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1. Introduction

Nomenclature

CE              carbon emissions

CL cooling and lubricating

MQL minimum quantity lubrication

scCO2 supercritical carbon dioxide

1.1. Assessing cooling and lubricating media in machining

Cryogenic or sub-zero-temperature media have increasingly 

gained attention due to their capability for cooling and 

lubricating (CL) the cutting zone in support of machining 

processes. Potential benefits include (1) the avoidance of 

coolant liquid and mist which can be hazardous; (2) chilling the 
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Abstract

Cryogenic or sub-zero media are increasingly used for cooling and lubrication (CL) of machining processes. Supercritical carbon dioxide (scCO2) 

shows potential in both CL functions, being able to carry dissolved lubricant (MQL) into the cutting zone.

Evaluating environmental performance for different CL options requires detailed supporting information, via characterising system resource 

use. This represents a knowledge gap.

In this research a scCO2 plus MQL delivery system was characterized for its consumption of CO2 and MQL, system electrical energy and 

pneumatic air resources, in response to CO2 exit nozzle orifice diameters. 72 flowrate tests were run with multiple repeats to assess variability. 

At 13.1 MPa (131 bar) supply pressure, as the nozzle diameter increased from 0.15 to 0.30 to 0.45 mm, the CO2 flowrate increased from 5.2 to

17.0 then to 34.0 kg per hour. Pneumatic air flow through the system also increased, approximately in proportion to nozzle diameter, whilst 

system electric power consumption barely changed.

Calculated emissions were dominated (over 98 percent) by two resource flows: the direct release of CO2 through the nozzle, plus the electricity 

driving pneumatic air input. MQL resources accounted for less than 1 percent of emissions. Annual projected running costs were dominated by 

the use of CO2.

The efficient use of CO2 is important to best deploy this promising CL technology into industry. This can be realised via means such as post-

system CO2 delivery design, and lowering system pressure. Future work will characterise scCO2 plus MQL in full machining systems to

optimize the process performance.
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near-surface region of the workpiece to make it more 

machinable; and (3) interacting with the workpiece and tool 

materials in such a way as to reduce tool wear rates. More 

details on the nature and benefits of cryogenic cooling can be 

found in dedicated review articles [1, 2].

This research paper focusses on the use of carbon dioxide, 

mainly in the supercritical (scCO2) state, functionalised as a 

coolant and as a carrier of a small dose of dissolved oil, referred 

to as minimum quantity lubrication (MQL). Resource flows, 

resource consumption and environmental impact are the focus 

of this work, so research findings on that subject have been 

investigated.

In pursuit of the 'typical' flowrate for CO2 in CO2-assisted 

machining, a meta-analysis has been done from publications to 

date [3 to 17]. Considering these 15 CO2 machining papers 

which include delivery systems running at any supply pressure, 

the minimum CO2 flowrate found was 7 kg/hour and the 

maximum was 55 kg/hour, with an average of 19.5 kg/hour 

flowrate. For comparison, in a prior meta-analysis Supekar et 

al. [18] compiled flowrates for multiple CL media across 29 

published studies and found a median CO2 flowrate at a higher 

level of 42 kg/hour.

In terms of consumption data for status quo liquid emulsion 

coolants, the prior literature [18, 19, 20] contains useful 

information regarding for instance standard sump sizes, coolant 

concentration and fluid pumping power. Calculations of carbon 

emissions for machining CL systems should also take into 

account the life cycle of the CL media. The UKLA [21] has 

produced a useful guide to the make-up of metalworking 

lubricants, and treatment options at the end of life.

In 2006 Narita et al. [20] calculated carbon emissions for 

machining based on the use of (a) machine electricity, (b) 

cutting tools, (c) coolants, (d) cut metal chips and (e) machine 

lubricants, by compiling relevant greenhouse gas emissions 

factors from various sources. They then applied their 

calculations to three case studies, which tentatively pointed to 

higher cutting speeds incurring lower process emissions.

Pusavec et al. [22, 23] carried out life cycle assessment for 

a turning process, to compare liquid nitrogen performance 

against that of standard and high-pressure emulsion coolant. 

Six environmental impact categories including greenhouse gas 

emissions were evaluated, as well as financial costs, with the 

pros and cons of each option discussed. Li et al. [24] calculated 

carbon emissions for machining based on the process resources 

(a) to (d) as above. They used resource emissions factors 

compiled from sources including the Intergovernmental Panel 

on Climate Change (IPCC).

Pereira et al. [25] tested dry, MQL and cryo-type CL to 

assist the turning of 304 stainless steel. They used life cycle 

assessment to evaluate environmental impact in nine 

categories. They argued that MQL, liquid nitrogen and sub-

critical CO2 alone were not the best-performing options, so 

MQL should be combined with cryo-type CL. Kim et al. [26] 

compared emissions for different CL strategies in the turning 

of steel. They compared dry and wet strategies against liquid 

nitrogen based cryogenic cooling. The lowest carbon emissions 

were for the case where the liquid nitrogen jet was applied to 

the tool flank. The authors made use of emissions factor data 

from prior research literature. Emissions factors from the 

literature were also used by Khan et al. [27] in their calculations 

to find that nitrogen-based cryo-MQL CL led to greater carbon 

emissions than the use of flood-delivered emulsion in titanium 

turning, with the nitrogen use accounting for a significant 

percentage of the process's emissions. Khanna et al. [28] 

compared eight different CL strategies in the turning of 

stainless steel. Tool wear was not considered in their study. The 

outcomes showed MQL with hybrid nanoparticles having the 

largest negative environmental impact, and liquid nitrogen 

having a lower environmental impact than liquid CO2.

Meanwhile the UK government and other governments [29, 

30] have published resource emissions factors for organisations 

to use in carbon reporting, including release of gases and the 

production of mains water, mineral oil and plastics. Data is 

useful for life cycle modelling of manufactured products. The 

UK's carbon intensity from electricity production was 149 g 

CO2 per kWh in 2023 as reported by the National Grid [31].

Li et al. [32] calculated carbon emissions for an aluminium 

ball end milling process, based on electricity and cutting tool 

consumption, in order to optimise the milling tool path to 

minimise emissions. They eliminated workpiece material and

cut chips (swarf) from their studies with justification. Coolant 

was eliminated due to dry cutting. Jiang et al. [33] reviewed 

previous carbon emissions optimisation research for 

machining. Furthermore they produced their own optimisation 

of a turning process. Resources accounted for as emissions 

sources were (a) to (d), as per the review of Narita et al. above.

1.2. Quantifying global warming impact of cooling and 

lubricating systems

The comparison of environmental performance for different

machining process CL options requires detailed supporting 

information and analysis in terms of resource impact and 

aggregated resource usage. For various CL technologies this 

represents a knowledge gap.

The motivation for this study is thus to investigate the 

system resource use and the environmental and economic 

impact for supercritical carbon dioxide plus minimum quantity 

lubrication (scCO2 plus MQL) based CL in detail, as a function 

of the CO2 outlet nozzle diameter. The environmental impact 

focusses on global warming and incurred greenhouse gas 

emissions. Multi-resource consumption data have been 

collected for the system, and CO2 equivalent emissions data 

have then been calculated.

The carbon emissions from the CL system, CEme, are based 

on the consumption of CL media and electricity. CEme is 

defined as the sum of the carbon emissions within the analysed 

boundary.𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚 = 𝐶𝐶𝐶𝐶𝑚𝑚𝐶𝐶𝑚𝑚𝑐𝑐_𝑝𝑝 + 𝐶𝐶𝐶𝐶𝑚𝑚𝐶𝐶𝑚𝑚𝑐𝑐_𝑠𝑠 + 𝐶𝐶𝐶𝐶𝑐𝑐 + 𝐶𝐶𝐶𝐶𝑜𝑜 + 𝐶𝐶𝐶𝐶𝑤𝑤 (1)

𝐶𝐶𝐶𝐶𝑚𝑚𝐶𝐶𝑚𝑚𝑐𝑐𝑝𝑝 = 𝑉𝑉𝑝𝑝𝑉𝑉𝑚𝑚𝑉𝑉. 𝐶𝐶𝑝𝑝𝑉𝑉𝑚𝑚𝑉𝑉. 𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚𝐶𝐶𝑚𝑚𝑐𝑐. (2)
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Where CEelec is the carbon emissions from generation of 

electricity for pneumatic air supply (_p), and for direct supply 

to the supercritical CO2 system (_s). CEc is the direct CO2

emissions released from the nozzle. CEo and CEw are 

emissions due to mineral oil and water use respectively, in the

form of the MQL lubricant spray.

CEelec_p is consumed by the factory’s pneumatic 

compressor supplying air to the CL system, based on the air 

flow rate Vpneu into the system and calculated via the specific 

pneumatic energy factor Cpneu and the carbon intensity of the 

electricity supply which is CEFelec.

Modelling points to note are as follows.

• Each CE carbon emissions value is equal to the mass or 

amount of each resource, multiplied by a case-specific 

carbon emissions factor.

• Of the various environmental impacts specified in ISO 

14040, global warming potential and greenhouse gas 

emission (CO2 equivalent) is studied in this work.

• Over 80 percent of industrial CO2 supplied (sold) in 

Europe has been captured from industrial chemical 

processes [34]. In that sense the market for captured 

industrial CO2 improves the environmental performance of 

those chemical processes. Considering the upstream pre-

processing of the CO2 as a separate activity in terms of 

scope, and in line with various governments' greenhouse 

gas reporting guidelines [29, 30], this study assumes that 1 

kg CO2 released through the scCO2 delivery system out to 

the atmosphere via an exit nozzle is a release equivalent to 

1 kg CO2 equivalent emissions.

• By accounting for the system’s CO2 release in a science-

based framework, a useful driver is created to reduce such 

emissions if they are found significant.

• Inclusion of CO2 up-stream compression, purification, 

storage and transportation activities in supply would 

increase the assumed emissions factor for industrial CO2, 

however this increase is expected to be small relative to 

the two points above.

• MQL fluid is used in its undiluted form as supplied. Based 

on [21], the condition of supply is assumed to contain 75

% mineral oil, and a volume of functional additives 

assumed small, with the balance being water.

• It is furthermore assumed that carbon emitted due to 

maintaining CO2-based delivery systems in good working 

order, and provision of support equipment such as CO2

concentration monitors, are minimal in their relative 

impact.

• The scope and focus in this work is the fundamental 

characterization of the scCO2 plus MQL CL system. Thus 

the effect of the system on the quality and productivity of 

a machining process and the machined parts are not 

considered in this study.

2. Experimental work

2.1. Hardware

The following hardware was used in trials, with reference to 

Figures 1 and 2. The patent-protected method for delivery of 

scCO2 for CL of machining processes is the Fusion Coolant 

Systems Pure-Cut Plus system. The system has a top and 

bottom unit which include the functions of increasing the CO2

pressure, heating the CO2, injecting an MQL oil and adjusting 

and monitoring the media flow rates.

On the input side of the system, CO2 was supplied from a 

pallet containing 500 kg of BOC industrial-grade bottled CO2. 

On the output side was an 11 m long hose with 6 mm internal 

diameter, ending in a manifold and an 80 mm long pipe of 2 

mm internal diameter, which terminated with exchangeable 

M3-threaded grub screw style CO2 nozzles. The nozzles have 

internals made of wear-resistant sapphire, and exit orifices in 

the diameter range 0.15 to 0.45 mm [35].

Two flow meters were fitted to the scCO2 delivery system 

by the manufacturer: a coriolis mass flow meter for CO2, and a 

volumetric flow meter for MQL.

A Fluke 1732 power meter was used for measuring and 

averaging the scCO2 delivery system's power draw over time. 

The system's top and bottom units each have a separate 50 Hz 

AC mains power cable and plug. The Fluke logged the power 

drawn by both units combined.

The system uses a pneumatic air-driven pump to increase 

the CO2 input pressure (5 MPa, where 1 MPa equals 10 bar) up 

to an adjustable supercritical level (i.e. at least 7.4 MPa). An 

in-line IFM SD6000 unit measured the flow rate versus time of 

pneumatic compressed air into the system from the factory's 0.7 

MPa supply.

a b

Fig. 1. scCO2 plus MQL delivery system: (a) front view showing units plus 

CO2 pallet, and; (b) rear view showing coriolis meter.

a b

Fig. 2. Flow measurements: (a) electrical power meter, and; (b) pneumatic air 

flow meter.

500 kg 
CO2

bottles

top 

unit

bottom 

unit

pneum

-atic 

inlet
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2.2. Method

In these tests the scCO2 system exit pressure was controlled 

to 13.1 MPa ± 1 %, by varying the pneumatic air pressure using 

a valve. Slight air pressure modifications were required from 

run to run to counteract the effect of environmental temperature 

and mass reduction in the CO2 bottles. Nozzles with four 

different exit hole diameters were screwed in and out of the 

system's threaded exit pipe, with PTFE tape applied to the 

threads to avoid CO2 leakage.

The system's CO2, MQL, pneumatic air and electrical 

energy flowrates were measured against time, and average 

values found for the appropriate time interval (see section 3). 

The CO2 system was started, then flowrate was measured, then 

the system was stopped, in total 72 times in order to test for 

variability. CO2 monitors and an air extraction system were 

used to ensure that CO2 levels remained below the safe 

exposure limit 5000 parts per million.

3. Results

Figures 3 to 6 convey consumption data versus nozzle size 

for the scCO2 delivery system in terms of (Figures 3 and 6) 

CO2, (Figure 4) system electrical energy and (Figure 5) 

pneumatic air. With reference to Figure 3, flow variables for 

the system are transient at first, then are time-varying later but 

with a steady and cyclic repeating pattern. The transient period 

lasts for tens of seconds from observation, with a duration 

partly dictated by the delivery hose length and the exit nozzle 

size. Figure 3 shows the initially high flow period then 'steady 

repeating' CO2 flowrate, as measured against time from the 

moment of system start. Due to the transient period, average 

CO2 flow values were collected over several minutes of the 

system running, with the first minute after system start being 

discounted.

Summary values and findings from Figures 4 to 6 are as 

follows. The electrical consumption of the scCO2 delivery 

system was minimally affected by the exit nozzle size and the 

resulting CO2 flow rate. The time-averaged mains power draw 

for the system's top and bottom units combined was 311 W with

±6 % variation.

At the same time, the system drew air from the factory’s

pneumatic supply. Air flow was found to change significantly 

in response to a change in nozzle size. When the nozzle 

diameter was 0.15 mm, the average pneumatic flowrate was 

7.25 m3/ hour. When the nozzle diameter tripled to 0.45 mm, 

the average flowrate almost tripled to be 21.0 m3/ hour of air.

As per Equation 2, the pneumatic electrical power consumption 

increases in proportion to the air flowrate.

Fig. 3. System CO2 flow rate against time for four nozzle sizes.

Fig. 4. System electrical power consumption. ‘noz’ is nozzle diam (mm).

In terms of CO2 released, when using a 0.15 mm diameter 

nozzle the average CO2 flowrate was measured to be 5.2 kg/

hour. For a 0.45 mm nozzle diameter, the average CO2 flowrate 

was measured to be over six times higher at 34.0 kg/ hour. At 

the same time the MQL flowrate was set at the same level 

throughout flowrate testing, and was measured in all cases to 

be 40 ml/ hour to within ±4 percent.

transient 

period
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Fig. 5. System pneumatic air consumption versus nozzle size.

Fig. 6. System CO2 flow rate against nozzle size: results from 72 tests.

4. Assessment of emissions and cost

Using the data collected as above and in Table 1, annual 

projected carbon emissions were calculated via Equations 1 

and 2 for the CL system. Relatively small, medium and large 

nozzle cases are analysed.

Table 1. Carbon emission factors, constants and assumptions in calculations.

Table 2. Calculated carbon emissions from scCO2 CL delivery system.

Fig. 7. Emissions versus nozzle size, for scCO2+MQL CL system.

Table 2 and Figure 7 present the same data, in tabular and 

graphical format respectively. Low, medium and high CL 

consumption cases are itemized for the specified scope, with 

summed annual carbon equivalent emissions. Note that Figure 

7 is logarithmic, to show numbers of different magnitudes. The 

table and figure show that calculated emissions were 

dominated by firstly the direct release of CO2 through the 

nozzle, and secondly by the pneumatic power requirement.

These two resources account for over 98 percent of calculated 

emissions. As can be appreciated from Figure 7, if the ‘nozzle 

CO2’ CEc contribution (the unfilled bar area) was omitted from 

consideration due to use of CO2 which is mostly recaptured 

upstream, scCO2 CL fares better in emissions terms. In this 

work CEc is considered within the emissions scope, for the 

reasons provided in section 1.2.

System electrical power and MQL fluid account for the 

remaining emissions. Mineral oil use and system electrical 

power generate emissions of a similar magnitude, whilst water 

use causes a relatively very low contribution. MQL is 

responsible for less than 1 percent of the total greenhouse gas 

emissions.
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Table 3. Running cost calculations for scCO2 plus MQL CL resources.

5. Discussion

Considering an average of at least 19.5 kg/hour CO2

flowrate from recent literature, for sub-critical and supercritical 

CO2 machining research (section 1.1), Table 2 provides an 

interesting comparison. For context 19.5 kg/hour is slightly 

higher than the medium scCO2 flowrate case of Table 2.

To be clear, this study’s scope and focus for investigation is 

the scCO2 plus MQL CL system itself, and thus the effect of 

scCO2 plus MQL on performance in machining is not

integrated into the analysis. Cutting tool wear/ tool life 

performance will vary with scCO2 plus MQL flowrates, and has 

often been seen to improve versus the status quo when cryo-

type CL media are applied [5, 7, 37]. This effect would 

potentially drive reduced emissions within the wider system 

based on lower tool and machine power consumption, to offset 

the use of CL media. Notably CO2 machining has some 

important industrial niches where surface cleanliness and lack 

of contamination or greasiness are paramount for health and 

safety or hardware compatibility reasons, meaning that liquid-

based CL media are not always an option.

Table 2 argues for an economical mentality towards the use 

of the CO2. For instance it may be wise to start at the lower end 

of the available nozzle cross-section options at the system exit 

point, and the lower-end system pressure, when proving out 

machining processes for scCO2 plus MQL.

Different machining (subtractive processing) technologies 

will require different CO2 delivery and CO2 exit options in 

terms of geometry. Whilst turning operations tend to have a 

small tool-workpiece interface zone suited to coolant applied 

to a point in space (nozzle use), a milling or grinding setup will 

likely work better with coolant applied along a line-like 

geometry. For solid milling tools and drills, through-tool holes 

are common for coolant delivery. In each case the cross-

sectional area at exit will determine the flow rate of the 

medium. Through-spindle and through-tool CO2 delivery are 

slightly harder to achieve than external delivery in terms of 

hardware design and manufacture, but through-tool supply will 

make more efficient use of the CO2, which as has been seen is 

important for emissions.

The trials of this study were run at 13.1 MPa. A minimum 

of 7.4 MPa is required for the supercritical state, so the pressure 

could be reduced.

The system’s running costs are now discussed. These have 

been evaluated in Table 3, based on Table 2 usage plus billing 

and invoice data from UK suppliers. MQL is costed in terms of 

the formulated product, as sold. Purchasing bottled CO2 on a 

relatively small scale (around 1500 kg per annum) leads to an 

all-in service cost of approximately £1 per kg. Whilst MQL 

causes less emissions than the system’s electrical requirement, 

it incurs more cost than the required electricity. Bottled CO2

represents the greatest consumable cost for running the CL 

system.

Finally, accurate emissions calculations depend on good 

input data, including resource emissions factors. Further 

research towards granularity for the emissions factors in the 

literature would be of value. This is expected to require a 

globally distributed effort over time, due to different 

configurations and practices occurring with different locations 

and technology providers.

6. Conclusions

• Experiments carried out on a supercritical CO2 (scCO2) 

plus minimum quantity lubrication (MQL) delivery system 

for machining, operating at 13.1 MPa (131 bar),

demonstrated that as the exit nozzle diameter increased 

from 0.15 (lowest) to 0.30 then to 0.45 mm (highest), the 

flowrate of CO2 increased from 5.2 to 17.0 then to 34.0 

kg/hour respectively.

• The flowrate order of magnitude is as per prior CO2

machining literature, where an average of 19.5 kg/hour 

was extracted.

• The pneumatic air flow rate through the system also 

increased with nozzle diameter, roughly in proportion, 

whilst system electric power consumption barely changed.

• Carbon equivalent emissions were calculated for the use of 

media plus electricity. Calculated emissions were 

dominated (over 98 percent) by two resources: the direct 

release of CO2 through the nozzle, plus electricity to drive 

pneumatic air through the system.

• MQL resources accounted for less than 1 percent of system 

emissions.

• Annual projected system running costs were dominated by 

the use of CO2.

• The above suggests that the efficient use of the CO2 is 

important to best deploy this promising cooling and 

lubricating technology. Efficient use can be realised via 

numerous means, such as nozzle size optimisation and 

through-tool CO2 delivery.

• Future work will include building on this characterisation 

activity by integrating the system into various machining 

processes, and varying delivery parameters to test the 

associated benefits.
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