by Pigott [207] as a
method to increase tool life followed on by Mazurkiewicz et al. [171]
indicating reduced friction and cutting forces. The effectiveness of
HPC in machining has been demonstrated for achieving improved
machining performance including enhanced chip-form and chip
breakability, reduced tool-chip contact, cutting forces and tool-wear
rates as well as increased MRR and tool life and, improved surface
integrity [156,244,270]. The HPC has been developed to address the
limitations of flood cooling in penetrating the tool-chip and tool-
workpiece contact area to enhance cooling and lubrication at the cut-
ting zone. However, the enhanced machining performance is
achieved at the expense of increased power consumption for produc-
ing high pressure, the generation of cutting fluid mist and potentially
increased coolant loss. There is a lack of holistic analyses on the
energy consumption and CO2 emissions related to HPC. The improved
tool life and higher MRR may offset the increased energy consump-
tion of the coolant pump. Nevertheless, there is not enough evidence
to support that HPC has lower environmental impact than conven-
tional flood cooling. Additionally, the issues related to the mainte-
nance, treatment and disposal of MWFs and their associated health
and safety concerns remain valid for HPC.

6.1.3. Recycling and end of life treatment of cutting fluids
Water-based MWFs typically have a lifespan of 6�12 months. In

order to minimize the impacts of MWFs, their lifespan should be
extended and at the end of their life, they should be recycled into
new products or given a new life as new MWFs. Whilst there are
efforts in extending the lifespan of cutting fluids, there is no evidence
of recovering the oil and chemicals from spent MWFs and in most
cases, primary materials are used. Instead, they are incinerated as an
energy source adding to the CO2 emissions from machining pro-
cesses.

All MWFs should be disposed of in accordance with national and
local legislations using approved waste disposal contractors [280].
The treatment of spent MWFs goes through typically three stages of
i) removal of tramp oil and suspended solids, ii) separation of emulsi-
fied oil and iii) reducing contaminants in water. In some MWF treat-
ment processes, these stages are combined. After separating and
treating the water, the discharge to surface waters is subject to the
Environmental Permitting Regulations.

Mang et al. [163] provided a comprehensive overview of treat-
ment and disposal of MWFs. There are multiple potential methods
for separating water-miscible cutting fluids: i) electrolyte separation
by salt or acid splitting, ii) release, stirring or electro- flotation, iii)
adsorption, iv) thermal methods and v) ultrafiltration or a combina-
tion of these. Among these, ultrafiltration has the lowest direct
energy consumption and environmental impact. There are also other
methods under development such as ultrafiltration coupled with
chemical oxidation or electrochemical oxidation and mechanical
vapor recompression. Cheng et al. [52] reviewed the biological treat-
ment of spent MWFs and suggested that a combined process of
reverse osmosis and solvent extraction would be the next-generation
technology for treating MWFs. The process chain for treating MWF
waste highlights the challenges of reusing MWFs as the fluid is con-
taminated and degrades with machining.
Only a few researchers attempted to quantify the environmental
impacts of MWF disposal and provide a holistic solution to reduce
the wastage of lubricants during machining. A review of the LCA
studies for recycling waste lubricant oil by regeneration suggested
that recycling has lower environmental impact than producing base
oil from virgin crude [208]. This requires the development of
enabling technologies for reusing MWFs.

6.2. Dry cutting

The best way to avoid the direct environmental and health issues
related to MWFs is to entirely eliminate them as in dry cutting [86].
Dry cutting is typically associated with higher cutting forces and spe-
cific cutting energy. However, this might be offset with the elimina-
tion of the power consumption for CLs systems. Usually, the tool life
is also shorter in dry machining compared with when CLs are used.
However, this is not always the case and there are successful scenar-
ios where dry cutting is recommended usually when hard cutting
tools such as CBN, PCD or ceramic tools are used [17]. Surface integ-
rity however, remains a major issue in dry cutting which should be
controlled through appropriate selection of cutting tool materials
and cutting parameters. A 65 % reduction in machining time has been
reported in dry cutting Inconel 718 using SiAlON cutting tools [316].
Finkeldei et al. [89] highlighted the possibility of using high cutting
speeds with solid Si3N4 ceramic tools for roughing operations in
milling Inconel 718. They noted poor surface integrity up to 75 µm
depth which needs to be improved through subsequent finishing
operations.

6.3. Minimum quantity lubricants (MQL)/ minimum quantity cooling
liquids (MQCL)/ nano-lubricants

In 2004, a major CIRP keynote paper by Weinert et al. [294]
reviewed developments in MQL/MQCL with comparison of machin-
ing performance with dry machining. In minimum quantity lubrica-
tion (MQL) or near-dry machining, a small amount of lubricant oil,
typically between 30 and 200 ml/h, is sprayed through compressed
air. Conventionally, the aim is to reduce heat generation by lubricat-
ing the cutting zone and the cooling is achieved by forced convection
of compressed air. Poor cooling capacity of air is a drawback of MQL
in comparison with flood cooling. Typically, vegetable-based oils are
used in MQL which are renewable and biodegradable making them
advantageous over petroleum oil based MWFs. Since the lubricant oil
in MQL is not recirculating, there is no health risk associated with
bacterial or fungi growth. However, the oil in MQL is consumed.
Whilst in the short-term, the oil consumption in MQL appears small
compared to flood cooling, over the lifespan of the MWFs in flood
cooling, it can become significant. Additionally, the power consump-
tion for generating compressed air is comparable to that of the cool-
ant pump in flood cooling [77].

Whilst MQL almost always provides improved machining perfor-
mance compared to dry cutting, this is not always the case in com-
parison with flood cooling. Zhang et al. [309] found that MQL
reduced tool-chip contact length compared to dry machining leading
to reduced cutting forces and increased tool life. However, the impact
was more profound in short engagement times indicating the limited
cooling capability of MQL [273]. Biermann et al. [27,28] highlighted
that due to the low cooling capacity of MQL, the heat generated dur-
ing cutting results in thermally induced deformation of the work-
piece. In machining titanium alloys, MQL generally provided
comparable or improved machining performance to that of flood
cooling in terms of surface roughness and tool life [204,250]. In
machining Inconel 718, however, Pereira et al. [201] and Okafor et al.
[188] noted shorter tool life and higher cutting forces in MQL than in
flood cooling. de Paula Oliveira et al. [66] identified that compared to
MQL, flood cooling resulted in improved compressive residual
stresses but no significant difference was found regarding surface
roughness. Kamata et al. [130] noted that certain cutting tool coatings
perform better in MQL than in flood cooling indicating the need for
optimizing the tool coating for specific machining environments.
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In order to address the limited cooling/lubricating capacity of
MQL, four different approaches have been identified namely, i) mini-
mum quantity cooling lubrication, ii) chilled air at sub-room temper-
atures [103], iii) nanofluid lubricants [304] and iv) electrostatic
charging [65].

An et al. [13] used water mist at 0 °C as a coolant which was deliv-
ered through chilled air at �20 °C. They observed that with an incre-
ment in cutting speed from 30 m/min to 150 m/min, the cold-water
mist jet cooling process effectively reduces the temperature even at
high cutting speeds and extends the tool life in comparison with
flood cooling. Wang et al. [289] reported that spraying oil on water
on the flank face resulted in the lowest tool wear in turning cast iron.
Using a vortex tube to generate chilled air at sub-zero temperatures
for MQL has shown to reduce tool wear and improve surface rough-
ness in machining Ni-Ti alloy [305].

The addition of micro and nano solid particles into base MQL oil
has gained popularity in recent years. The aim is to improve the lubri-
cation and cooling performance of MQL.

Liquid lubricants generally have a limited service temperature of
below 350 °C and cannot withstand the high temperatures generated
at the cutting zone [314]. In contrast, solid lubricants such as tung-
sten disulfide, molybdenum disulfide and hexagonal boron nitride
can withstand significantly higher temperatures.

The addition of solid nanoparticles to the oil also enhances heat
transfer and cooling capacity of MQL [251,252]. Various micro and
nano particles have been tested in various vegetable-based oils in
machining of different materials with varying degrees of success
[295,304]. The nanoparticles used in MQL include metal oxide and
carbides: Al2O3, TiO2, ZnO, SiC, CuO, SiO2; Carbon-based materials:
graphite, diamond, carbon nanotubes, graphene and graphene oxide;
Solid lubricants such as WS2, MoS2, hBN and even boric acid. Typi-
cally, 1�4 wt% nanoparticles are mixed with a vegetable oil
[182,304].

Sen et al. [246] used a 1 % mixture of SiO2 nanoparticles in pure
palm oil for machining Inconel. They reported improved thermal con-
ductivity and heat transfer leading to lower cutting forces, and tool
temperature compared to palm oil alone. Pal et al. [195] investigated
the drilling performance of stainless steel in different CL environ-
ments such as dry, flood, pure MQL, and nanofluid MQL with Al2O3

and sunflower oil. They found that 44 %, 67 % and 56 % reduction in
thrust force, torque and surface roughness can be achieved, respec-
tively, compared to flood cooling. The enhancements were attributed
to improved cooling and lubrication. Shokrani and Betts [251]
designed a nozzle for spraying WS2 microparticles and rapeseed oil
in milling Ti6Al4V. As shown in Fig. 25, they reported over 8 times
increased tool life compared to flood cooling at 150 m/min cutting
speed.
Fig. 25. Tool life using various cooling and lubrication methods in end milling Ti-6Al-
4 V at 150 m/min [251].
The majority of the studies using nanoparticles for MQL claimed
improved environmental sustainability and the potential adverse
impacts of nanoparticles on health and the environment have been
widely overlooked. Some of the nanoparticles used in MQL machin-
ing have been known as potentially hazardous or carcinogenic.
Examples are boric acid, carbon nanotubes (CNT) and Al2O3. Nouzil et
al. [181,182] investigated the human toxicity levels of nanoparticles
used in MQL. Tungsten disulfide and molybdenum disulfide were
identified as the least harmful nanoparticles. Further studies are
required to establish the safety of nanofluids and appropriate health
and safety measures for machining need to be established. There is a
lack of knowledge on the impact of various nanoparticles on machin-
ing performance. The selection, combination and composition of
nanofluids and the base oil are ad-hoc and based on limited experi-
ments.

Electrostatic charging of the lubricant in MQL is a recent develop-
ment in improving the performance of MQL. As in electrostatic paint-
ing, electrostatic charging enhances adhesion of oil droplets to the
cutting tool. It can also reduce the liquid surface tension and finer
droplets can be generated [65]. Typically, direct current electrical
potential larger than 5 kV at micro and nano ampere currents are
applied. A combination of WS2 nanofluid and electrostatic charging
has shown to improve machining performance in terms of tool life
and surface integrity in end milling Inconel 718 [253].

6.4. Super cold gas, liquid gas and cryogenic cooling

Using liquid gases has been recognized as an effective cooling
method for improving machining performance of a range of materi-
als. The majority of research is focused on using liquid nitrogen (LN2)
in cryogenic machining and carbon dioxide in supercritical (scCO2) or
liquid (LCO2) form whilst there is a handful of studies on oxygen,
helium and argon [254]. Nitrogen is an inert gas abundant in the
atmosphere. The emissions related to LN2 are associated with the
electricity use for liquefying the gas and transportation. Extremely
low temperatures related to LN2 require further health and safety
assessment and oxygen monitoring is highly recommended. LN2 is
stored at atmospheric pressure and at low temperatures (»�196 °C)
posing a challenge for delivery, use and application during machin-
ing. In contrast, CO2 is cheaper and stored at room temperature but
at high pressures (6 MPa). This makes the delivery of LCO2 into the
cutting zone easier. scCO2 systems operate at higher pressures and
scCO2 has the properties of both gas and liquid in this state. CO2 is
heavier than air and there is a risk of oxygen depletion. Unlike other
machining processes, machining using CO2-based CLs is the only
machining condition with direct GHG emissions.

Significant research has been conducted on the use of LN2 for
machining various metals ranging from different types of steels, tita-
nium, aluminum, nickel and magnesium alloys as well as composites.
Most of these studies reported improved surface integrity and
enhanced machining performance, including increased tool life and
higher machining productivity. However, there are also conflicting
results depending on the mode of delivery and the machining opera-
tion. In milling Ti-6Al-4 V, Tapoglou et al. [272] reported shorter tool
life using scCO2 than flood cooling. However, An et al. [12] found
scCO2 performs better than dry machining. scCO2 has excellent sol-
vent properties and various lubricants can readily be dissolved into
scCO2. This has provided an opportunity for lubricated scCO2 machin-
ing. It has been shown that lubricated scCO2 with various types of
lubricants can enhance the tool life and surface integrity [25,97,272].
However, this is achieved at the expense of increased material and
energy footprint. Jawahir et al. [124] thoroughly discussed the
research on cryogenic machining under the following key areas:
material behavior in terms of thermo-mechanical interactions and
tribological behavior, delivery of liquid or cooled gas into the cutting
zone, cryogenic applications, surface integrity, and product quality.
This was further updated by analyzing the recent developments in
cryogenic machining including changes in the microstructure of the
workpiece material and recrystallization and formation of nanostruc-
tures due to cryogenic and hybrid machining [126].

Cryogenic cooling has a very limited capability in minimizing heat
generation [26]. This has led to the development of hybrid cryogenic
+MQL machining environment [250]. Unlike lubricated scCO2, in
hybrid cryogenic+MQL, the lubricant oil is not dissolved into the gas
but delivered as droplets often through separate nozzles. In this
method, MQL is used to provide additional lubrication in cryogenic
machining. Rodriguez et al. [230] demonstrated that oil droplets in
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LCO2 resulted in improved surface integrity in drilling aeronautical
Ti6Al4V/CFRP stacks where conventional CLs cannot be deployed.
Hybrid cryogenic+MQL systems with LN2 has shown improved per-
formance compared with LN2 or MQL alone in machining of titanium
and Inconel alloys [63,196,250,259].
6.5. Environmental assessment of machining environments

The majority of the claims regarding the environmental sustain-
ability of one CL method over another are based on limited informa-
tion. Often the large quantities of recirculating MWFs are compared
with the small amounts used in alternative methods and used as a
supporting argument. Other times, the potential health risks of expo-
sure to water-based MWFs are used to justify the viability of alterna-
tives. Evaluation of the environmental impact of machining with
machining environments involves numerous interacting and often
conflicting, difficult to measure or quantify, and rather complex
parameters. For instance, Fig. 26 shows a comparison of effectiveness
of various machining environments and their direct environmental
impacts compared to flood cooling. However, it does not show the
interacting effects of the machining environment for example
reduced tool consumption due to the enhanced tool life or reduced
specific machining energy by allowing higher MRR. In isolation, dry
cutting may appear to have the lowest environmental impact. How-
ever, higher tool wear and low MRR may result in significantly larger
environmental impacts.
Fig. 26. Relative effectiveness and environmental impact of various cooling and lubri-
cating strategies updated from [126,124].

Fig. 27. Single score impact for various cutting fluids [231].
In machining Ti-6Al-4 V alloy using various CLs, Faga et al. [86]
concluded that dry machining is the best approach when environ-
mental and human health are concerned. In their study, they used
different sets of cutting parameters for each machining environment
to achieve a similar tool life. However, low MRR and productivity in
dry cutting sacrifices the machining economics. They noted using
MQL with ester or vegetable oil lubricant as an alternative to enable
higher productivity. Singh et al. [261] highlighted high PM2.5 partic-
ulate in the air when MQL is used. Pusavec et al. [216] performed a
LCA of flood, HPC and cryogenic cooling with LN2. They noted the sig-
nificantly higher energy requirement for producing LN2 since it is not
recirculated. Even after including the energy consumption of the
coolant pump in flood and HPC, the overall energy consumption for
producing LN2 was higher. However, the environmental impact of
LN2 is due to electricity and water consumption whilst flood and
HPC are also associated with resource depletion, acidification and
land use.

Damir et al. [61] performed a similar study comparing flood with
cryogenic cooling and concluded that the production of one kilogram
synthetic oil for the emulsion consumes 55 times more energy than
producing the same amount of LN2 and therefore cryogenic machin-
ing is more environmentally friendly. However, they assumed 337 kg
of water-based cutting fluid was used for one hour of machining.
Khanna et al. [138] compared the environmental impact of flood,
MQL with canola oil and cryogenic machining with LCO2 and
concluded MQL has the lowest impact compared to flood and cryo-
genic machining. However, they assumed negative CO2 emissions
from producing canola oil and zero emissions from releasing CO2 dur-
ing the process. Pereira et al. [202] reviewed the environmental
impact of cutting fluids from the published literature, and made a
quantitative comparison of mineral oil, ECO-350 oil, canola oil and
high oleic sunflower oil. They also used a negative global warming
impact in terms of GHG emissions for canola and sunflower oil based
on the values from the literature. They recommended sunflower oil
as an eco-friendly alternative. However, recent analysis of the CO2

emissions from vegetable oils [9] casts doubt on these conclusions. A
large amount of CO2 is emitted in the current farming practices
through the use of diesel-powered machineries, petrochemical fertil-
izers and pesticides. The latest update on the emissions from produc-
ing sunflower oil ranges from 1.1 to 4.2 kgCO2/kg [8] rather than
�3.76 kgCO2/kg used by Pereira et al. based on Bart et al. [20]. This
potentially puts the emissions from sunflower oil on par with mineral
oil, a distillate of petroleum. Farming practices and their yields vary
greatly across the globe and vegetable oils from various countries
and regions have different amounts of GHG emissions and environ-
mental impacts. This highlights the need for taking supply chains
into consideration.

Salem et al. [231] performed a cradle-to-gate single score impact
LCA of different cutting fluids including pure soybean and rapeseed
oils and with various nanoparticles i.e. MoS2, TiO2, CNT, Al2O3 com-
pared with flood using petroleum oil and water soluble oil consisting
of petroleum and surfactants from [55] as shown in Fig. 27. The anal-
ysis shows that the impacts from producing various vegetable-based
oils is higher than that of water-based MWFs. This excludes the
impacts from the use, maintenance and disposal of cutting fluids.
Nevertheless, it raises a question about the claims related to sustain-
ability of various vegetable-based CLs which need more detailed
investigations.
Campitelli et al. [40] performed a gate-to-gate LCI analysis exclud-
ing the workpiece for drilling and milling a range of materials and
identified electrical energy, compressed air and flood cooling oil as
the main drivers of environmental impacts for machining. It was
found that flood cooling has a higher environmental impact than
MQL due to the energy consumption of the coolant pump [40]. Abba
et al. [1] proposed an alternative method for lubrication using crystal-
line deep eutectic solvents based on citric acid and choline chloride
which is solid at room temperatures but becomes liquid at high cut-
ting temperatures.

There is a lack of holistic analyses on the environmental impact of
CLs taking cutting tools and tool life, part cleaning, CL production,
use, maintenance and disposal into account.

There is no conclusive answer to which machining environment
and CLs are most environmentally-friendly. There is minimal or no
information available on recycling and disposal of lubricants and
nanoparticles fromMQL and hybrid cryogenic+MQL.

Similar to flood and HPC, the CL residues from MQL on the final
product need to be removed. Amongst the methods discussed, dry
and cryogenic machining are the only processes that do not need spe-
cific fluid disposal or part cleaning apart from chip removal.



Fig. 29. Scales of energy consumption evaluation and energy saving strategies on
machine tools adapted from [303].
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7. Energy consumption

The share of renewable sources for electricity has been growing in
recent years due to the growth in wind and solar energy generation
[115]. Achieving global zero-emission electricity by 2050 requires
significant growth in renewable energy production, twice as much as
the current growth rate [118]. Nonetheless, a significant portion of
the energy used for manufacturing is generated using fossil fuels.
Therefore, quantifying and minimizing the cumulative energy con-
sumption for machining can translate to reduced GHG emissions
[220].

Within a machining system, cumulative energy consumption
includes the energy used for operating the machine tool as well as
the energy used for producing, maintaining, recycling and disposal of
the consumables: cutting tools, workpiece material, CLs and tooling.
As illustrated in Fig. 28, in the United States, industrial manufacturing
accounts for a quarter of the total energy consumption, with metal
fabrication and manufacturing of machineries and transportation
accounting for over 220 TWh [187]. In 2003, Byrne et al. [38] foresaw
that energy consumption will become a focal point in manufacturing.
Twenty years later, this discussion is in full swing related to various
energy approaches such as management, technology and policy [2].
In 2012, Duflou et al. [79] investigated the developments in energy
efficiency for various manufacturing processes and systems including
machining. There is still a significant gap for energy strategies within
manufacturing companies, meaning that over one third do not define
energy targets at all [169]. Similarly, there is a research gap related to
energy management for manufacturing [170].
Fig. 28. Distribution of energy consumption by sector in the United States, based on
[187].

Fig. 30. Energy decomposition in a typical milling process with flood cooling illus-
trated by a power recording, based on [256].
When dealing with industrial energy consumption, the scale as
well as the associated system boundaries must be considered. The
scale of a machining system lies somewhere between the global sup-
ply chain and the process on a single machine tool [303].

Even within a single scale size, the system boundaries of research
studies can differ significantly due to the complexity of energy con-
sumption evaluation [312]. Although the share of actual cutting in
the total energy consumed in production of a machined component
is only about 15 % [29] and measures can have the greatest effect at
the global level, international overarching activities are very dilatory.
Accordingly, reducing energy consumption at single machine level is
of great importance in order to contribute to energy savings on a
globally cumulated basis [303]. At the single machine tool level, six
different types of energy saving strategies are defined, which all are
conducted with different system boundaries. As demonstrated in
Fig. 29, the six types of strategies can be assigned with fluent bound-
aries to the three categories: i) machine design level, ii) macro pro-
cess planning level, and iii) micro process planning level [79,303].

In the context of this paper, the measures from the two process
planning levels will be considered. A comprehensive overview of the
developments in machine tool design to improve energy efficiency
have been provided in Denkena et al. [68].

For the analysis of energy-saving measures in metal cutting at the
individual machine level, it is necessary to decompose the overall
energy consumption into smaller independent elements. Four
categories emerge from the literature [205,303], which are listed
below and outlined in Fig. 30:
1. Basic Energy: The energy needed for running the machine tool and
its auxiliary systems without running the process

2. Stage energy: The energy for moving the machine’s axes
3. Spindle energy: The energy for rotating the spindle with no load
4. Material cutting energy: Only during the actual cutting process

does this portion take effect, which includes the energy for the
actual material removal.

In this section, the primary electricity consumption of the
machine tools during material cutting is discussed and the need for
considering embodied energy in resources and materials used in
machining is set out as cumulative machining energy. Energy con-
sumption for category 1, 2 and 3 have been discussed in [68].

7.1. Energy consumption modelling

For the design and optimization of machining processes, model-
ling and simulation of the system behavior is becoming increasingly
important. Theoretical, empirical and discrete event modelling are
the most frequently used methods of modelling and predicting
energy consumption in machining [79,200,310]. Theoretical models
can effectively describe the mechanics of machining and the depen-
dency of energy consumption on various parameters. However, there
are multitudes of electronic and electrical components in modern
machine tools which need to be considered alongside the movement



Fig. 31. Share of individual components in power consumption of a machine tool
[237].
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of the axes, spindle, coolant pump as well as material cutting adding
to the complexity of such models.

In contrast, empirical models are easy to implement in practice.
However, they require a correspondingly high number of experi-
ments for calibration. Discrete event modelling further allows to con-
sider the machine tool’s energy consumption in idle time and non-
material cutting moves making it ideal for process plan level optimi-
zation [200,265]. Regardless of the choice of model, a fundamental
understanding of the real system behavior based on experimental
studies is essential [310].

Kara and Li [132] developed an empirical model correlating
machining energy consumption with cutting parameters capable of
predicting energy consumption with over 90 % accuracy. Shokrani et
al. [255] modelled the energy consumption in a milling process
depending on the cutting parameters using MQL. Beside the cutting
parameters, the developed model takes machine-tool dependent
coefficients into account. These coefficients have been calculated for
a specific case in this study. In the future, machine tool manufactures
could provide such coefficients to support their customers in energy
efficient process planning of parts.

Jaeger et al. [122] developed a model for energy consumption
within an additive-subtractive process chain. This work is motivated
by the high amount of energy needed for such sequences, while pro-
viding a potential for light-weight products. For this purpose, a com-
bination of discrete event and geometrical-physical approach was
used for the cutting process. The model enables a high accuracy of
energy consumption prediction for complex workpiece geometries,
which are typically produced with a series of different process
parameters.

A novel approach for modelling energy consumption in machining
processes is deep learning. Xiao et al. [299] developed a meta-rein-
forcement learning combining a finite Markov decision process with
an actor-critic framework to optimize cutting parameters regarding
minimization of energy consumption. In addition to the basic, stage,
spindle and machining energy, the model maps energy losses as well
as embodied energy of the tools and therefore provides a suitable
approach for overarching consideration of energy consumption in
machining.

7.2. Reducing energy consumption

The central question in dealing with energy consumption is how it
can be reduced with the help of technological measures. Even though
this section intends to focus on levels of macro- and micro process
planning, the recommendations concerning the design of machine
tools should be highlighted: machine tools should not be designed/
selected with power more than required for a specific product. This
highlights the need for selecting appropriate machine tools with the
required spindle and drive power necessary for machining a given
part/material [79].

In addition, the integration of sensors in the machine tool for sup-
porting power and energy consumption monitoring should become
mandatory [275]. Modern machine tools have means for monitoring
power consumption. This capability can be extended to energy con-
sumption for running codes for specific tasks to allow users to moni-
tor their overall energy consumption.

7.2.1. Cutting parameter and process planning
The impact of cutting parameters on machine tool energy con-

sumption has been studied extensively [18,51,104,200,256]. They
show that using high MRRs leads to increased power consumption,
but reduces energy consumption per unit volume material removed
by minimizing the process time [271].

In addition to the influence of the MRR, it should be noted that a
reduction in machining energy is possible with the same process
time simply by reducing the overall mechanical loads. Using this
approach, Newman et al. [178] reduced the energy consumption in
an exemplary cutting process by 6 %. Beyond the cutting values, the
direct energy consumed is significantly influenced by machining
strategy [284] and the tool path [15] which is mainly due to the
influence of the sequence of wait and rapid traverse on the energy
consumption of drives. Avoiding unnecessary movements and air
cutting as well as acceleration and deceleration of the drives can
reduce energy consumption [312].

Balogun and Mativenga [18] identified the high proportion of a
machine tool power consumption in idle state and recommended
minimizing the idle time through appropriate process planning.
Moreover, performing emergency stop during setup and removal in
job and batch production scenarios can further reduce machine tools’
energy consumption. Okuma has integrated “ECO suite plus” energy
saving and monitoring system into their machine tools that enable
reduced energy consumption when the machine is not cutting mate-
rial and during idle times [189].
7.2.2. Cooling-lubrication
The role of CLs on improving machining performance was exten-

sively discussed in Section 7. CLs can directly decrease energy con-
sumption by reducing cutting forces and the energy required for
non-cutting tasks e.g. tool change through increased tool life. They
can also indirectly reduce the energy consumption per unit volume
of machined material by extending the tool life and allowing higher
MRRs. However, delivering CLs into the cutting zone requires addi-
tional power. Moreover, energy is used in producing CLs.

It has been demonstrated that the auxiliary equipment of a
machine tool consumes as much as 50 % of the total machining
energy. As shown in Fig. 31, more than half of this energy portion is
related to the cooling-lubrication system for the case of flood cooling
[302]. Accordingly, a lot of energy can be saved through adjusting the
CL method. A first step, without changing the CL strategy is to opti-
mize the amount of cutting fluid per time by adjusting the flow rate
and pressure [205].
Further energy savings can potentially be achieved by using alter-
native CL strategies discussed in Section 7. Klocke at al. [142] con-
ducted experiments on the total energy consumption in producing
Inconel 718 symmetrical jet engine parts in turning with HPC com-
pared to flood cooling for two different process chains. HPC brings
additional power consumption due to the use of a high-pressure
pump. It also allows to double the cutting speed compared to flood
cooling and therefore reduces the overall process time. The total
energy consumption evaluation showed that in one process chain,
using HPC had a lower power consumption and in the other case,
energy consumption was more than flood cooling. The benefit of HPC
regarding process energy consumption depends on the individual
steps of the operation.

When the higher amount of cutting fluids used for high pressure
supply and the resulting effort for separating them from the chips is
taken into account, it is probably not a suitable approach for machin-
ing when direct energy consumption is of concern [267].

As shown in Fig. 31, the power consumption of the HPC pump is
equivalent to that of the spindle and the total power consumption for
the CL system is higher than the power required for material cutting
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[237]. Fujishima et al. [91] reported using a 5.5 kW coolant pump for
delivering 7 MPa pressure through spindle coolant. This can reach
over 35 kWh for machine tools with HPC.

Another promising approach is cryogenic cooling. Shokrani et al.
[256] investigated the power and energy consumption during milling
of Ti-6Al-4 V for dry cutting, flood cooling and cryogenic cooling
under variation of the cutting parameters. The authors identified
flood cooling as the most power and energy intensive cooling method
because of the coolant pump. It accounted for 36 % to 44 % of the
machine tool’s total energy consumption. In contrast, LN2 coolant is
self-propelled, evaporates after application and minimizes the need
for part cleaning post machining [215]. Nevertheless, increasing the
MRR was found to be more effective in decreasing energy consump-
tion. This was especially enabled using cryogenic cooling due to
lower tool wear compared to dry cutting and flood cooling. As an
additional effect, as long as the cutting parameters are kept constant,
the longer tool life leads to reduced processing times with regard to
tool changes resulting in less energy consumption [123]. Pusavec et
al. [216] highlighted the high energy consumption for producing LN2

(0.5 kW/kg) since it is not recirculated.
Fig. 32 demonstrates the energy required for producing and oper-

ating various machining environments. It shows the energy intensity
of producing and delivering cryogenic and HPC based on [216] in
comparison with rapeseed oil-WS2 nano-lubricant, MQL, Flood and
compressed air cooling [77] for a minute of machining excluding the
energy required for running the machine tool and material cutting.
The analysis shows that »99 % of the energy footprint in HPC and
96 % in flood is associated with running the coolant pump.
Fig. 32. Energy footprint of various machining environments excluding machine tool
energy consumption adapted from [77,216].

Fig. 33. Specific energy consumption as a function of MRR [49].
The lubrication effect in MQL can reduce the direct machine tool
energy consumption [261,267]. However, additional energy is used
for producing compressed air. Whether MQL represents a low-con-
sumption approach for cooling/lubrication cannot be conclusively
evaluated on the basis of the current literature. Unlike flood cooling,
the oil in MQL is not recirculated. Based on Fig. 32, taking the energy
required for producing vegetable oil and compressed air results in
higher energy requirements for running MQL than flood cooling. The
energy consumption of the oil pump and compressed air system
depends on many parameters including the air pressure and flowrate,
the compressed air system design, controllers, compressors and driers.

Generating compressed air is an energy intensive and low effi-
ciency process often overlooked in machining energy analysis. Fur-
ther research in this area should focus on optimization of
compressed air consumption. As mentioned in Section 7, the embod-
ied energy of coolant/lubricants due to the production, maintenance,
treatment and disposal should be considered.

7.2.3. Assisted machining
In addition to the use of CL, some concepts of assisted machining

have been established to improve machining performance, especially
for difficult-to-cut materials. For these to be viable, the improved
machining performance and reduced environmental impacts should
compensate for the energy consumption and environmental impacts
of the assisting technologies. Volkov et al. [287] developed a model
for optimizing an ultrasonic-assisted machining (USAM) for turning
with the focus on minimizing the cutting forces, which directly
affects the energy consumption. Depending on the vibration ampli-
tude and the cutting speed, USAM can reduce the energy demand
compared to conventional cutting. However, the study did not take
the energy consumption of the ultrasonic device into account.

Airao et al. [6] investigated the power consumption of USAM in
turning using different machining environments compared to con-
ventional turning. In the case of MQL and cryogenic cooling, USAM
reduced the power consumption by improving CL penetration into
the cutting zone resulting in lower friction and tool wear. However,
in dry cutting and flood cooling, the power consumption for USAM
was higher than the reduction in cutting power consumption due to
reduced cutting forces.

Low-frequency vibration [30] or modulation assisted machining
(MAM) [164] is another technology which can improve machining
efficiency through reduced cutting forces and tool wear specifically
in turning and drilling operations. However, currently there is no
study indicating if the increased energy consumption due to the
MAM is offset by reduced overall process energy consumption.

In thermally assisted machining, Pfefferkorn et al. [206] investigated
the impact of preheating 6061 aluminum and AISI 1018 steel work-
piece and found that higher pre-heating temperatures reduce specific
cutting energy. Nevertheless, the energy required for heating the part
was significantly higher than the machining energy. Therefore, the total
amount of energy consumption was higher than in conventional
machining. This was confirmed by Kim and Lee [139] for laser-assisted
and induction-assisted machining of Inconel 718. Even though the cut-
ting forces significantly decreased for both cases compared to conven-
tional machining, overall power consumption was higher for the
assisted processes due to the additional energy needed for heating.

It can be concluded that thermally assisted machining will only
provide energy savings if the improved machinability is used to
improve the energy balance through significantly increased MRR
and/or improved tool life. For this purpose, further investigations are
necessary to compare the effects of the additional heating energy and
the saved energy due to the shortened process times as well as
reduced cutting tool consumption.
7.2.4. Cumulative energy consumption considering the embodied energy
of machining resources

In the previous sections, the focus was on measures that affect the
direct energy consumption at the machine tool level which also has
been investigated by many researchers. However, energy is also used
for producing cutting tools and the CLs. In this regard, cumulative
energy consumption is defined as the sum of all direct and indirect
energies used for producing and using the tools, CLs and the machine
tool itself based on the model in Fig. 1.

Until now, the guiding principle has often been that it makes eco-
nomic and ecological sense to increase the MRR while accepting a
shorter tool life. These calculations, however, do not consider the
high amount of energy and resources bound in the cutting tool [51].

Chen et al. [49] conducted a cutting parameter optimization for
minimizing energy consumption taking the embodied energy of the
tool and CLs into account. As shown in Fig. 33, especially for high
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MRRs, the embodied energy of the tools dominates the specific cut-
ting energy compared to the energy consumed at the machine tool.
Therefore, there is a limit on minimizing the cumulative energy con-
sumption by increasing the MRR.

Liu et al. [160] revealed that the share of the embodied energy in
tools is, in addition to the cutting parameters, influenced by CLs due
to the differences in tool wear behavior and the embodied energy of
the CLs. The optimal MRR therefore differs between dry machining
and flood cooling.

Dogan et al. [77], demonstrated that the cumulative energy con-
sumption and specific energy footprint of machining are influenced
by machining environment. As shown in Fig. 34, despite higher
energy requirements for producing and operating Oil-WS2 nanofluid
MQL, the cumulative energy consumption is lower due to the
increased tool life in machining Ti-6Al-4 V at 150 m/min cutting
speed. The analysis showed that the cutting tool followed by machine
tool energy consumption dominate the cumulative energy consump-
tion of the machining process.
Fig. 34. Cumulative energy footprint using different machining environments in mill-
ing Ti6Al4V [77].

Fig. 35. Overview of energy saving measures in machining processes.
Rief et al. [226] included the embodied energy of the tool in a
detailed model for energy-efficient process planning. The WC��Co
powder mixture for the tool body has an embodied energy of
11.5 MJ/kg. The extruder pressing energy with a representative
device sums up to 35.9 MJ/kg. In addition, the authors measured the
energy needed for grinding the tool, leading to more than 12 MJ per
twist drill with a diameter of 8.5 mm. They highlighted that the
embodied energy of the tools is even higher than in their calculation
since they did not include coating in their analysis [226]. In compari-
son, Kirsch et al. [140] reported an average 17.6 MJ embodied energy
for a 10 mm diameter coated WC��Co end mill. Dogan et al. [77] esti-
mated the energy footprint of a 12 mm diameter at 84 MJ. Most anal-
yses underestimated the embodied energy of the tools, especially for
complex geometries which need several grinding operations.

Cutting tool utilization is in tension between underuse and over-
use, leading to either increased cost and environmental impacts or
damage to the workpiece and scrap production [268].

Focusing on reducing energy consumption, utilizing the service
life of tools increases the efficiency of capitalizing its embodied
energy [268]. Being able to detect the exact time that the tools need
to be replaced, maximizes the utilization of cutting tools and their
embodied energy and material. It also provides an opportunity to
replace the tools in a condition that allows for regrinding and rema-
nufacturing as explained in section 5.5.

In practice, physically checking the tool wear is time consuming
and requires expertise. Most companies instead opt for predictive
methods based on a predefined tool life using statistical process con-
trol. In machining of safety critical or high value components, where
tool wear induced damage to the workpiece can lead to expensive
scrap production, even more conservative measures are taken and
tools are discarded prior to their end of life.

About 20�50 % of the tools are discarded early leading to lost
value and resources [313]. Being able to precisely detect when a cut-
ting tool needs to be replaced will capitalize on the remaining useful
life (RUL) of a cutting tool and unused resources which are currently
discarded.

There is a plethora of research dedicated to tool condition moni-
toring (TCM) using various direct and indirect methods. Teti et al.
[276] provided a comprehensive review of tool condition monitoring
techniques using various sensors and analysis methods including
machine learning. Qin et al. suggested using a feature network dictio-
nary for indirect wear monitoring and on-line RUL estimations [218].
Deep learning processing of sensor signals have also shown potential
to increase accuracy to more than 89 % in detecting when a tool
change is needed [190].

In addition to the cutting tool, the life cycle perspective can also
be extended to the CLs and workpiece. Regarding CLs, it is becoming
apparent that the balance of biodegradable oils is significantly better
compared to mineral oils [260] and that cryogenic media have a
higher embodied energy compared to oil- and water-based MWFs
[136]. However, there is minimal information on the in-service and
end-of-life energy demand of MWFs. Jansen [127] estimated that
1.98 MJ energy is required for treating a liter of water-based MWF at
5 % concentration whilst Alswat and Mativenga [11] used 17.54 J/l.

Throughout this section, several measures have been explained
that have the potential to save energy in the machining process and
are summarized in Fig. 35. Some of these measures have already
been implemented in parts of the industry. These include optimiza-
tion of tool paths to reduce non-material cutting moves, increasing
MRR and process monitoring to prevent vibration-induced tool
breakage. Model-based optimization methods can be used to maxi-
mize tool utilization while maintaining a high MRR, and to reduce
coolant quantities.
The key knowledge gap identified is the embodied energy of the
operating resources. The supplying companies should be required to
declare the embodied energy and CO2 emissions of their products. A
holistic approach based on cumulative energy consumption may lead
to a completely different assessment of measures that have been pos-
itively evaluated so far.

8. Industrial case studies

In this section two industrial case studies from Premium Aerotec
and Schaeffler Group are provided indicating their internal environ-
mental assessment.

Premium Aerotec [149] produces »5 million components per year
of 25,000 varieties for various civil aircrafts. They consume 14,800
tons of aluminum and 420 tons of titanium alloys, annually. Nearly
89 % of the total workpiece material procured each year is trans-
formed into chips. Additionally, they consume 21,000 cutting tools of
various types and geometries which equates to »4 tons of tungsten
carbide waste each year. They estimated the embodied energy of
388.8 MJ/kg for titanium alloy and 61.2 MJ/kg for aluminum leading
to 828 TJ wasted energy through cutting chips [149]. In comparison
approximately 2 TJ was used for producing the cutting tools’ material
excluding the energy consumption for producing the cutting tools.

Schaeffler Group produces high precision components and sys-
tems for powertrain and chassis applications in automotive as well as
rolling and plain bearing solutions for various industrial sectors
mainly through machining. As illustrated in Fig. 36, a recent analysis
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of Schaeffler’s GHG emissions indicated that 10 % of their emissions
are related to Scope 1 and 2 emissions with electricity consumption
responsible for 68 % of the impacts [235]. Over 80 % of the emissions
were related to the purchased goods and services with purchased
steel responsible for 60 % of the emissions. Schaeffler aims to achieve
climate neutrality by 2040. They have taken the initiative to mini-
mize the environmental impact of their products through their sup-
ply chain by sourcing low GHG emission and recycled steel in the
future. However, they noted that the tool life is 2 to 5 times shorter
in machining recycled steel than primary steel [23].

This necessitates the need for a system approach to reducing envi-
ronmental impacts by considering the tradeoffs between using
recycled steel and the impact on cutting tool consumption. The case
also highlights the importance of taking Scope 3 energy consumption
and GHG emissions into consideration. The selection of appropriate
supply chains which are transparent and verifiable can affect
the overall impact of machining industries on the environment and
society.

9. Discussion and future outlook

Machining is a fundamental manufacturing process and minimiz-
ing and eventually eliminating the adverse environmental impacts of
machining is a necessity. Machining is a major material and energy
consumer and there is a need for reducing the resource consumption
in machining and their associated GHG emissions. This means mak-
ing more with less: optimizing, rethinking, redesigning and innovat-
ing to extend the life of the products and materials in circulation
including the machine tool itself, the cutting tools, CLs and the
machined product. The important challenges that require attention
to promote sustainability in machining are:

� Whilst there have been many standalone innovations in cutting
tools and materials, reducing machine tool energy consump-
tion, various CLs, etc., a supply chain integrated approach is
urgently needed. The embodied material, energy, GHG emis-
sions and their wider impacts during their lifecycle should be
considered for decision making in machining. It also requires
understanding their broader supply chains and their impacts
on the environment and society.

� There is a need for a standardized method for manufacturers to
declare the environmental and social impacts of their products
so that they can be used for decision making in machining in a
way that is transparent and verifiable. It will also call for legisla-
tion and policy to ensure the availability and accuracy of the
information accompanying these products.
Fig. 37. Vision of circularity in machining with closed-loops in the machining system.
The best possible, and available means for a quantitative evalua-
tion of the environmental impact of machining is life cycle
assessment (LCA) following the ISO 14000 series and specifi-
cally 14040 and 14044. Availability of data, however, remains a
major challenge. The CLs, cutting tool materials and coatings
and often their manufacturing technologies as well as the
machine tools and tooling are proprietary materials of the man-
ufacturers and are safeguarded as trade secrets.
� It is necessary to model, evaluate, and optimize Scope 1, 2, and
3 emissions. The comparison of existing literature findings is
hindered by variations in system boundaries, the scope of anal-
ysis, and functional units. The boundaries of the LCA can have a
profound impact on the outcome and decisions made. It has
become evident that the optimal scenarios are different when
different parameters and boundaries are considered.

For instance, if only machine tool energy consumption is con-
sidered, increased MRR can lead to reduced energy consump-
tion at the expense of tool life. However, there are
environmental impacts associated with manufacturing of the
cutting tools.
A comprehensive assessment must include the impact of con-
sumables and equipment and their embodied material, energy
and GHG emissions. Specifically, Scope 3 environmental
impacts, such as extraction and refinement of raw materials,
production of bought-in consumables and their life after use
must be considered. Additionally, the wider impact on society
and economy should be quantified.
� A practical solution is needed to enable machinists to make
decisions for day-to-day activities. The complexity of this prob-
lem requires adoption of digital technologies and use of
advanced modelling and optimization algorithms. However,
the additional impacts of digital technologies should also be
considered.

� With improving standards of living across the globe and
increasing demand for products, continued linear resource con-
sumption and increasing emissions are no longer sustainable.
Research efforts should be directed towards maximizing the
circularity of materials within machine shops, manufacturing
facilities and beyond. Applying circular economy strategies to
products, consumables and equipment within a machining sys-
tem can reduce the demand for extracting raw materials and
reduce energy demand and GHG emissions. Kara et al. [131]
noted that adopting a circular economy approach can reduce
the demand for raw material and reduce the environmental
impacts whilst meeting the societal need for prosperity.

� Every effort should be made to extend the lifespan of products
and materials in circulation through improved performance,
reusing, repairing, remanufacturing and recycling. This applies
to the parts produced through machining as well as cutting
tools, CLs, machine tools, etc. As shown in Fig. 37, machining is
well suited for circularity and specifically recycling as a circular
economy strategy. The chips and worn cutting tools generated
during machining typically have high value, high concentration,
are not mixed and have limited contamination.



Fig. 38. Development of worldwide energy production share [227].
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� Enabling and adopting technologies for circular economy is also
expected to provide new business opportunities.

� Digital technologies can enable and track circularity of materials.
Beside technological advances, circularity needs to be reinforced
through appropriate policies, incentives and cultural changes.

� The use of mineral oil is not advocated and obviously, the con-
sumption of non-renewable resources such as mineral oil and
materials must be reduced or where possible eliminated. As an
alternative, renewable and biodegradable plant-based chemi-
cals and vegetable oils are a possibility. However, the impact of
supply chains on the environmental and social sustainability of
machining operations is widely overlooked. Sourcing plant-
based chemicals and lubricants for fully synthetic fluids and
vegetable oils can have a varying impact on the environment
and society depending on where they are sourced from.

� Depending on the agricultural practices, the types of fertilizers
and pesticides used, and if it contributed to deforestation, they
could have a significant and long term impact on the environ-
ment for instance through replacing rainforest jungles with
soybean farms [161].

� Using arable land for cultivating oil plants for industrial use
may compete with food production and add additional stress to
the land [7,102]. Algae-based oil in comparison does not
require arable land but has high water and energy consump-
tion. Further development in this area and decarbonization of
electricity can make algae-based CLs a viable alternative. Tech-
nological advancements in CLs and machining environments
can further reduce the overall impact of machining by improv-
ing tool life and part surface integrity.

� A large portion of the environmental impact of machining a
part is related to the workpiece material. The transition to
near-net-shape manufacturing as an alternative to roughing
operations should increase in the future. This is expected to
accelerate with further adoption of AM technologies in lieu of
forging and casting and the reduced costs for the AM feedstock.
This can also bring new challenges since repair of consolidated
AM parts becomes more challenging.

� While materials must be recovered through recycling, research
should also focus on remanufacturing and repurposing waste into
other products prior to recycling. For instance, reusing and repur-
posing cutting chips as feedstock for AM can be considered.

� More abundant materials with low environmental impacts, which
are readily recyclable, are urgently needed for cutting tools. Both
cobalt and tungsten are considered CRMs, have high embodied
energy and a large amount of waste is generated in their produc-
tion. Natural stone and ceramics have been explored as potential
alternatives [71,89]. However, their environmental impacts should
be assessedwithin themachining system.

� Alternative business models such as cutting tools as a service can
potentially align economic gain with sustainability and worn cut-
ting tools can be collected, remanufactured or recycled. Digital
technologies, improved transparency and CAM/machine tool inte-
gration can enable these new businessmodels.

� A large number of tools are disposed prematurely each year in
order to prevent damage to the workpiece [77]. Others are pushed
beyond repair and can only be recycled. Tool condition monitoring
and forecasting systems based on sensor systems and digital tech-
nologies can determine the right time for replacing the tools so
they can be reground or remanufactured [77]. This requires inte-
gration into machine tool controllers and the process planning sys-
tems. Digital technologies can also bring challenges regarding data
security, processing and storage. Additionally, power consumption
and other impacts related to data processing and storage should
not be overlooked.
9.1. Renewable resources

In 2022, 61 % of the global electricity was from fossil fuels [192].
However, 87.7 % of the global overall energy was still derived from
fossil sources [155]. As shown in Fig. 38, in 2021 some renewable
sources even took a step backwards in their share of energy produc-
tion. This shows that the road to carbon-free energy production is
still a very long one. Additionally, the share of renewable energy in
total electricity production is developed very differently in different
countries and regions, and the use of this energy varies greatly from
sector to sector [291].

The path to a broad international use of renewable energy sources
is also counteracted by geopolitics [282]. Overall, it can be seen that
the development status of renewable energies varies massively
around the world and is influenced by technical, political as well as
social factors [217]. As such, a generalization of GHG emissions for a
given amount of energy is unreliable as the carbon intensity of elec-
tricity varies greatly between different regions.

Therefore, raw materials, workpieces, cutting tools, CLs and
machined parts may have different associated environmental
impacts and embodied GHGs depending on their supply chains and
the geographical location that they have been sourced from.

9.2. What if electricity was 100 % GHG emission free?

As shown in Fig. 38, the world’s electricity mix is far away from
100 % GHG emission free and renewable electricity. Whilst the
authors envisage companies and countries emerge in the near future
with access to completely GHG emission free and renewable electric-
ity, there is still a requirement to minimize energy consumption. In
this section, a scenario is envisioned when the energy transition has
been successfully completed and the electricity is 100 % renewable
and GHG emission free.

Thellufsen et al. [277] designed such a scenario for a “GHG free”
city. Industry, as part of the city, was also included in the concept. It
was suggested to increase the share of electrical energy in industry to
minimize direct emissions. The Scope 1 emissions for machining
companies are usually limited to site heating and transportation
which can be commonly electrified. The starting step would be for
machining companies to invest in renewable energies to eliminate
their Scope 2 emissions. On site renewable energy production (solar,
wind, etc.) can be used to reduce reliance on external electricity from
fossil fuels [95].

Even though machining processes are largely electrified, this does
not extend to the industries within their supply chain (Scope 3).

The resources and materials used for producing parts in machin-
ing are sourced globally. Due to the reliance of machining on global
supply chains, clean transportation is needed. Whilst using 100 %
renewable sources of electricity for machining may reduce the Scope
2 emissions, it would be naïve to assume a similar scenario for Scope
1 and Scope 3 emissions.

Even zero emission electricity production systems such as wind
turbines and solar systems have high embodied energy and CO2 foot-
prints. Wider environmental impacts beyond GHG emissions should
also be considered as explained in Section 2.

In a 100 % GHG emission free electricity world, on site generation
of liquefied gases captured from air for cryogenic, thermally assisted
machining and vibration/modulation assisted machining may be
advantageous. This highlights the potential for LN2 cryogenic
machining to reach minimal environmental impact despite its high
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energy demand where nitrogen can be directly captured from air
using zero GHG emission electricity. Unlike nitrogen, CO2 concentra-
tion in air is low and cannot be efficiently captured from the air.

In a world where clean electricity is abundant, material scarcity is
expected to become the upcoming challenge for the workpiece, cut-
ting tools and different components of the machine tools highlighting
the immediate need for implementing circular economy and
increased recycling rate.

In a GHG emission-free world, there is still a strong need to keep
overall energy consumption low, to which each type of consumer
should make a particular contribution [282]. The technological con-
cepts presented earlier for reducing energy consumption in machin-
ing will continue to be relevant even if electricity production is
completely GHG free.

Switching to renewable sources such as vegetable and algae-
based oils and chemicals requires improved farming practices and
access to clean energy.

Future alternative technologies including assisted machining, CLs
and cutting tools which require additional resources and energy to
operate are only viable if they reduce the overall impacts of machin-
ing systems.

10. Concluding remarks

Over the past 50 years, machining has enabled manufacturing of
precision parts with complex geometries leading to advancements in
science, technology and day-to-day life. Machining has the capacity
and capability to support the transformation to a sustainable future.

In this keynote paper, an extended vision for sustainable machin-
ing is drawn to meet the needs of the current and future generations.
Technological advances in machining with a potential to reduce the
environmental impacts of machining have been identified and dis-
cussed. The shortcomings in practice and technology have been iden-
tified and the path for future research directions have been drawn:

� Future research in machining will be driven by the need to reduce
the environmental impacts of machining and specifically the over-
all GHG emissions and material footprint.

� Whilst there have been isolated efforts in reducing machine tools’
energy consumption, new cutting tool geometries, materials and
coatings and alternative coolant/lubricants(CLs), there is a need
for an integrated system approach taking all aspects of machining
into account.

� To date, the focus has been on reducing the energy consumption of
machine tools for producing a part. The environmental impacts,
embodied energy and GHG emissions for cutting tools and CLs in
their production, use, treatment and end-of-life must also be
accounted for. This calls for including the Scope 2 and Scope 3
impacts and GHG emissions into consideration.

� The shift towards plant-based products can increase the pressure
on the eco-system and the need for more arable land, therefore it
should not be seen as a magic solution.

� Technological developments that support assisted machining (i.e.
laser assisted, vibration/ultrasonic assisted, induction heating,
etc.,), engineered cutting tools with macro- and micro-geometries,
coatings and alternative cooling and lubricants can improve
machining performance. Their application needs to be accompa-
nied by comprehensive life cycle assessment (LCA) to ensure that
the additional resource and energy consumption is offset by the
improved machining performance and reduced overall energy
consumption and GHG emissions.

� There is a need for a transparent and verifiable material, products
and energy supply chain. They can have profound societal and
environmental impact on the geographical locations that they are
sourced from. Users of machining technology should take addi-
tional responsibility for the impacts of their choices of consum-
ables e.g., cutting tools, cutting fluids, etc. and their supply chains.

� The linear use of materials, reliance on non-renewable resources
and increasing energy consumption is no longer sustainable. A cir-
cular economy model must be implemented including a
machining system to maximize the life of materials in circulation
followed by material recovery through recycling.
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[293] Wędrychowicz M, Wzorek º, Tokarski T, Noga P, Wiewi�ora J (2016) Recycling
Without Melting: An Alternative Approach To Aluminum Scrap Recovery. Key
Engineering Materials . Trans Tech Publ.

[294] Weinert K, Inasaki I, Sutherland JW, Wakabayashi T (2004) Dry Machining and
Minimum Quantity Lubrication. CIRP Annals - Manufacturing Technology : 511–
537. 53/2.

[295] Wickramasinghe, K., H. Sasahara, E. Abd Rahim, G. Perera, 2020, Green Metal-
working Fluids For Sustainable Machining Applications: A Review, Journal of
Cleaner Production 257/120552.

[296] Wolfe T, Shah R, Prough K, Trasorras JL (2023) Coarse Cemented Carbide Pro-
duced Via Binder Jetting 3D Printing. International Journal of Refractory Metals
and Hard Materials . 110/106016.

[297] World Commission on Environment and Development, 1987, Report of the
World Commission on Environment and Development: Our Common Future
(Brundtland Report), United Nations, Annex to document A/42/427 - Develop-
ment and International Cooperation: Environment.

[298] Wu Y, Su D (2020) Social Life Cycle Assessment. in Su D, (Ed.) Sustainable Product
Development: Tools, Methods and Examples, Springer International Publishing,
Cham, 127–152.

[299] Xiao Q, Li C, Tang Y, Li L (2019) Meta-Reinforcement Learning Of Machining
Parameters For Energy-Efficient Process Control Of Flexible Turning Operations.
IEEE Transactions on Automation Science and Engineering : 5–18. 18/1.

[300] Yan J, Feng C, Li L (2014) Sustainability Assessment Of Machining Process Based
On Extension Theory And Entropy Weight Approach. The International Journal of
Advanced Manufacturing Technology : 1419–1431. 71/5.

[301] Yang Y, Zhang C, Wang D, Nie L, Wellmann D, Tian Y (2020) Additive
Manufacturing Of WC-Co Hardmetals: A Review. The International Journal of
Advanced Manufacturing Technology : 1653–1673. 108/.

[302] Yingjie Z (2014) Energy Efficiency Techniques In Machining Process: A Review. The
International Journal of Advanced Manufacturing Technology : 1123–1132. 71/.

[303] Yoon H-S, Kim E-S, Kim M-S, Lee J-Y, Lee G-B, Ahn S-H (2015) Towards Greener
Machine Tools�A Review On Energy Saving Strategies And Technologies.
Renewable and Sustainable Energy Reviews : 870–891. 48/.

[304] Zadafiya K, Shah P, Shokrani A, Khanna N (2021) Recent Advancements In Nano-
Lubrication Strategies For Machining Processes Considering Their Health And
Environmental Impacts. Journal of Manufacturing Processes : 481–511. 68/.

[305] Zailani ZA, Mativenga PT (2016) Effects of Chilled Air on Machinability of NiTi
Shape Memory Alloy. Procedia CIRP : 207–210. 45/.

[306] Zeiler B, Bartl A, Schubert W-D (2021) Recycling Of Tungsten: Current Share,
Economic Limitations, Technologies And Future Potential. International Journal
of Refractory Metals and Hard Materials . 98/105546.

[307] Zerspanungstechnik, 2014, Punch Tap von Emuge-Franken - Helikal-Gewinde-
formen, Zerspanungstechnik. [Online]. Available: https://www.zerspanung-
stechnik.com/bericht/gewindeformer/helikal_gewindeformen-2014-10-14.
[Accessed: 06-Feb-2023].

[308] Zerspanungstechnik, 2020, Taptor von Emuge-Franken - Zeit einsparen bei der
Innengewindefertigung, Zerspanungstechnik. [Online]. Available: https://www.
zerspanungstechnik.com/bericht/gewindebohrer/zeit_einsparen_bei_der_in-
nengewindefertigung_-2020-06-25. [Accessed: 06-Feb-2023].

[309] Zhang S, Li JF, Wang YW (2012) Tool Life And Cutting Forces In End Milling
Inconel 718 Under Dry And Minimum Quantity Cooling Lubrication Cutting Con-
ditions. Journal of Cleaner Production : 81–87. 32/.

[310] Zhao G, Liu Z, He Y, Cao H, Guo Y (2017) Energy Consumption In Machining:
Classification, Prediction, And Reduction Strategy. Energy : 142–157. 133/.

[311] Zhao J, Liu Z, Wang B, Hu J, Wan Y (2021) Tool Coating Effects On Cutting Tem-
perature During Metal Cutting Processes: Comprehensive Review And Future
Research Directions. Mechanical Systems and Signal Processing :107302. 150/.

[312] Zhou L, Li J, Li F, Meng Q, Li J, Xu X (2016) Energy Consumption Model And
Energy Efficiency Of Machine Tools: A Comprehensive Literature Review. Journal
of Cleaner Production : 3721–3734. 112/.

[313] Zhou Y, Xue W (2018) Review Of Tool Condition Monitoring Methods In Milling
Processes. The International Journal of Advanced Manufacturing Technology :
2509–2523. 96/.

[314] Zhu S, Cheng J, Qiao Z, Yang J (2019) High Temperature Solid-Lubricating Materi-
als: A Review. Tribology International : 206–223. 133/.

[315] Zimmermann M, Kirsch B, Kang Y, Herrmann T, Aurich JC (2020) Influence Of
The Laser Parameters On The Cutting Edge Preparation And The Performance Of
Cemented Carbide Indexable Inserts. Journal of Manufacturing Processes : 845–
856. 58/.

[316] Zimmermann R, Welling D, Venek T, Ganser P, Bergs T (2021) Tool Wear Pro-
gression Of SiAlON Ceramic End Mills In Five-Axis High-Feed Rough Machining
Of An Inconel 718 BLISK. Procedia CIRP . 101/13-16.

[317] Zupanc U, Grum J (2010) Effect Of Pitting Corrosion On Fatigue Performance Of
Shot-Peened Aluminium Alloy 7075-T651. Journal of Materials Processing Tech-
nology : 1197–1202. 210/9.

http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0265
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0265
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0266
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0266
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0266
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0266
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0266
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0267
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0267
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0267
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0268
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0268
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0269
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0269
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0269
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0269
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0269
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0270
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0270
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0270
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0271
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0271
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0271
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0272
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0272
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0273
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0273
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0273
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0274
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0274
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0274
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0275
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0275
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0276
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0276
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0277
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0277
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0277
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0277
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0278
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0278
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0278
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0278
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0280
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0280
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0281
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0281
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0281
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0281
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0283
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0283
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0283
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0284
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0284
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0284
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0284
https://www.vsi-schmierstoffe.de/fileadmin/user_upload/PDFs/VKIS_Richtlinien/VKIS-VSI-IGM-BGHM-Liste_EN_22_Auflage.pdf
https://www.vsi-schmierstoffe.de/fileadmin/user_upload/PDFs/VKIS_Richtlinien/VKIS-VSI-IGM-BGHM-Liste_EN_22_Auflage.pdf
https://www.vsi-schmierstoffe.de/fileadmin/user_upload/PDFs/VKIS_Richtlinien/VKIS-VSI-IGM-BGHM-Liste_EN_22_Auflage.pdf
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0286
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0286
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0286
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0286
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0287
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0287
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0287
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0288
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0288
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0288
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0289
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0289
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0289
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0290
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0290
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0290
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0291
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0291
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0291
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0292
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0292
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0292
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0293
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0293
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0293
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0293
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0293
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0293
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0294
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0294
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0294
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0296
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0296
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0296
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0298
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0298
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0298
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0299
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0299
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0299
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0300
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0300
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0300
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0301
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0301
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0301
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0302
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0302
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0303
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0303
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0303
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0303
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0304
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0304
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0304
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0305
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0305
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0306
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0306
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0306
https://www.zerspanungstechnik.com/bericht/gewindeformer/helikal_gewindeformen-2014-10-14
https://www.zerspanungstechnik.com/bericht/gewindeformer/helikal_gewindeformen-2014-10-14
https://www.zerspanungstechnik.com/bericht/gewindebohrer/zeit_einsparen_bei_der_innengewindefertigung_-2020-06-25
https://www.zerspanungstechnik.com/bericht/gewindebohrer/zeit_einsparen_bei_der_innengewindefertigung_-2020-06-25
https://www.zerspanungstechnik.com/bericht/gewindebohrer/zeit_einsparen_bei_der_innengewindefertigung_-2020-06-25
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0309
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0309
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0309
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0310
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0310
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0311
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0311
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0311
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0312
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0312
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0312
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0313
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0313
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0313
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0314
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0314
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0315
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0315
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0315
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0315
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0316
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0316
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0316
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0317
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0317
http://refhub.elsevier.com/S0007-8506(24)00124-0/sbref0317

	Sustainable machining: Recent technological advances
	1. Introduction
	1.1. What is sustainability?
	1.2. Sustainability in machining

	2. Societal and environmental impacts of machining
	2.1. Societal impacts
	2.2. Environmental impacts
	2.2.1. Global warming potential, acidification and human toxicity
	2.2.2. Land use, resource depletion, eutrophication and ecotoxicity


	3. Classification of resources used in machining
	4. Cutting tools
	4.1. Environmental impact of cutting tool manufacturing
	4.2. Enhanced tool performance
	4.2.1. Micro- and macro- geometries
	4.2.2. Protective coatings

	4.3. Exchangeable pieces and combination tools
	4.4. Additive manufacturing (AM) of cutting tools and chucks
	4.5. Reconditioning and reusing cutting tools
	4.6. Tool recycling

	5. Parts and chips
	5.1. Near-net shape manufacturing
	5.2. Surface integrity improvement
	5.3. Chip recycling

	6. Coolants and lubricants
	6.1. Flood cooling with Metalworking fluids (MWFs)
	6.1.1. Minimizing the impacts of water-based MWFs
	6.1.2. High pressure cooling (HPC)
	6.1.3. Recycling and end of life treatment of cutting fluids

	6.2. Dry cutting
	6.3. Minimum quantity lubricants (MQL)/ minimum quantity cooling liquids (MQCL)/ nano-lubricants
	6.4. Super cold gas, liquid gas and cryogenic cooling
	6.5. Environmental assessment of machining environments

	7. Energy consumption
	7.1. Energy consumption modelling
	7.2. Reducing energy consumption
	7.2.1. Cutting parameter and process planning
	7.2.2. Cooling-lubrication
	7.2.3. Assisted machining
	7.2.4. Cumulative energy consumption considering the embodied energy of machining resources


	8. Industrial case studies
	9. Discussion and future outlook
	9.1. Renewable resources
	9.2. What if electricity was 100 % GHG emission free?

	10. Concluding remarks
	Declaration of competing interest
	CRediT authorship contribution statement

	Acknowledgements
	References


