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Abstract: G
lubricants 8 machining operations to mitigate concerns surrounding water use and pollution,

metalworking fluids (MWFs) have been proposed as alternative coolants and

n

industrial ,occupational health, and performance limitations associated with water-based

(aqueous) at are ubiquitously used in the metals manufacturing industry. This study

compares

ry energy and water use associated with the consumptive use, delivery, and

L0

ueous MWFs with three gas-based MWFs in the literature—minimum quantity

pressed air (MQL), liquid/gaseous N,, and liquid/supercritical CO,. The comparison
accounts forr d differences in machining performance in peer-reviewed experimental studies
across ining processes and materials. The analysis shows that despite the reported
improvement in tool life with N, and CO,-based MWFs, the electricity- and water-intensive

separationsnd purification processes for N, and CO, lead to their higher primary energy and water

use per vol aterial machined relative to water-based MWFs. Although MQL is found to
have lower pgi energy use, significant consumptive water use associated with the vegetable oil
commonly this MWF leads to higher overall water use than aqueous MWF, which is
operated in 3 culative system. Gas-based MWFs thus shift the water use upstream of the
manufactu . Primary energy and water use of gas-based MWFs could be reduced by
focusin ieving higher material removal rates and throughput compared to aqueous MWF

instead of splely taggeting improvements in tool life. Additionally, the consumptive use of CO, and
N, MWFs !u'g Be minimized by optimizing their flow rates and delivery to precisely meet the

-
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cooling and lubrication needs of specific machining processes instead of flooding the tool and
workpiece with these gases.
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ing fluids (MWFs) are typically formulated as complex emulsions of petroleum-

based oils In that provide heat removal, lubrication, and chip evacuation in machining
billion arket Insights 2018), MWFs are a critical input in metals manufacturing.
Aqueous MWFs typically contain additives for emulsion integrity, corrosion protection, biocidal
propertiesﬁnd performance enhancement (Byers 2017). The resulting chemistry of aqueous MWFs,
while esse Ifilling their functional role of cooling and lubrication, also leads to well-
documentefPenvifanmental (Cheng et al. 2005; Skerlos 2013) and occupational health concerns
(Calvert et & Simpson et al. 2003; Gordon 2004; Mirer 2010; Burton et al. 2012). The
procuremen tion, maintenance and disposal of aqueous MWFs can pose significant cost
burdens,icﬁd add up to as much as 17% of total production costs (Byers 2017). Further,
conven us MWFs, which operate at pressures ranging from 0.2 — 0.6 MPa, have been
known t i rial removal rates when machining recalcitrant materials such as titanium and
nickel alloy, itating higher pressures up to 30 MPa (Ezugwu 2005; Bermingham et al. 2014).

This further increaSes energy use, costs, and occupational health problems (Heitbrink et al. 2000).

f alternatives to aqueous MWF has historically been motivated in part to

tional health and cost concerns created by aqueous MWFs, this study spotlights
lated to machining performance and environmental impacts. A comprehensive
discussion of the pros and cons of various alternative MWF technologies such as advanced filtration
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and recycling, environmentally-adapted lubricants, and tool coatings for machining without MWFs
can be found in (Skerlos et al. 2008), (Brinksmeier et al. 2015), and (Goindi and Sarkar 2017).

The alteMF technologies analyzed and discussed in paper are based on the principle of
“dry” or wategless machining achieved by replacing water with industrial gases as the bulk medium
for MWF d @ buch MWFs are called “gas-based” MWFs in this study. The most extensively

g Fs in research and practice, which are the focus of this study, are: (1)
atomizd@ diliM@@Mpressed air, commonly known as oil-in-air minimum quantity lubrication (MQL
MWF); (2)
supercritical car

uid or gaseous nitrogen (N, MWF) with or without lubricants; and (3) liquid or
n dioxide with or without lubricants (CO, MWF). Notwithstanding the different
phases tha{CO, orflN, may exist in the course of being drawn from a reservoir to impingement on

the workpie erial, we refer to these MWFs as “gas-based.” Additional information on each of
these thremed MWEF systems are provided in section S1 in the supporting information (Sl).

Gas-based Fs'have been shown to have a higher penetration into the cutting zone created
between tm tool and the workpiece. Figure S1 in the supporting information shows the
cutting zo try in detail. In the case of N, and CO,, rapid expansion from a pressurized state
to ambient leads to rapid cooling as a result of the Joule-Thompson effect. Improved
access to r@gions of friction and heat generation through lower surface tension, along with

significantl elivery media in the case of N, and CO, thus creates the potential for more

effective h val and lubrication despite lower volumetric heat removal capacities as gases
compared {@.a s MWFs (Supekar et al. 2012; Wang and Clarens 2013). Indeed, numerous
experiments performed over the last two decades to evaluate and compare the functional

as-based MWFs with aqueous MWFs have shown better tool life, cutting forces,
and surface fini ith gas-based MWFs. Reviews in the MWF literature (Skerlos et al. 2008; Yildiz
and Nal =Debnath et al. 2014) have qualitatively summarized key results from a few of

these studies.

Despite th%bundant literature on comparing aqueous and gas-based MWFs, only a handful of
studies have mpted to quantify the environmental impacts of gas-based MWFs relative to

aqueous arens et al. 2008) evaluate the environmental impacts of CO,, MQL, and aqueous
MWEFs, an at CO, and MQL MWEFs significantly reduce life cycle water use, land use, and
acidificationg s at the expense of marginal increases in fossil energy use and global warming

potential c@mpared to aqueous MWFs. (Pusavec et al. 2010) conclude in their analysis of N, and
aqueou N, MWFs have lower life cycle water use, acidification impacts, and global
warminwhan aqueous MWFs, although this comes at the cost of significantly higher fossil
energy use ctricity. (Fratila 2010) shows reductions ranging from 15 — 25% in fossil energy
use, global warming potential, and acidification when using MQL MWF over aqueous MWF. All
three studies, however, treat the functional performance of the MWFs as comparable, and as a

result, do ount for how differences reported in the literature between the functional
orded by aqueous and gas-based MWFs could affect the environmental impacts.
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In this paper, we begin to bridge this gap in the literature by addressing the following research
guestion: how do the energy and water use associated with the production and use of gas-based
MWFs compare with aqueous MWFs, when considering reported differences in their functional
performHlished experimental studies? The focus on energy and water use emanates from

the close cg between the two in MWF systems — water-based MWF requires considerable

energy du use phase, and gas-based MWFs, while water-less in their use phase, require
considerable energy and water in their production phase. We begin by describing the analysis scope
and data-s %\Iext, we describe the screening criteria used to develop a compendium of peer-
reviewed Lﬂtal studies, and data extraction procedures used to obtain necessary
informationgfro ose studies for the analysis. Results from the analysis are then discussed in the
context of@rch guestion postulated earlier. The paper concludes with a discussion of how
the energy and water use of gas-based MWFs could be reduced, paying particular attention to
achieving dignificamtly higher machining rates that may be afforded by gas-based MWFs.

METHOI:

Goal, scoGition, inventory data, and impact assessment

The goal of y is to estimate and compare the primary energy use and consumptive water use

of aqueousie @ based MWFs associated with their production, use phase delivery including any
treatment néed@&tor their continued use, and disposal. Error! Reference source not found. shows
the sys ies used for this analysis. Operation of the machine tool and any subsequent
steps such as p eaning are excluded. Cutting tool production is also excluded from the analysis
variability observed in the tool base material, tool coatings, and geometries within
the published literature, quantifying which would necessitate a separate analysis that is outside of
the scope of this paper. Unless specified otherwise, relevant unit processes and their inventory data
were obtaisd from the Ecoinvent 3.5 life cycle database (Ecoinvent 2018). Default Ecoinvent unit
processes and_providers for a given material or process were modified to reflect U.S.-specific

datasets, p y for electricity and heat/steam, wherever such data were available. Where

U.S.-specifi@ ts were unavailable, the global average values were used. Ecospold files for key
MWF mr processes are included in the supplementary material.

Energy primary energy associated with electricity, heat and fuels used in the

producti rtation, machine tool delivery, and disposal of the MWF and its principal
constituen is expressed in MJ of cumulative energy demand based on characterization factors

from (Huijbregts efial. 2010), and is calculated for each MWF both in terms of its total annual use
and per c erial machined over a year. Electricity needed for MWF delivery, recycling, and

! These data a available in the Zenodo repository at
hhttps://zenodo.org/record/3565781#.Xg7235XsY2w
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disposal is assumed to be supplied by the Midwestern U.S. average (medium-voltage MRO mix in
Ecoinvent) considering the large presence of metalworking industries in this region (U.S. Census

Bureau 2016). The composition of this electricity mix is approximately 73% non-renewable, 17%
nuclear,Hnewable primary energy sources (Ecoinvent 2018). Water use is modeled as

liters of wa tion based on ReCiPe-E characterization factors from (Huijbregts et al. 2017),

and it incl onsumptive use of process water, cooling water, and water for crop irrigation

(for vegetable oll), as well as consumptive water embodied in the energy use associated with the
productl-o ransportation, delivery, and disposal of the MWFs. Water depletion is similarly

calculated MWF on an annual basis as well as per cm® of material machined over a year.

Cumulativﬂenerg?ﬁemand and water depletion per unit of material machined (referred to as

primary en and water use hence, unless qualified by “annual” or “embodied”) are calculated
based on th@r ed MWF and machining conditions for each experiment examined in this paper.
Experimen udi€s were selected based on the screening criteria outlined in section 0. For each
experimen rison of aqueous and gas-based MWFs from the literature, the annual primary

energy and annualfater use for the MWFs is divided by the annual throughput afforded by the
different ems. Figure S3 in the supporting information explains this process graphically. At
various poi s section, we provide ranges for operational parameters of aqueous and gas-
based Mwme ranges reflect values used for the sensitivity analysis described in section 0, and
apply to all experiments. The parameter exceptions are MWF flow rates, delivery pressures, and

lubricant c@nc tions, which apply specifically to a particular reported experiment, and the
contributio se parameters to the energy and water use are thus calculated individually for
each expeni

Agqueou

Both synthetic and semi-synthetic formulations are considered for aqueous MWF. Formulations
typically dilute the MWF concentrate to 5 — 10% v/v. Compositions of the MWF concentrate for
semi-synthSlc and synthetic MWFs are based on (Byers 2017), and are provided in Table S1 in the

supporting information. The concentrate includes the following additives: emulsifier, biocide,
corrosion ipH buffer, coupler, and extreme pressure lubricant.

Delivery of agueous MWFs involves pumping the MWF from a sump, assumed in this study to be a

stand-alon@reservoir with a capacity of 378 liters (100 gallons), to pressures typically ranging from
0.5-3 5 psig) for conventional delivery and up to 30 MPa (4350 psig) for high-pressure
deIiveryM/lWFs are periodically treated and recycled in a batch process during which
tramp oils, soli d metal chips are removed using microfiltration, and the MWF is pasteurized
before being pumped back into the MWF sump for reuse. The frequency of recycling is assumed to
bel-4ti nth as per advised best practices (Byers 2017; Wendt 2018).

ually degrades and must be disposed. Different manufacturing facilities handle their
a variety of mechanical, chemical, or biological processes based on the type of
MWF and contaminants (Byers 2017). In this study, we consider the end-of-life process to be
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comprised of separation in a settling tank, followed by ultrafiltration and nanofiltration, disposal of

the oil recovered from the filtration processes via hazardous waste incineration, and discharge of the

permeate to a wastewater treatment plant (Byers 2017; Hilal et al. 2004). This treatment process
Mn its ability to handle both synthetic and semi-synthetic MWFs. The disposal

aed to be 1 —4 times a year (Byers 2017; Wendt 2018). Additionally, MWF is lost

and carry-off with machined parts. This daily loss is assumed to be 2 — 10% of

was cho
frequency ig

daily to eva
the sump capacity (Byers 2017). The consumptive use of aqueous MWFs and associated primary
energy a-nmse thus collectively emanate from the daily MWF loss and periodic disposal.

Details an g assumptions behind agueous MWF recycling and disposal processes can be

found in segtion 8g.7 in the supporting information. We note that when MWF wastewater is
dischargedWuntreated, its high pollutant loadings (BOD, heavy metals, oils and greases, toxic chemical

additives) can seriously endanger water supplies and create substantial burdens and risks for
wastewat%nt plants.

Gas-based S
N, is assu produced via cryogenic air separation (Smith and Klosek 2001), which involves

air compressi it cooling and filtration, and distillation (rectification). CO, (beverage grade purity
299.9% v, ! is assumed to be recovered as a byproduct of ethanol production given the abundant

merchant y from bioethanol facilities in the Midwest. Energy and water use data for

beverage gfa6 » is obtained from (Supekar and Skerlos 2014). The CO, production process
involves catu g d compression of by-product CO, stream, scrubbing (water-wash), desiccant
drying, activated charcoal filtration, distillation, and refrigeration (ammonia-based). Transportation
of N, an espectively is assumed using refrigerated and cooled long-haul container trucks. The
transportatio nce is assumed to be 50 — 800 km. The lubricant, wherever used in gas-based

MWFs,

o be soybean oil given its abundant domestic supply.

N, and CO, MWFs are usually drawn from central cryogenic supply tanks or pressurized dewars at
the manuf&urinﬁ facility. While N, is typically pressurized to about 2 — 18 MPa from the industrial

gas production facility itself, its pressure is typically regulated down to a lower value before delivery.

ompression is required in the delivery of N, MWF. CO, is typically pressurized to
production source and may be further compressed to a higher pressure for
supercritic F application. Electricity consumed for gas compression would thus depend on

operat -loop configuration where the gas is emitted back to the atmosphere without
recover#ﬁtment, these MWFs are assumed to have no primary energy or water use at
their end ofili

based) away from ghe operator space are considered part of the machine tool, and thus excluded
from the scope of this analysis, as are subsequent part cleaning steps that can be avoided when
using gas- WFs (see Error! Reference source not found.).
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Metalworking fluid performance metric
Several erformance metrics have been considered in the MWF literature including tool

life, materiz al rate, throughput, surface roughness, cutting forces, residual stresses, and

specific cu gy. Manufacturers, particularly in high-value industries such as automotive,

aerospace, and medical devices, are ultimately interested in increasing their throughput (production
volumer As sucH, we use the annual throughput afforded by the two MWFs being compared in a

given expe an indicator of their relative machining performance.

‘ ’ V,uer = MRRX50x 6% (14401~ N, T, ) (1)
N = 14401 @)
TmC +T[C

The annual througiout (Vannuar) captures the effects of differences in tool life (T,,.) and material
removal ra through equations (1) and (2). Here, N, is the number of tool changes per day

of producti@® SiSlthe average time per tool change assumed as 0.5 — 3 minutes, and p is the
dimension machine utilization factor assumed to be 50 — 80%, with which the number of minutes

day of pro We assume 50 working weeks a year, 6 working days a week, and three 8-hour

in a 3-shift work day (1440) is multiplied to obtain the effective planned working minutes in a single
s
shifts per .

is expressed in cm?/min and T, in minutes.

for published studies, data extraction, and paired analysis
urvey of peer-reviewed journal and conference publications on experimental

Screening cri
After a
comparisons of conventional aqueous and gas-based MWFs, a set of 86 experimental MWF

comparisons from 29 studies published between 2001 — 2019 was compiled based on the following
criteria: (1 ife and MRR values must be clearly reported, or tool wear progression charts must

be provided aleag with necessary machining parameters from which tool life could be indirectly
@ led in section S2 in the supporting information; (2) the different MWFs must be
e workpiece material and machining process within the study, and identical tool

ascertaine
applied to t
life criterio nk wear, rake wear, notch wear) must be applied to both MWFs; and (3) flow
rate, presstike, and concentration of lubricant (if applicable) for each MWF evaluated must be clearly
ﬁt e st#y or referenced from a previously published study. Table S3 in the supporting
e

se studies along with specifics of the MWFs compared and the number of

experimen ed within each of these studies.
Tool life wi n MWEF varies considerably across studies depending on the process, material,

specifie
informa

machining ns, and other confounding factors that may not always be known. To
meanin mpare MWF performance across studies, we compute and analyze the differences in
tool life, thro , and energy and water use per unit volume of material machined across studies

using an approach called “blocking” or “pairing” (Box et al. 1978). Comparing differences instead of

7
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absolute values of these observed variables significantly reduces the effect of confounding factors
across studies, and increases the precision of the comparison, which allows us to detect meaningful
differences between the MWFs even if the magnitude of such differences is small relative to the
absolutH:e response variables. However, the data collected from the literature is

observatio thus the collective results from experiments cannot be considered as randomized

and pooled ome support exists in the literature for applying “subjective randomization” to

observational data (Rubin 1974) to allow hypothesis testing (Fisher 1971), others

have cami Wgamst such an approach citing inherent sampling biases and Type | errors in

significanchlied to observational datasets (Greenland 1990; Copas and Li 1997). As such, in

this studyw calculate the differences and ratios of the response variables for each pair of
ina

MWFs tes xperiment, and report the medians, mean, and standard deviations without
subsequent hypothesis testing. In lieu of significance tests, we graphically plot the differences in
ﬁtr r

non-randomized

energy an e from the different pairs of MWFs, and supplement the quantitative metrics

with a qual Iscussion in the context of the research question.

Sensitivit 1
For each

sensitivity S of a given environmental impact variable E (primary energy use and

water depl@tion) is calculated with respect to an increase (57) as well as a decrease (S7) in the value
of the a parameter p belonging to the set Py of MWF-specific sensitivity parameters listed in Error!
Reference ot found.. Sensitivity is measured as the ratio of the relative change in the value
of the resp able to the relative change in the value of the parameter. The average of the
sensitivities,i experiment x across all X,,wr experiments for a given MWF is then reported using

equation
found to aff,
param i

note here that each input parameter in Error! Reference source not found. is
primary energy use and water depletion in the same direction; that is, if a
primary energy use, it is also found to increase water depletion, and vice-versa.

-
@,
e
e
-
<C
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Table 1. Values of input parameters used in sensitivity analysis.

:

Parameter Low Nominal High Units
Machine toQ

Tool chapgepiifCmmmm 0.5"° 1 3™ minutes
Machine utifi2atignsfactor 50%™ 65% 80%"" -

Aqueous MWFs

Daily make-up (%.0f sump capacity) 2%"° 5% 10%™"

Sump fluid epiént frequency 1" 2 4" times per year
Sump fluid :mfrequency qwe 2 40 times per month
Gas-based

N,/CO, trangortation distance 50°" 100 800" km

b b
Notes: WBem gas vs. worst-case for aqueous; “"Worst-case for gas vs. best-case for aqueous
high nominal nominal
P _ P p
: (e - )/ E2

high nominal nominal
o _ S (P —prm )/ p
p =
| X (3)
nominal

(Eflow _ Efnam/'na/ ) / Ef

nominal )

>

o o (P -p

p
PEPywE | XM WF ‘

Further, wScaIcuIate the differences in primary energy use and water depletion of aqueous and gas-

based two additional scenarios beyond the scenario that is defined by the nominal

values f#and gas-based MWFs in Error! Reference source not found.. The first compares

the best-cn for gas-based MWFs against worst-case values for aqueous MWF, a scenario

referred to in the discussion as “best-worst.” The second compares worst-case values for gas-based
es

MWFs agains -case values for aqueous MWF, which is referred to as “worst-best.” The purpose

low nominal

/p

of these s s is to develop reasonable upper and lower bounds for the differences in energy
f agueous and gas-based MWFs considering uncertainties in input parameters.

This article is protected by copyright. All rights reserved.



RESULTS and discussion

Tool IifWughput

Tool life andAiRR.are shown in Error! Reference source not found.a for all the paired experiments
comparing @ and gas-based MWFs in Table S3 in the supporting information. The data shows
that experi ally report an increase in tool life with gas-based MWFs compared to
aqueouSHVIIFSEAI8 7% of the experiments — 100% of the experiments with CO,, 80% of the
experimen&iih MQL, and 89% of the experiments with N,. In several cases, gas-based MWFs

| lify
Fs de@reases with increasing MRR, which can be ascribed to increased heat generation

increased t y an order of magnitude. We also find that tool life for both gas-based and

aqueous

and related ear mechanisms.

Increase infto@llifélis anticipated to decrease tool costs and minimize unproductive machine down
time. However, as shown in Error! Reference source not found.b, the reported improvements in

tool life do not neissarily translate to improvement in the corresponding annual throughput
calculated wsi ation (1). This is because most (> 90%) experiments were setup to compare tool

life keepin constant in accordance with the conventional practice of comparing MWFs
under identical machining conditions (De Chiffre and Belluco 2000).

Error! Refej urce not found.a plots the algebraic relationship in equation (1) graphically. It
g tool life has a marginally diminishing effect on throughput regardless of the

onounced improvements in throughput for a given MRR would be observed when

shows thatfincle

MRR. The mostP
tool lif from a few minutes to several minutes or tens of minutes, as shown by points
P1and P2 in Er
would i negligible throughput improvement. This is because throughput gains depend on

eference source not found.a. An identical tool life improvement from P3 to P4

reduction in down time from fewer tool changes due to improved tool life. Based on equation (2),
the rate of tool changes (and down time for tool changes) diminishes approximately quadratically
with incredSi life.

Throughpu % er, increases linearly with MRR, though a higher MRR may affect tool life as
shown by P8.and BS in Error! Reference source not found.a. Thus, increasing MRR (typically through

higher cutti s) without compromising much on tool life, if at all, presents another avenue to
increase thiioughput. We find some evidence for this approach in the published literature examined
in this s n in Error! Reference source not found.b, in which throughput improvements
are mos d (darker circles) either when tool life was increased by several minutes using
gas-based m an aqueous MWF baseline of about 3 — 7 minutes, or by increasing the MRR
(circle size). As disgussed later in section 0, increasing the throughput can meaningfully reduce the
energy an se of gas-based MWFs per unit of material machined.

Prima and water use per unit volume of material machined

The embodied en€efgy and embodied water for each major component of aqueous and gas-based

MWFs are shown in Table S3 in the supporting information. The ranges of reported values of flow
10
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rates, lubricant concentrations, and delivery pressures; and calculated values for annual primary
energy and water use, and primary energy and water use per unit volume of material machined for
all four MWFs are shown in Error! Reference source not found.. Error! Reference source not found.
shows rHIpaired comparisons of primary energy use and water use for aqueous and gas-
based MW gsffgRgdifferent experiments, normalized by volume of material machined annually as
well as totergy use and water use associated with the two MWFs over a year of
operation.

I

The analysi§finds that the primary energy and water use of N, and CO, MWFs are higher in most
experiments thap aqueous MWF. MQL’s primary energy use is found to be lower than aqueous
MWEF in m@ments, although MQL is found to have a higher water use than aqueous MWF.
The magnit rimary energy and water use values and their differences between MWFs vary
considerabj§fa experiments as shown in Error! Reference source not found. and Error!
Reference cediot found.a. Given this considerable spread, it is helpful to examine the ratio of
the primar and water use of the MWFs corresponding to differences shown in Error!
Reference source i)t found.. These ratios, shown in Error! Reference source not found., indicate
that the pr ergy use of CO,, MQL, and N, MWFs calculated in this analysis can be 0.5 — 50,
0.1-0.8, 3 times that of aqueous MWF. The water use of CO,, MQL, and N, MWFs
similarly caE— 18, 0.4 — 2.6, and 5 — 16 times that of agueous MWF. All ranges indicate first
and ninth deciles. The observed spread in primary energy use and water use values closely follows
the spread@ates for CO, and N, MWFs, and oil concentration for MQL due to the high

ergy and water impacts to these parameters, as discussed in the subsequent

sensitivity

Table 1. Ranges o ted MWF parameters in the literature, and calculated primary energy use and water use on an

annual a it volume of material machined basis.

Aqueous Cco, MQL N,

s Conv. Hi-Pr.

Flow rate (k
Median O 10.0 17.6 0.7 0.1 0.6
1st decil£ 4.6 9.0 0.04 0.1 0.6
9th decile I ' 42.0 43.0 2.7 0.4 0.7
Lubricant c 2 w)
Median ﬁ 4.3% 6.7% 0.1% 0.2% 0%
1st decile 4.3% 4.3% 0.0% 0.1% 0%
9th decile 6.0% 6.7% 3.7% 1.3% 0%

11
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Delivery pressure (MPa)

Median 0.6 5.0 13.0 0.5 1.5
1st decile“ 0.1 5.0 2.0 0.4 0.7
9th decile Q 0.6 10.0 14.0 0.8 2.4
Annual WWV use (GJ)

Median L 34 228 482 16 1140
1st decile O 24 96 35 5 939
9th decile 59 384 1933 28 1274
Annual watw)

Median : 21 79 113 38 315
1st decile 20 38 14 11 260
9th decile C 29 122 403 55 352

Primary energy use per unit volume of material machined (MJ/cma)

c

Median 0.018 0.030 0.125 0.016 0.324
1st decil 0.003 0.018 0.010 0.002 0.094
9th decile 0.630 0.081 2.126 0.563 0.828

M

Water use per unit volume of material machined (L/cm®)
Median 0.015 0.010 0.027 0.034 0.089
1st decile 0.002 0.007 0.003 0.002 0.026

9th decile 0.313 0.026 0.464 1.194 0.229

or

h

For N, > Fs, higher primary energy and water use compared to aqueous MWF (values
showni
of N, and
purification. Unlik@aqueous MWF, gas-based MWFs operate in an open-loop without recovery or

the supporting information) is due to substantial upstream production impacts

I

ts owing to the energy-intensive processes involved in their separation and

recirculati se of the energy-intensive N, and CO, gases as MWFs is therefore entirely

consumpti MaQL, which is also entirely consumptive, vegetable oil is the largest contributor
to the
life with gas-ba
high enough to reduce the water use for all three gas-based MWFs, and primary energy use for N,

12

ter use compared to aqueous MWF. Thus, despite the observed increases in tool
WFs over aqueous MWFs, the corresponding increases in throughput are not
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and CO, MWFs. This conclusion holds true even when comparing results for the best-case
parameters for gas-based MWFs against the worst-case parameters for aqueous MWF (“best-worst”
scenario described in section 0), although the distributions shown in Error! Reference source not

found. s eft. That is, differences and ratios between gas-based MWF and aqueous MWF

primary enmter use become smaller, as shown in Figure S5 in the supporting information.
Results of y analysis are shown in Error! Reference source not found.. They indicate
that todilicli@Agesidhe and machine utilization factor have the largest impact on primary energy and

water use @f agueous MWFs, although they do not affect the primary energy and water use of gas-
based MWFs, Thi

is because both these parameters affect the production time of the machine tool,
MWFs operate in an open loop, any changes in the production time affects the

throughput nual primary energy/water use in the same proportion. Aqueous MWF on the
other han ed consumptive use component from daily evaporative losses and periodic
filtration tmtically unaffected by production time, and therefore a decrease in production
time woul igher primary energy and water use for aqgueous MWF than in the nominal
scenario. Primary @nergy and water use of agueous MWEF is also sensitive to the daily MWF make-
up and M ion frequency during maintenance, which are parameters that contribute most to
the consu e. Gas transportation distance has a larger impact on the primary energy and
water use WF than N, MWF, since production of N, comprises a larger proportion of the

total MWF impact than CO,.

Opportunitiesto reduce the primary energy and water use of gas-based MWFs

alysis scope. The first applies particularly to CO, and N, MWFs, and involves
eeds to achieve significantly higher MRRs than those allowed by aqueous MWF
by exploiting the potential of these gases to deliver more effective cooling and lubrication as
discussed section 0. Increasing the MRR without significantly compromising on tool life and dynamic
stability of ining process can lead to substantial increases in throughput as discussed in
section 0. Thisgimturn would reduce the primary energy and water use per unit of material

machined. @ even with the primary energy and water use per unit of material machined with
aqueous MV D, and N, MWFs would have to increase their throughput by the ratios shown in
Error! Ref urce not found., assuming flow rates and delivery pressures remain unchanged.
a roughly 25% improvement in MRR with CO, MWF over aqueous MWF in (Sadik et al.
2016) whilg maintaining MWF flow rates/pressures would lead to identical primary energy use per
unit of Mhined for both MWFs. In other work such as (Stephenson et al. 2014), however,
nearly 6-fo es in MRR would be needed for CO, MWF to equal agueous MWF in its primary
energy use, Ex;;; ental exploration of whether such leaps in throughput via increased MRR may

be possible by madifying machining parameters or tool geometries is scant in the literature, and this

present icant opportunity for future work to understand the potential of gas-based MWFs.

The second ap h involves the optimization of the delivery of gas-based MWFs to precisely meet

the needs of specific processes in which they are used. In particular, CO, and N, MWFs reported in

13

This article is protected by copyright. All rights reserved.



the literature are largely delivered by flooding the tool-workpiece interface with the gas without
consideration for how much gas is in fact needed to achieve effective cooling and lubrication.
(Skerlos et al. 2008), (Sadik et al. 2016), and (Bermingham et al. 2012) show that higher gas flow
rates yiéHng returns in terms of tool life improvement beyond a certain point. The
direction ag
(Marksber

which may result in catastrophic tool failure and/or workpiece damage due to sub-optimal nozzle

of application of gas-based MWFs is also critical to their performance

ahir 2008), and care must be taken to not starve the tool-workpiece interface,

| |
placementgdirection, or geometry.

Understanding hgw consumptive flows of the energy-intensive CO, and N, gases can be minimized
while impr@ving m@chining throughput compared to aqgueous MWFs also presents a significant

research op ity. This includes exploring through-tool delivery of the gases (Sorbo and Dionne
2014; Tahrij »2017). Another delivery optimization strategy for CO, and N, MWFs is to increase
their delivmre. Both CO, and N, rely on the Joule-Thompson effect for providing a jet of
low-tempe s to cool the tool-workpiece interface. Given that compression energy during
the use phase confiibutes to less than 2% of the total embodied primary energy of N, and CO,
MWFs, ex he gases from a higher pressure may facilitate higher heat removal and higher

tool life, a y (Mulyana et al. 2017) and (Supekar et al. 2012).

System exgo include a few factors not included in this analysis could also reduce the primary
energy an e of gas-based MWFs. Cutting tools in particular are quite resource-intensive to
produce. (met al. 2006) estimate the embodied energy of tungsten carbide to be about 400
MJ/kg. Turnin
edges,
turning experj
MWE,
orders of magnitude smaller than the difference in annual primary energy use of the MWFs. For

milling, thesifference in annual embodied energy of tools could approximately be 5 — 40% of the

and indexable milling inserts typically weigh about 5 grams and have 3 to 4 cutting
pical half-inch drill weighs about 100 grams and has 2 to 4 flutes. For almost all
analyzed in this paper where gas-based MWFs improved tool life over aqueous

the annual embodied energy in tools using the 400 MJ/kg value would be 2 — 3

difference MWF primary energy use. For drilling, the difference in annual embodied energy

of tools can 2 orders of magnitude higher than the difference in annual MWF primary energy

use. Thus, sion of the cutting tool life cycle in the system boundaries may thus meaningfully
affect the comParative results for net primary energy use of aqueous and gas-based MWFs
depending rocess.

When antities are fixed, higher MRR and/or improved tool life with gas-based MWFs
may no er throughput, but it may lead to fewer machine tools needed for achieving the
productio ince the energy consumption of machine tools is significantly higher than energy

use of MWFs (Karaland Li 2011), this approach can also considerably reduce the net primary energy

use per unit of machined material. Chips and finished parts machined with gas-based MWFs are also

largely fre stantial oily residues seen with aqueous MWF materials, and this can further

reduce mary energy and water use associated with post-machining cleaning.

14
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Finally, we note that although gas-based MWFs shift water use upstream of the manufacturing
facility to thermoelectric power use (> 80% of U.S. generation) for gas separation and purification
electricity use steps in the case of N, and CO, and irrigation in the case of vegetable oil used in MQL,
the enviHmplications of water consumption in a factory (direct use) and water

consumptiQ eam (indirect use) may be quite different. Aside from differences in types and

levels of pa padings associated with thermoelectric power generation and process water use,
differences In potential water stress that may be created by direct and indirect water use in the
context’)f wanufacturing (Rao et al. 2019) are worth considering when comparing the
relative enL\tal merits of gas-based and aqueous MWFs. It is also worth considering that as
the share ofggen bles in electricity supply increases, the indirect consumptive water use from
electricity 4se (Magknick et al. 2012) for CO, and N, MWFs may further decrease in relation to

aqueous MWFs.

SG

Comparison of primary energy and water use results with other published work

We discuss the nofeworthy differences and similarities between the results from this analysis with
other MW
annual ene
although t
(Clarens et al.

LE

mental studies and provide possible explanations. As with this analysis, the
r CO, MWEF is reported to be higher than aqueous MWF in (Clarens et al. 2008),
difference is considerably larger in this analysis. Annual water use for CO, MWF in

is reported to be lower than agueous MWF, whereas this analysis finds a

considera se in water use as shown in Error! Reference source not found.. In addition to

inclusion o considerations, two additional reasons could potentially underlie this difference.
One s i y uses a market-based allocation for industrial CO, gas compared to the
economic ion adopted in (Clarens et al. 2008), and therefore includes additional purification
steps for C at are water-intensive and electricity-intensive (the latter indirectly increases
water u er reason is that the CO, flow rates assumed in (Clarens et al. 2008) are from a

pilot bench-scale setup that has lower flow rates than those reported in other studies.

While (Fram reports a decrease in fossil energy use when using MQL over aqueous MWF, the

magnitude ofghis decrease is again found to be much higher in this analysis. Compared to the

average flg about 20 kg/min calculated from all aqueous-MQL comparison studies analyzed

here, (Frati 9 in fact assumes a much higher aqueous MWF flow rate of 100 kg/min. Given
that they a er that aqueous MWF needs a higher cutting power than MQL in their analysis,
and that aqueous MWF needs additional energy during subsequent cleaning steps (which MQL does
not), the energy use impacts of aqueous MWEF in this study are expected to be higher than the
reporteH

machining meir analysis and exclude consumptive MWF losses.

Results for™N% impacts relative to aqueous MWEF in this analysis are vastly different from those
reported
GhalO

use is treated 3

heir work. One explanation could be that they only consider 0.6 minutes of

vec et al. 2010), who claim a reduction in energy and water use with N, MWF
ueous MWF. However, a significant shortcoming in their analysis is that electricity
eparate impact category, and the contributions of this electricity to upstream

15
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non-renewable energy depletion and water depletion are excluded. This omission likely underlies
the significant skew of their environmental impacts in favor of N, MWF.

T

O

H I
Conclusi and outlook

occupation concerns associated with exposure to harmful microbes in these systems.

Gas-based wn substitute the use of aqgueous MWFs in machine tools and eliminate
Experimental e nce from over two dozen published experimental studies spanning several
machining @rqo€essés and materials shows that gas-based MWFs can improve tool life. However, the
analysis presented in this paper shows that gas-based MWFs do not reduce overall water use, and

instead move the Water burdens upstream to the processes involved in the production of the

industrial i e case of N, and CO,, and to vegetable oil production in cases where it is used as

a IubricantCnd CO, MWFs, we also see a considerable increase in overall primary energy
use.

seful experimental studies were excluded from this analysis because they did

ing criteria — most commonly due to missing flow rate and pressure data for

WEF performance should clearly report MWF flow rates, pressures, and lubricant
re applicable) to allow better contextualization of reported differences in

under a specified tool failure criterion (see Figure S2b in the supporting information) provides better
practical insights than experiments reporting tool wear after a fixed machining period. Finally, the

experimen d in this study were all observational and thus we caution against universally
applying the usions surrounding tool life, throughput, and primary energy and water use to a
randomly ¢ aterial/ process/machining condition combination unless evidenced by
experimen omparisons between the relative performance of the three gas-based MWFs

analyzed s be avoided since the method used here is not designed or equipped to allow
such comp8isons.

OpportuMducing the primary energy and water use of gas-based MWFs include
strategicall imizing gas delivery to minimize flow rates and achieving higher material removal
rates without significantly compromising tool life — both of which require additional experimental
investigati esearch to develop a comprehensive understanding of the true productivity

potential of g

operati ‘ﬂg

holds a promi

pased MWFs. Building on their occupational health benefits, such optimized

-based MWFs that reduces primary energy and water use and MWF system costs
arospect of gas-based MWFs becoming a sustainable substitute to aqueous MWFs
in “dry” (water-less) metal fabrication factories.
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SUPPORTIJMATION

This supposing information provides (1) descriptions and relevant details for aqueous and gas-based

metalwork (MWFs) on which energy and water use calculations in the paper are based; (2)
details of ction procedures used to obtain tool life, material removal rate, and MWF
parameter published literature; and (3) supplementary results for different uncertainty

lic URL to raw data files used to create figures in the paper, as well as Ecospold
and Exce!®fijgs for key MWF materials and unit processes.’

stem boundary used to calculate the primary energy and water use per unit volume
of material machined using aqueous and gas-based metalworking fluids. Dashed lines indicate batch

flows that only to apply to aqueous metalworking fluids. Overview of the processes used to make b.
liquid CO2 _liguid N2

@,
e
e

-

[

’ These data a available in the Zenodo repository at
hhttps://zenodo.org/record/3565781#.Xg7235XsY2w
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oval rate based on equation (1) assuming tool change time as 1 minute. b.

in tool life with gas-based MWFs in the literature, shown as a function of the
gueous MWEF tool life and increase in material removal rate within a given
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Blue dots represent the differences and ratios in primary energy and water use in individual
experiments on which the histograms in the figure are based. Underlying data used to create this

figure can be founi in the data repository (Supekar et al., 2019) using this link
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