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Abstract 

A simple model that includes energy and carbon dioxide (CO2) emissions in the economics of 

machining is proposed, which has been published in the highly respected and cited journal, 

Annals of CIRP (International Academy for Production Engineering). This is a timely analysis in 

current government discussions on a proposed carbon tax or a carbon cap and trade regime and 

greater energy efficiency.  

The new cost model is based on life cycle analysis methodology for the initial part production. 

An illustrative example is given showing that the cheapest electrical grid should not be chosen, if 

it also has the highest CO2 emissions. Accurate pricing is important, because the more expensive 

product was highly dependent on the carbon price. 

A comprehensive review of machining economic models is covered. However, there is a dearth of 

actual machining data in the literature. This work includes studies in milling and single point 

incremental forming (SPIF) which can be used by other manufacturing engineers in their 

machining economic model development. 

The first milling study involved simple straight cuts. In general, as feed rate (FD) increased 

(increasing the material removal rate, MRR), the energy consumed decreased as process time 

decreased. In contrast, as spindle speed (N) increased, energy consumed increased, since more 

power is drawn by the motor, without a process time reduction. Given the inverse power 

relationship observed for the time, energy, process CO2 and cost against MRR, the recommended 

parameters were the same at the highest FD and lowest N permissible. In the second milling study 

with constant N for a more complex part (sprocket), similar relationships were observed. 

However, for sprockets made at constant chip load (allowing FD and N to change together), there 

were varying prescribed MRRs for time, energy, process CO2 and cost minimization. 
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The SPIF studies showed a similar relationship to the constant N milling, and, that results for a 

simple part can be extrapolated to improve efficiency in more complex parts.  

Finally, although the energy and carbon costs represented a small contribution to the final cost, 

their significance increased for higher efficiency parameters or user conditions, e.g. low labour 

rate.  
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JI Joint Implementation (Kyoto) 
K Cost (indexed for specific input) 
kCO2 Carbon price per unit carbon dioxide 
Kcool Cost of coolant 
KE Cost of electricity 
Kf Cost rate of forming 
KLO Cost of lubricant 
Km Cost of machining 
KM Cost of workpiece material 
kPSF Process speed factor for SPIF (proposed) 
KTL Cost of tool 
LCA Life cycle assessment 
LCI Life Cycle Inventory 
Lf Labour rate of forming 
Lm Fully burdened labour rate with overhead (machining) 
LO Lubricant oil quantity 
LOCO2 CO2 due to lubricant (LO) 
LOf Lubricant oil quantity (SPIF) 
LOfCO2 CO2 due to lubricant(LOf) (SPIF) 
MD,ML Direct material used 
MLCO2 CO2 due to direct material (ML) 
MRR Material Removal Rate 
MRR (...) Prescribed MRR for the case of (…), e.g. Cpmin 
N Spindle speed (tool rotation rate) 
n Taylor tool life exponent 
NC Numerically Controlled 
nf Number of flutes in milling tool 
Np Number of parts (tm/T) 
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OECD Organization for Economic Cooperation and Development 
OTC Over the counter market (voluntary) 
P Power 
PCO2 Process CO2 per part 
PCO2min Minimum process CO2 per part 
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SCC Social cost of CO2 emissions 
SM Sustainable Manufacturing 
SPIF Single Point Incremental Forming  
T Tool life 
t time 
tc Time for tool change 
tl Idling time 
TL Tool amount (weight)/ Tool size for SPIF (without economics) 
TLCO2 CO2 due to tool (TL) 
tm Time during machining 
Tmax Maximum tool life 
tp Process time (tm+ ts + tl + tc) 
tpmin Minimum process time per part 
ts Set up time 
V Cutting Speed (Milling), Linear Speed (SPIF) 
VR, ΔV Volume of workpiece material removed 
w Width of cut 
WCI Western Climate Initiative 
x Taylor tool life exponent 
y Taylor tool life exponent 
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Chapter 1 

Introduction 

Energy consumption and greenhouse gas (GHG) emissions, mainly carbon dioxide (CO2) 

emissions, are at the top of the global agenda and there is a cost to inaction [1, 2]. Manufacturing 

operations are energy intensive and electricity generated by fossil fuels is a major contributor of 

CO2 emissions [1,3,4]. Growing economic, social and environmental challenges are driving the 

new paradigm of sustainable development, in which competitive sustainable manufacturing (SM) 

will play a key role [5,6]. Increasing energy and commodity prices with resource scarcity, 

government legislature and consumer pressure are driving environmentally conscious business 

strategy to gain sustainable advantage through effective energy and cradle-to-grave product 

management [5, 7-11]. Figure 1-1 summarizes the increasing trend in energy prices for industry 

(indexed to 2005) for several countries from 2002 to 2010 [12]. (Note the drop in 2009 after the 

recession). Even for manufacturing power houses like China, rising energy and labour costs 

continue to pressure innovation [13-15]. 

 

Figure 1-1. Rising Energy Prices in Several Countries. Adapted from [12] 
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The trend of widely accepted international standards, company initiatives and government 

legislature shows the focus on life cycle assessment (LCA) and energy efficiency globally. Life 

Cycle Assessment (LCA) is one of the maturing methodologies being used when considering the 

sustainability of a product by evaluating the full range of assignable environmental and social 

damages assignable to the product over its life span [3,16-19]. In 2004, the International 

Organization of Standardization (ISO) launched the ISO 14000 series for environmental 

management of which ISO 14064 outlines the guidelines for GHG management and ISO 14040 

for life cycle assessment (LCA). Although certification for these are still voluntary by law, many 

have become industry standard for best practice such that some companies, for example Boeing, 

demand suppliers to be ISO 14001certified (environment management systems) to ensure their 

suppliers are managing and reporting their environmental impacts and that of their products [20]. 

In addition, on June 17th, 2011, ISO 50001 was launched for energy management systems based 

on the same principles as ISO 14001 [21-23]. As with ISO14001, it is only a matter of time 

before ISO 50001 becomes industry practice [11,20,22]. Furthermore, sustainability reporting as 

an extension to financial reporting is also becoming an industry norm [18,24]. Thus, there is a 

need for both energy and carbon management strategies and tools. 

Carbon foot-printing or accounting represents a stream in LCA, which currently is mostly 

voluntarily adopted through self reporting, but could become legislature [3,24,25]. Carbon 

pricing, be it cap and trade or tax, presents a new cost consideration for manufacturing 

businesses. The growth of Enterprise Carbon Accounting (ECA) software is being driven by cost 

reduction initiatives, government legislation and supply chain pressure for sustainability [26]. For 

example, Wal-Mart implemented its ‘Wal-Mart Supplier Sustainability Assessment’ that requires 

its suppliers to identify their green credentials [26]. Therefore, carbon accounting presents 
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another metric for contract competition, where low carbon products are in higher demand. 

Although it is known that energy and carbon intensity of a product can be found over the stages 

of a product’s life cycle, who is responsible still remains a policy issue [27]. Sutherland et al. [28] 

indicate that addressing the sustainability challenges for manufacturers would require greater 

information and tools on the environmental impacts of existing and new manufacturing processes. 

As such, this work is concerned with one such tool for optimizing the manufacturing process with 

explicit accounting of energy and carbon dioxide emissions in an economic model. 

1.1 The Carbon Price Debate  

Carbon pricing can arise due to the implementation of a tax or cap and trade system, which are 

the two leading market based mechanisms [29]. Whilst some might be applied on any associated 

carbon dioxide (CO2) emission activity, these generally apply to the CO2 associated with fossil or 

carbon based fuels [30,31]. Although there are various GHGs, the global warming potential 

(GWP) is an internationally accepted conversion scale in the units of tonnes of carbon dioxide 

equivalent (CO2e). Thus all GHGs can be converted to one common unit. In environmental 

economics, the social cost of the CO2e emissions (SCC) would be the marginal cost to society of 

emitting one extra unit (kg, tonne etc) at any point in time [31]. Whilst it is complicated to 

estimate SCC, with many uncertain estimates [32], the carbon price (through tax or trading 

scheme) would be set to SCC assuming a complete perfect market in economic theory. A survey 

of carbon prices, gives an indication of the variability and the seriousness of new proposals across 

the globe as shown in Table 1-1and Table 1-2. For example, the National Round Table on 

Environment and Economy proposed that a carbon tax of $150/tonne CO2 is needed in Canada to 

achieve its 2020 target in the Kyoto Protocol [29]. Most recently, a study by the World Bank and 

International Monetary Fund (IMF) has recommended that the G20 countries (mainly the EU, 
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Canada, U.S. and Japan) impose a $25/ tonne CO2 carbon price on CO2 emissions and carbon 

based fuels for aviation and shipping [33,34]. There can be no doubt about the seriousness of 

current debates on the imposition of a carbon tax as witnessed by current articles in the press [35-

37]. In Australia, the current debate is centered around a $25/ tonne CO2 carbon tax [35] or in the 

range of $20 to $30 per tonne of CO2 rising at 4% per year [35]. In British Columbia there is “a 

broadly‐based carbon tax on the purchase and use of fossil fuels ..., such as gasoline, diesel, 

natural gas, heating fuel, propane and coal. The carbon tax is also intended to apply to tires when 

used as fuel” [38]. Three years after the foregoing BC ministry document [38], the debate 

continues [39]. 

Table 1-1: Carbon Price Survey – Taxes. 

Location System Details Carbon Price 
 ($/tonne CO2e) 

Reference 

Australia Starting July, 2012 
Tax on 500 largest polluters.  
Change to cap and trade in 2015 

2012: 23.00 
2013: 24.15 
2014: 25.40 
2015: market price with 
penalty over cap of 50 

[36,50,51] 

Quebec, Canada Started Oct., 2007 
Depends on fuel source 

3.50 [52] 

British Colombia, 
Canada 

Started July, 2008 2010: 20 
2011: 25 
2012: 30 (capped) 

[38,39,52] 

Alberta, Canada Started July, 2007 for emitters >100,000 
tonnes CO2e/yr 

15 [53] 

Finland Started 1990 
New LCA approach to emissions in 2011 
changed how tax applied by source 

2010: 26.90 
2011: 26.90-67.25 

[52,54] 

Sweden Started Jan, 1991 1997: 53.50 
2007: 
     Standard - 136.32 
     Industry - 29.32 

[52,55] 

Boulder, 
Colorado, USA 

Started 2007 12-13 [52] 
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Table 1-2: Carbon Price Survey - Cap and Trade Systems/ Emissions Trading Carbon 
Markets/ Carbon Offsets via projects which change yearly. 

Location System Details Carbon Price  
($/tonne CO2e)a,b 

Reference

Countries that ratified Kyoto 
Protocol 

Kyoto: CDM, JI and ET*  
Project based, not cap and trade 
Offsets or credits are then sold 

2008: ~ 12.00 
2009: ~ 12.92 
2010: ~ 13.95  

[40-44] 

New Zealand (NZ) ETS launched 2008 2010-2012: 10.17 [45,46] 
European Union (EU) 
 (Largest mandatory ETS) 

Launched 2005 
Phase I:2005-2007 
Phase II:2008-2012 
Phase III:2013-2020 

Phase I:~ 24 
(penalty - 53.80) 
Phase II:~ 19.19 
(penalty-134.41) 

[42-44] 

United States of America (US)c Voluntary over the counter (OTC) 
market 
Project dependant, not cap and 
trade 

2008: ~ 7.30  
(1.20 – 46.90) 
2009: ~ 6.50 
(0.30 – 111.00 ) 
2010: ~ 6.00 
 (0.10 –  136.30) 

[42-44] 

US Chicago Climate Exchange (CCX) 
ETS started in 2003. 
Closed end of 2010 due to climate 
bill failure 

2007: ~ 3.16 
2009: ~ 1.20 
2010: ~ 0.10 (closed) 

[42-44] 

US (States: CT, DE, MD, MA, 
ME, NH, NJ, NY, RI, VT) 

Regional greenhouse gas initiative 
(RGGI) cap and trade started in 
2008 

2008: ~ 3.07 
2009: ~ 2.46 
2010: ~ 9.69 

[42-44, 
47] 

US (States: CA, NM, OR, WA, 
AZ, UT,MT) and Canada 
 (Provinces: BC, MB, QC, and 
ON). 

Western Climate Initiative (WCI) 
formed in 2007 
Phase I: 2012-2014 
Phase II:2015-2019 

2020 Proposed for 
compliance: 33 

[42-44, 
48,49] 

New South Wales, Australia Regulated mandatory market 
started in 2003 on electrical 
generators/retailers 

2007: ~ 8.96 
(penalty - 12) 
2008: ~ 5.90 
2009: ~ 3.44 

[42] 

Notes: 
a All prices in Canadian dollars as converted on Sept., 9th, 2011, assuming parity between US and CAD prices. 
b~ average value of permits using total value of and volume traded of permits to get average price per tonne (individual 
values vary) 
c ‘Voluntary’ refers to all voluntary sales and purchases of carbon credits (mostly project-based emissions reductions 
credits) outside of the CCX.[42] 
* Abbreviations: 
ETS: Emission Trading System/ Scheme 
ET: Emissions Trading (Carbon Market) 
JI: Joint Implementation (Project) 
CDM: Clean Development Mechanism (Project) 
 
 

From Table 1-1 and Table 1-2, it is clear that carbon prices vary widely from $0.10 to $136.32 

/tonne CO2 depending on jurisdiction and type. Regarding manufacturing strategy, this 



 

6 

 

uncertainty and variability means additional financial risk and administrative (legal) costs. For the 

purpose of this thesis, a global carbon price of $ 25 /tonne CO2 is assumed unless otherwise 

specified, taking into account the recommendation of the World Bank and considering that it is 

seen in other proposals like Australia.  

1.2 Objective  

Manufacturers have always been concerned with optimum machining parameters and this work is 

concerned with exploring a tool to deal with impending energy and environmental challenges. 

The objective of this research is to develop a mathematical economic model that approaches full 

cost accounting per part, with explicit accounting for energy use and CO2 emissions as related to 

process parameters. An economic model is used since the impact of energy and carbon prices on 

part cost and possible strategies in process parameter selection is of interest to the author. The 

model will then be demonstrated as a tool for process parameter optimization, with the ultimate 

objective of cost minimization. Additional sub-objectives that will be explored include process 

time minimization (productivity), energy minimization (energy efficiency), process CO2 

minimization and tool life maximization. In order to perform the optimization, several 

experimental studies were performed to extract the required input data, such as the relationship 

between energy consumption, process CO2 emissions and process rate. Specifically, this will be 

considered for end milling and single point incremental forming (SPIF) examples. Thus, this 

thesis will develop through the following chapters: 

Chapters 2-3: Literature Review and Development of the Economic 
Model  

Chapter 4-5: Process Introduction and Input Acquisition for the Model 

Chapters 6 -9: Studies in Milling and SPIF to demonstrate the Model, 
and energy consumption and CO2 emissions breakdown. 
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Chapter 2 

Literature Review 

The broader view of including energy and environmental considerations is needed in developing 

a more complete economic model for process optimization. Whilst LCA is an important concept 

for determining environmental impacts, how it affects the economics of a product is a worthy 

investigation. As such, a review of existing models is covered. 

2.1 Background 

Manufacturing and/or machining economic models can be divided into microeconomic and 

macroeconomic models [1,2]. While macroeconomic models consider batches of products, 

microeconomic models look in-depth at individual products. This work is concerned with 

microeconomic models that detail the cost per piece or component being machined or 

manufactured and entails modifying process parameters. Thus, individual design and process 

parameters can be optimized. The most common parameters to be optimized are cutting speed 

and tool life to get minimum machine cost [3-6]. In fact, one of the most important parameters in 

manufacturing affecting all aspects (including resource efficiency and environmental issues) is 

process velocity [7].The quest for life cycle economic models has been an ongoing process [8-

10]. In recent decades, the need arose to try to understand the total cost of products whilst 

considering the environmental consequences. Tipnis [9] did a review of classical versus recent 

cost models before developing a life cycle cost framework. Again, it is necessary to do this 

review in the face of understanding how manufacturing strategy should be modified given new 

costs to be considered, such as carbon costs.  
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Cost components can be divided into traditional and non-traditional cost components [11]. 

Traditional cost models are considered only to include direct costs associated with manufacturing. 

The majority of the cost models found will be considered traditional, regardless of the 

modification as long as they do not include energy and environmental costs explicitly. In the 

literature, these costs include labour, machine (equipment), machining (process), direct materials, 

indirect materials, overhead, set up, tool, material handling and movement amongst others [3,12-

15]. The non-traditional costs are considered to be due to energy (e.g. electricity), transportation 

and the environmental burden. Environmental costs in this context are those specifically 

associated with CO2 production, such as electricity generation from fossil fuels, although it is 

known that many other costs exist. Laurent et al. [16] commented on the use of carbon foot-print 

as a sustainability indicator in manufacturing. With the advent of carbon taxes and cap and trade 

systems (carbon markets), the cost of CO2 can be determined based on geographical location 

[17,18]. Again, the level of CO2 abatement required will depend on how carbon intensive the 

electricity grid source or local power generation source is [18,19]. Recent research has an 

emphasis on energy efficiency in manufacture [20-36]. It has been proposed that minimizing the 

energy and/ or CO2 emissions can provide another avenue for redesign and optimization of 

machining parameters [20-49].  

Even though one would expect the existing economic models to be intuitive, several papers exist 

trying to find new optimization techniques through various programming codes and modifications 

of the actual equations to make them more comprehensive [e.g. 50-54]. Software models exist 

and are being developed to aid manufacturers in developing products the cheapest way possible, 

whilst monitoring failure, process parameters, energy consumption, environmental impact and 

cost [23,25,42,43,48,55,56]. The difficulty here is that literature is lacking detail as to the types of 



 

13 

 

models and equations being used within some of the software systems. These modeling 

techniques are only as good as the underlying equations, constraints and inputs available, which 

must be treated with caution. Despite the shortcomings in academic literature, companies have 

continued their own developments on this front, which was not available knowledge for this 

work. 

Current sustainable manufacturing (SM) strategies incorporate lean manufacturing, which targets 

deadly wastes, and life cycle assessment (LCA), which ensures eco-efficiency “from cradle to 

grave” [49,57-61]. In general, LCA models are static whereas new tools, such as SIMTER [42] 

propose a dynamic modeling tool for monitoring the manufacturing process and design 

development. Options for producing greener products depend on the stage of the life cycle being 

tackled; each one having different costs and benefits. Three examples from an energy perspective 

are re-designing products that use less energy in manufacture, re-designing more efficient 

manufacturing equipment and using resources that are less energy intensive. Figure 2-1 shows 

how energy and greenhouse gases (GHGs) occur at the different stages of the LCA of a product. 

 

 

Figure 2-1. The Life Cycle of a Product, showing the stages [18]. 
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2.2 Survey of Economic Models 

A comprehensive survey of cost models is covered, although it is difficult to capture all versions, 

modification and types. An illustration of the breakdown of costs to consider for a product is 

shown in Figure 2-2 . A survey of the traditional cost models will be covered, along with what 

energy and CO2 costs have been added thus far. Transportation costs will not be covered in this 

work. Table 2-1 summarizes the symbols used in the models in the survey. In general, 7 

traditional models and 3 non-traditional models are covered. In terms of energy, the direct and 

ancillary energy will be focused on. For environmental costs, the CO2 emissions cost will be 

focused on. In the survey, the models will be given numbers for easier discussion. 

 

 

Figure 2-2. General Cost Model Components. 
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Table 2-1: Table of Symbols and Abbreviations used in models in survey. 

Symbol Definition Symbol Definition 
Cp Cost per part CCO2 CO2 Emission Cost (using CESTM ) 
Cm,cm Machining cost (process) CED Direct Energy Cost  
Cs.cp Set up/ Preparation cost CEID Indirect Energy Cost 
Cl Handling/ Idling- cost of 

loading and unloading 
Cop direct operating cost for producing one 

non-defective part 
Cc,cc Indirect tool cost (time for tool 

changes due to tool wear), tool 
change cost 

Cinv distributed capital cost investment cost 
related to depreciation of equipment and 
building space 

CT Direct tool cost (insert and tool 
holder cost 

ct Tool cost 

Ct = CT+Cc Total Tooling Cost Ck Total cost of component k 
cc Cost per cut cij Cost per driver j in cost center i 
Cr Cost rate during cut [$/ time] nijk Number of times cost center i is used by 

component k 
lc Length of cut [distance] ECpart Energy consumed in making the part 
V Cutting speed [distance/time] ECT ,ED Total direct process energy used in 

making the part 
T Total time for operation/ tool 

life [time] 
ECancillary Ancillary energy used in making the part 

td Tool index or change time 
(time) [time] 

EID Indirect energy consumed 

Y Tool cost per usage or cut [$] KCO2 Cost of carbon dioxide emissions 
ts Set up time [time] CES™ Carbon Emission Signature [18] 

 

2.2.1 Traditional Cost Models 

Model 1: Taylor’s time and cost models are the fundamental metal cutting models in machining 

handbooks depicting cutting time per cut, cost per cut and the important Taylor tool life (wear) 

equation for maximizing tool life [9]. The cost per cut is described in Eqn 2-1. 

Y
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      2-1
 

The cost per cut can then be used to determine the cost per part knowing the number of cuts 

required. The first group of terms express the set up cost, followed by the cutting (machining) 
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cost, tool change cost and tool cost. This model forms the fundamental backbone of later models. 

From the basic Taylor cost model, more generally used models came in the form of a summation 

of various costs as before, with the addition of various components. Single variable and multi-

variable optimization was then used to optimize the underlying parameters in the process. Only a 

few will be covered. 

Model 2: A traditional accounting cost model or Scientific Management was one that showed 

efficiency and ensured the use of resources lead to the best way of doing work. This was roughly 

estimated by understanding the fixed and variable costs associated with a process as shown in 

Eqn 2-2 [9], 

Total Cost= Fixed Cost + Variable Cost       2-2 

where the fixed cost was the overhead (depreciation etc.) and the variable cost was material and 

labour cost [9]. The sum of all standard costs and variances (i.e. deviations) were then used as the 

measures of efficiency. This idea has been further developed to be used in break even studies and 

product pricing from a business perspective rather than a machining parameter focus. 

Model 3: The Taylor models treated parameters such as speed or depth of cut one variable at a 

time when trying to optimize a machining parameter. Later work by Ravignani, Tipnis and 

Friedmans and others lead the way of multi-variable optimization, as an extension of the Taylor 

cost model [9]. This resulted in the Rate-Tool Life Function (R-T-F) which describes the trade-

off between tool life and cutting rate and therefore machining time and costs [9]. Further, Tipnis 

et al. [1] introduced sensitivity analysis for such economic models to be able to find economically 

feasible machining parameters. The series of equations can be found in their paper. 
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Model 4: In a study done by Okushima and Hitomi [15], adapting the work of Gilbert [62,63], the 

production cost per piece was expressed as the summation of preparation cost , the machining 

cost (process), tool change cost and actual tool cost as shown in Eqn 2-3. The preparation cost is 

independent of cutting speed and comprises the direct labour and overhead cost for such things as 

loading and unloading of work pieces and the approach of a cutting tool to the work piece to 

name a few. The material cost is then added to the production cost per piece. Beyond the idea of 

minimum-cost cutting speed, they proposed that aiming at the profit after sales of products rather 

that the production cost itself would yield a profit per piece more beneficial for finding the 

profitable production rate for a line – finding the maximum profit cutting speed. The description 

of each term depends on the process and is covered in an example in their paper. 

mccccmcc tcmprtotal 
       2-3

 

Dewhurst and Boothroyd [64] use a similar method for estimating the cost of a part during the 

design phase. Thus the cost of the piece sums the machining cost, tool and tool change cost. It 

lacks non-productive costs and acknowledges its limitations; restricting its use to only simple cost 

estimation. This model is not detailed in the study because it is similar to Eqn 2-3 reported above. 

Model 5: A similar model widely used in machining handbooks and courses and can be found in 

the textbook by Kalpakjian and Schmid [3] and it expresses the cost per piece as a summation of 

machining cost, set-up cost (preparation), total tooling cost and loading/ handling cost, similar to 

model 4, as shown in Eqn 2-4. 

tlsmp CCCCC 
        2-4

 



 

18 

 

However, model 5 does not include material costs when optimizing machining parameters, since 

this is often a fixed consideration. 

Model 6: Cauchick-Miguel and Coppini [12] modified model 5 to determine the cost per part 

more precisely by adding two contribution factors. One contribution factor depends on the 

operational costs and productivity of the machine tool and the other takes into account technical 

parameters for machine tool evaluation [12]. Their paper used it for a real workshop and 

incorporated such costs as direct wages, operational expenses, depreciation, indirect materials, 

indirect salaries, electricity and departmental cost. Although not explicitly shown in the model, 

electricity is accounted for, but without resolution for direct energy associated with the process.  

Model 7: Another model that used mostly traditional components is by Yang and Song [65]. 

Yang and Song [65] indicated engineering economics or cost factors as including labour, 

materials, tooling, equipment, lubricant, overhead, electricity, water, maintenance, building space 

and others. The total manufacturing cost per part in their economic model is given in general by 

the Eqn 2-5, 

invopp  C  C Cfacturing Total manu 
      2-5

 

where Cop is the direct operating cost for producing one non-defective part and Cinv is the 

distributed capital cost investment cost related to depreciation of equipment and building space. 

Again the cost of electricity is not explicitly determined.  

General Summation Models: Finally, instead of explicit models, cost matrices and summations 

have been suggested to capture all costs when considering design and manufacturing. Kutay and 

Finger [66] outlined that the cost for a component could be estimated knowing the cost drivers 
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(such as labour) used by the component in a specific cost center (part of the company) and the 

unit cost of each driver. This process is summarised by Eqn 2-6,  


 


I

i

J

j
ijkijk ncC

1 1           2-6
 

where 
 Ck= total cost of component k 
 cij=cost per cost driver j in cost center i 
 nijk= number of times cost driver in cost center i is used by component k 

They also suggested that linking the cost of components to the features of the product would aid 

in the prediction of the contribution of a certain feature to the total cost of the component. 

Although specific costs are not detailed here, this methodology can be extended to encompass 

any and all available costs. Similarly, Egbelu et al. [67] used a unit cost matrix to express various 

costs for manufacture of a component related to numerous variables. Whilst the analysis is for 

macroeconomic considerations, additional non-traditional costs can be added. 

2.2.2 Non-traditional models 

The need for energy efficiency in manufacturing with regards to depleting energy resources drove 

the introduction of accounting for energy costs in the models [11,18,43] or energy efficiency in 

SM [e.g. 37,45,46,48,55]. Previously, locations with the cheapest energy sources (apart from 

skilled labour and cheaper resources) drove the location of energy intensive manufacturing 

operations. In the past three decades, the knowledge of global warming, plant and animal 

extinction, depletion of fossil fuels and environmental destruction through exploitation of 

resources and pollution has driven a need to account for the environmental costs as well [68]. 

Environmental or ecological economics indicate that the efficient allocation of resources requires 

full accounting of all costs, which include environmental damage. It assumes that if firms fully 
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internalize1 the cost of negative externalities2 of their products (processes), the correct production 

quantity will be allocated by the economy [68,69]. Carbon taxes and cap and trade (similar to 

sulphur dioxide cap and trade in North America) are methods of trying to internalize the cost of 

CO2 emission production through creating a market to moderate the distribution of a global bad3. 

Thus, sustainable manufacturing has considered the impact of CO2 emissions [11,16,19,37,39-

41,44,46,70,71]. Some cost models that consider energy and/or the environment in machining are 

outlined here. 

Model 8: Tipnis [9], without deriving an exact model, suggested that the framework for life cycle 

economics in manufacturing should take the form of the inequality (equation) 2-7. 

 (Actual Costs + Penalty Costs - Opportunity Costs) ≤ Target Cost       2-7 

The target cost is the difference between the desired profit and competitive product price for the 

manufactured product. The actual costs include materials, labour, manufacturing and supporting 

functions. The penalty costs would include those associated with the environmental risks of 

manufacturing, storing, disposing and/or recycling the product. Potential opportunity costs would 

be those that allow advantageous/ timely competitive actions or positions, such as environmental 

and ecological stewardship. Apart from cost, timing would be important for feasibility and could 

be considered in a similar inequality. This concept would consider how the LCA of a product 

could affect its life cycle economics, and therefore the correct price to be allocated to it today. 

                                                      
1 Internalize - incorporate within 
2 Externality: The side effect on an individual or entity due to the actions of another individual or entity. 
3 In economics, a bad is the opposite of a good. "Bads" can be thought of as any goods with a negative value to the 
consumer, or a negative price in the marketplace.[68] 
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Model 9: Kaebernick et al. [72] introduced a cost model that integrated production and 

environmental costs, as well as the technical status of an old product for re-use. This was an 

attempt to improve end of life (EOL) costing as part of LCA and economics. The product gain 

(PG) was the difference between the product value (PVL) and the product life cycle cost (PLCC) 

as shown in Eqn 2-8. PLCC includes the product cost and environmental costs.  

PLCCPVLPG               2-8 

The limitation of the model is the evaluation of environmental costs and the product effectiveness 

(PE), which decreases with time. LCA methodology is generally used for this; the limitation 

being the boundaries and inputs in the LCA analysis. The focus in this study was the idea of re-

manufacturing instead of disposal of parts. In their example, confidentiality requirements make it 

difficult to understand how the inputs are developed and used. None-the-less, their example gives 

ample insight into how the model could be used if the data are available, although specific 

machining parameters cannot be optimized from it. 

Next, the idea of accounting for indirect, ancillary and direct energy in manufacturing or 

machining can be found in several works [11,18,43,48,73]. Herrmann and Thiede [43] specified 

that the electricity cost depends on the load profile of the machine and specific pattern of 

consumption (time of use billing). Jeswiet and Nava [18] and Jeswiet and Kara [74] illustrated the 

dependence of the carbon emission signature (CES™) or emission intensity (EI) of the electrical 

grid on geographical location. Direct energy costs are those used by the equipment in 

manufacturing the part, whilst ancillary costs can be considered those associated with supporting 

activities being used to run the given equipment. For example, this could include air compressor, 

lubrication pumps, and so on. Further, leakage of certain devices, like compressors, represented 
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wasted energy. Finally, indirect energy is that associated with maintaining the process 

environment, such as temperature and lighting, which is often ignored on the micro planning 

level. The cost of energy per part can therefore be derived knowing the energy consumed (EC) by 

the part in its manufacture as shown in Eqn 2-9 [74]. 

ancillaryTpart ECECEC 
          2-9

 

The electricity price can convert the energy to a cost and the carbon price (carbon tax, cap and 

trade or abatement project), knowing the carbon intensity of the source (CESTM), can then be used 

to convert the energy used to a carbon cost (CCO2). 

Model 10: Anderberg et al. [11] suggested an extension to the traditional cost model from 

Kalpakjian and Schmid [3] to encompass the non-traditional costs: direct energy cost (CED ), 

indirect energy (CEID ) cost (indirect and ancillary) and CO2 emission costs (CCO2 ). In this model, 

direct energy costs were associated with the direct power used by the machine tool or machine 

spindle. The indirect energy was associated with the power that was not a function of the cutting 

operation that occurs during set up, tool change, and machining. It consists of the power used 

when running computers, fans, unloaded motors, and servos [75]. Anderberg et al. [11] indicate 

that the limitations of their model include its use for dry cutting only, having the only 

environmental consideration as CO2 emissions from energy and that total life cycle of the product 

is not included. Their model is shown in Eqn 2-10, where the non-traditional costs are expressed 

in the implicit additions from Eqns 2-11 and 2-12.  

nontradCTlsmp CCCCCCC 
        2-10

 

2COEIDEDnontrad CCCC             2-11 
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       2-12 

In Eqn 2-12, conversions are used to account for the units of CES ™ [kg CO2/GJ] and KCO2 

[$/tonne CO2]. CES™ is converted to kg CO2 /kWh4 (by dividing by 1000/3.6), and KCO2 is 

converted to [$/kg CO2] by dividing by 1000. 

2.2.3 Summary of the Microeconomic Models 

Table 2-2 summarizes the advantages and limitations of the 10 microeconomic models under 

study. Although many other papers were found, most either were similar to these models or 

contained only a general framework or qualitative description. As can be seen from the table, the 

economic models for machining or manufacturing has been developing to include more terms and 

better quantification. The final model is one of the first, outside LCA costing, to include energy 

split into direct and indirect costs, and carbon costs. From the summary, it is clear that models are 

approaching a better representation of full cost accounting. However, fully accounting for 

environmental costs is still lacking in an economic model. Furthermore, linking the ancillary or 

indirect costs to the machining parameters is not clear. Figure 2-2 outlined the cost components or 

drivers when considering an economic model for a part. Table 2-3 summarizes the cost drivers 

when considering the cost of manufacturing a part and the general quantification methodology 

and its limitations. Comparing the list in Table 2-3 and the models outlined in Table 2-2, one can 

see that there is a lack of environmental cost drivers such as waste cost and full carbon cost. 

 

 

                                                      
4 1 kWh = 3600 kJ = 3.6 GJ. (1000/3.6) kWh = 1 GJ 
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Table 2-2: Summary of advantages and limitations in 10 microeconomic models. 

Model Costs Advantages Limitations/ shortcomings Source

1 
set-up, cutting 

(machining), tool, 
tool change 

Taylor Model: Simple model 
forming basis for future 

models 

Lacks energy, environment, overhead 
and other costs 

[9] 

2 
fixed and variable: 
overhead, material, 

labour etc. 

Framework for fixed and 
variable costs. Used for 
pricing and efficiency. 

Lacks information specifically 
related to the manufacturing process.

[9] 

3 same as (1) 
multi-variable optimization 
including axial and radial 

cuts 
same as (1) [9] 

4 

preparation 
(including direct 

labour and overhead), 
machining (process), 
tool change and tool 

Simple model - extension of 
Taylor concept (1). Can be 

used for parameter 
optimization. 

Lacks energy and environmental 
costs 

[15] 

5 

machining, set-up 
(preparation), total 

tooling and loading/ 
handling (materials) 

Simple model - extension of 
Taylor (1). Better description 

of costs. Can be used for 
parameter optimization. 

Lacks energy and environmental 
costs 

[3] 

6 

same as (5) but 
includes more wage 

data, overhead 
breakdown and 

electricity 

Included direct electricity. 
More complex model with 

contribution factors to better 
estimate the traditional costs 

related to automation 
productivity etc. 

Lacks environment and energy 
consumption breakdown. 

[12] 

7 
direct operating and 
investment with (5) 

and (6) included 

Good for scale up to batch. 
Splits up short term and long 

term costs. 

Lacks indirect energy costs and 
environmental costs. Lacks resolution 

for optimization 
[65] 

8 
Actual, penalty and 
opportunity costs 

Simple economic inequality. 
Useful framework to develop 

further models. 

Lacks explicit definitions of variables 
to use the model for optimization. 

[9] 

9 
product manufacture 
and re-use/ re-design 

Better end of life costing 
when recycling, reusing or 
disposing a product. Does 

include environmental impact
on larger scope. 

Limited by LCA methodology and 
inputs. Good for re-manufacturing 

considerations, i.e. not 
manufacturing. Lacks resolution for 

optimization. 

[72] 

10 

Same as (5), but adds 
direct and indirect 
energy and carbon 

costs 

Included non-traditional 
costs. Energy cost is 

straightforward. Carbon costs 
can be cap and trade cost. 
Can be used for parameter 

optimization. 

Limitation in the indirect energy 
accounting (standby energy is 

omitted). Done for dry machining (no 
impact from cutting fluids). Lacking 

additional environmental impacts 
beyond carbon from energy. Life 

cycle aspects of tool omitted. 

[11] 
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Table 2-3: Summary of cost drivers classified from the models. 

Cost Quantification method Limitations 

Machining 
(Process) 

Add labour cost of production operation 
and burden rate5/overhead charge of 
machine (include depreciation, 
maintenance, indirect labour etc.) during 
machining time. Based on charts/ cost 
centers. 

No defined scope. May contain 
electricity usage or lubrication 
maintenance needed in running the 
machine. 

Set up 
Fixed figure in dollar per piece for 
mounting parts, preparing machines, 
design etc. Based on charts/ cost centers. 

No defined scope. May contain 
electricity usage in starting up 
machine. 

Loading, unloading, 
idling and machine 

handling 

Same as machining, except for the time 
used in loading and unloading the part, 
changing speeds, feed rates etc. Based on 
charts/ cost centers. 

No defined scope. May contain 
electricity usage in starting up 
machine. 

Tooling (actual 
cost, changing and 

re-grinding, 
depreciation) 

Include cost of tool, depreciation of tool, 
labour and burden rate for tool grinding, 
labour and burden rate for tool change. 
Based on charts/ cost centers, tool life 

Depends on parts machined per tool 
grind. LCA of tool may be included. 

Direct energy 

Cost of electricity and energy used in 
manufacture. Determined by specific 
energy requirements of the process and 
process rate (MRR)6 

May not always be exact process. 
However, lots of case studies and 
tables available. 

Ancillary energy 

Cost of electricity used in ancillary 
operations not directly concerned with 
cutting. Can re obtained from knowing 
power consumption of equipment when 
unloaded. 

Considers often only the base load 
power of the machine or other 
equipment. More work needed in 
assessing this relation.  

Indirect Energy 
Cost of electricity used in maintaining the 
process environment such as lighting. Not 
directly related to the process. 

Most often considered in the 
overhead costs of the facility. Does 
not usually greatly affect process 
parameters for machining.  

Carbon cost 
Related to carbon market system 
available. Usually related carbon dioxide 
emissions due to electricity usage 

Carbon price is variable and depends 
on carbon tax or cap and trade. 
Carbon is not only from electricity.  

Waste cost Waste management costs 
Depends on materials type and 
location 

Water cost 
Based on usage and water rate (sewage 
also) 

Usually wrapped up in overhead 
cost 

Material cost 
Charts and supplier data. Can also be 
indirect material cost for coolant, 
lubrication, compressed air etc. 

Cost considered as given and 
constrained by suppliers 

                                                      
5 Burden rate: overhead charge of particular operation or item. 
6 MRR is the material removal rate during the process for cutting operations 
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2.3 Literature Review of Energy and Environmental Considerations 

In order to consider the cost of energy and the environmental externalities, they must first be 

quantified. Several papers have suggested ways of quantifying the energy and environmental 

burden of manufacturing processes. In addition, there are many tools to assist in quantifying the 

data. 

2.3.1 Energy Quantification 

The direct energy required for a cutting process can be determined from thermodynamics 

knowing the specific energy required for cutting [3,73]. Gutowski et al. [73] indicated that the 

total electricity requirements for manufacturing processes could be described by Eqn 2-13, 

vkPP  0           2-13 

 where   

P – total power, in kW, 
P0–idle power, in kW, 
v–the rate of material processing in cm3/s (or material removal rate, MRR), and 
k – a constant, with units of kJ/cm3 which is the specific cutting energy related to the work piece 
and cutting characteristics. 

The idle power in this case could be due to equipment required to support the process such as a 

coolant pump, hydraulic pump, computer console and other idling equipment. In general, it was 

assumed that the idle power was constant sometimes for a given process. Figure 2-3 illustrated 

the specific energy requirements at different process rates and for different manufacturing 

processes. The limitation of the work is that only a few specific settings are used for each 

operation, not giving a predictive model for optimization purposes [30]. 
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Figure 2-3. Specific electricity requirements for various manufacturing processes as a 
function of the rate of material processed [73]. 

Narita et al. [38-41] indicated that the Numerical Control (NC)/ Computer numerical control 

(CNC) program of a mill could be used along with workpiece and cutting tool models to get 

energy and other required data about the process, such as load profiles. Their contribution is 

covered in more detail in section 2.3.2. 

Rajemi et al. [45] suggested a new minimum energy criterion when optimizing machining 

parameters, accounting for the direct and ancillary energy of the process as in Gutowski et al., 

[73], in addition to the embodied energy to the tool. They concluded that the traditional minimum 

cost criterion from Kalpakjian and Schmid [3] did not necessarily satisfy the requirement for 
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minimum energy. In fact, evaluating the energy footprint in manufacturing requires clarification 

in system boundaries similar to LCA. 

To support energy efficient manufacturing, Rahimifard et al. [48] suggested minimizing the 

embodied product energy (EPE). In the EPE framework, the energy consumed by various 

activities within a manufacturing application is broken into direct and indirect energy. They noted 

that, whilst energy considerations are included over the LCA of a product, the data intensive 

nature of LCA and the lack of accurate data related to energy consumption across the life cycle 

lead to significant assumptions and simplifications. They recommended their EPE framework as a 

more holistic approach to get the embodied energy during the manufacturing phase of the LCA of 

the product. Note that this model is for the entire operation as opposed to a process level 

optimization and an example is still needed to see how optimization could be done. The paper 

outlined that the model could be used to get both process and batch information about energy 

consumed, which could help with design improvements and operational improvements. 

Vijayaraghavan and Dornfeld [55] introduced a “framework based on event stream processing to 

temporally analyze the energy consumptions and operational data of machine tools and other 

manufacturing equipment” that can be used for process control, microplanning, macroplanning 

and production planning. Although a real time implementation of the framework is not given, 

they demonstrated how energy monitoring could be done using energy consumption and process 

parameter profiles from machining experiments. They used MTConnect (SM) standards and data 

collection to get the operational data about the machine tool being monitored for energy 

consumption. They proposed that automated energy monitoring will reduce the complexity of 

data acquisition, planning and environmental considerations. 
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Contrarily, Lanz et al. [47] discussed the impact of energy measurements as an indicator for 

sustainable manufacturing. From their preliminary results, they indicated that the potential cost 

savings in energy will be minimal in CNC operations. They believed that the savings would not 

justify investment in real time energy tracking technologies for manufacturers. It was suggested 

that manufacturers should focus energy saving considerations on the system level rather than the 

single operational level to have a significant financial impact. In addition, energy should be 

considered alongside other sustainable factors, like recycling and waste to improve sustainable 

manufacturing. 

Finally, Kara et al. [27] summarized how electrical metering and monitoring can be done in 

manufacturing systems at various levels, depending on the economics and scale. In the case of 

single machining operations, Tӧnissen [20], Kara and Li [30], Weinert et al. [23] and Diaz et al. 

[35,36] demonstrated that energy measurements can be made on equipment and characterized so 

that they can be related to process parameters. 

2.3.2 Environmental Burden 

In many studies, the environmental burden is considered to be due to CO2 emissions only. 

2.3.2.1 Lubricants and coolants 

Klocke and Eisenblatter [76] described that there are increasing economic and environmental 

concerns of using cooling lubricants (CL). Considering the German machining industry, they 

quoted that over 75,000 tonnes of CL were consumed during a single year (approx. €100 Million) 

and represented about 14% of the work-piece related manufacturing cost. Nava [77,78] included 

the idea of considering the CO2 emissions associated with lubrication used in machining. In this 

study the environmental impact of both traditional lubrication and two non-conventional 
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ecologically benign lubricants were experimentally tested. The global warming potential (GWP) 

of the lubricants considering both production and disposal, was used to measure the CO2 

emissions from the lubricant’s use. This was then converted to a cost knowing the carbon price as 

mentioned before. Further, Boswell and Chandratilleke [70] suggested that the environmental 

(CO2) burden of a dry (air) coolant could be used to find the cheapest coolant using Eqn 2-14, 

ee CPCSCUTC            2-14 

where 

Ce – environmental burden of coolant (air) ($/kg), 
CUT – coolant usage time (s), 
CS – cutting fluid discharge (L/s), and 
CPe – environmental burden of coolant production (kg CO2/L), 

The environmental burden of coolant production, CPe is used to convert the coolant used to a 

cost, knowing the energy used to produce the volume of fluid discharge. The methodology for 

calculating the cost of compressed air per hour was outlined.  

2.3.2.2 LCA methodology and existing software projects 

Narita et al. [39] introduced an environmental burden analyzer based on the LCA method to 

quantify the carbon footprint associated with a machining operation. This was then used to find 

the machining operation with the lowest environmental impact. The CO2 emissions were due to 

electricity consumption of both direct and ancillary operations, and the production and disposal 

burden associated with the coolant, lubricant, cutting tool and metal chips. The series of equations 

and the numerical example for a NC vertical mill is outlined in their paper. Since this 

methodology will be used later in this work, some of the pertinent equations will be outlined here. 
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Electric consumption of machine tool Burden (Ee) 

The environmental burden due to the electrical consumption of the specific machine in the study 

is calculated using Eqn 2-15 [39], 
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2

1
    2-15 

where: 

EI – Emission intensity 
EC – Electric Consumption 
k – EI of electricity [kg CO2/kWh] 
SME – EC of servo motors [kWh] 
SPE – EC of spindle motor [kWh] 
SCE – EC of cooling system of spindle [kWh] 
CME – EC of compressor [kWh] 
CPE – EC of coolant pump [kWh] 
TCE1 – EC of lift up chip conveyor [kWh] 
TCE2 – EC of chip conveyor in machine tool [kWh] 
ATCE – EC of ATC [kWh] 
MGE – EC of tool magazine [kWh] 
VAE – EC by vampire energy/ wasted energy [kWh] 
  

The paper noted that the electric consumption can be calculated from the run time of the 

components, with the exception of the servo and spindle directly involved in the process. Since 

the cutting spindle motor and servo motors vary dynamically according to the machining process, 

the cutting force torque models were considered. 

Coolant Burden (Ce) 

There were two types of cutting fluid in the paper: water immiscible and water miscible. The 

water soluble case will be covered here as it is used in this work. The coolant mixture is generally 

circulated by the coolant pump until the coolant is updated. Also, the coolant adheres to some of 
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the metal chips and the table such that it is reduced during the process and must be updated. In the 

case of a machine lacking an enclosure, additional coolant is lost due to splashing. Hence, cutting 

fluid must be supplied to compensate for this. The dilution fluid (water) must also be supplied at 

regular intervals due to loss through evaporation. The environmental burden can be calculated as 

shown in Eqn 2-16 [39],  

     )()( AWAQWAQWAeACCCCDeCPe
CL

CUT
Ce      2-16 

where: 

CUT – Coolant usage time in an NC (Numerical control) program [s] 
CL – Mean interval of coolant updates [s] 
CPe – EI of cutting fluid production [kg CO2/L] 
CDe – EI of cutting fluid disposal [kg CO2/L] 
CC– Initial coolant quantity [L] 
AC– Additional supplement quantity of coolant [L] 
WAe– EI of water distribution [kg CO2/L] 
WAQ– Initial quantity of Water [L] 
AWAQ– Additional supplemental quantity of Water [L]  
 

Note that this calculation must be adjusted to being per part in the analysis. Amounts can be 

quantified knowing the discharge rates (if available) and run times of the process. 

Lubricant Oil Burden (LOe) 

The lubricant oil is mainly used for the spindle and slide way, and represents minute quantities. 

How to determine it for the spindle will be shown, although a similar calculation can be done for 

the slide away or if lubrication grease is applied. Eqn 2-17 and 2-18 outline this method [39]; 

LeSeLOe           2-17 

where: 

LOe – Environmental burden (EB) of lubricant oil 
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Se – EB of spindle lubricant oil [kg CO2] 
Le – EB of slide way lubricant oil [kg CO2] 
 

)( SDeSPeSV
SI

SRT
Se         2-18 

where: 

SRT– Spindle runtime in an NC program [s] 
SV– Discharge rate of spindle lubricant [L/s] 
SI– Mean interval between discharges [s] 
SPe– EI of spindle lubricant oil production [kg CO2/L] 
SDe– EI of spindle lubricant oil disposal [kg CO2/L] 
 

Cutting Tool Burden (TLe) 

Cutting tools are managed from the viewpoint of tool life. The cutting tools can be recovered by 

grinding after reaching their life limit. Environmental burden is calculated by comparing the tool 

life and the machining process time as shown in Eqn 2-19 [39], 

  )(
)1(
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     2-19 

where: 

MT– Machining time [s] 
T– Tool life [s] 
TPe– EI of cutting tool production [kg CO2/kg] 
TDe– EI of cutting tool disposal [kg CO2/kg] 
TW– Tool Weight [kg] 
TNR– Total number of recoveries (re-grinding or dressing) 
RGe– EI of re-grinding or re-dressing [kg CO2] 
 

Metal Chip Burden (CHe) 

Finally, in some mills, the metal chips and coolant are separated, and the metal chips are then 

recycled by an electric furnace. The equation given considers not the material type, but the 
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process needed to recycle the material. Eqn 2-20 described how the metal chip environmental 

burden is done in the paper [39],  

WDeMDPVWPVCHe  )(        2-20 

where: 

WPV– Work piece volume [cm3] 
PV– Product volume [cm3] 
MD – Material density of workpiece [kg/ cm3] 
WDe – EI of metal chip processing process [kg CO2/kg] 
 

Finally, the environmental burdens can be added together. Whilst this method seems information 

intensive, outputs of this nature can be obtained from databases and NC programs. However, 

there is still lacking data in LCA databases for lubricants, coolants and tools that are comparable 

to the number of products on the market. 

The SIMTER project [42] is another simulation project, but goes beyond just CO2 emissions in 

their analysis. Their tool was designed for an entire manufacturing system to calculate energy 

efficiency, CO2 emissions and other environmental impacts integrated into the simulation 

software. Their tool was simply added to the larger machine monitoring framework, but the 

limitation was that it depends on databases that have factors that can be used to quantify the 

environmental burden of different parts of the process, such as Green SCOR and the EU LCA 

platform. SIMTER represented a more complete analysis framework, taking almost every aspect 

in manufacturing into account. What is left for remaining research is to further improve on the 

underlying models and to apply economics to the planning to assess impacts of decisions on 

product pricing.  
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Yan and Fei [46] introduced another methodology for addressing the energy consumption and 

environmental impacts of machining processes from a production operation level, beyond design 

and process planning activities. Since the energy consumption and environmental impacts of 

machining processes are very complicated, they suggested that using one model for all 

considerations is too complex to be practical. To find the optimized machining process at the 

production operational level, they proposed a framework establishing schematic procedures to do 

this. Their paper covers a case study comparing a batch of jobs for seven kinds of gear in a 

machine shop.  

Finally, Shao et al. [56] proposed a virtual machining model (VMM) for sustainable analysis to 

assess the environmental analysis of machining based on LCA similar to Narita et al. [39]. The 

VMM should allow analyzing, validating and optimizing the functionality of the machine tool, 

the CNC controller and cutting process. The aim was to allow improvements to be considered 

offline in order to avoid expensive downtime and possible manufacturing disruptions until a 

concept is proven. Although their work does not show explicit costs, adding it onto their 

framework could be useful. Their procedure is outlined by the following list which could be 

useful in modelling and optimizing any process and represent the general steps that were taken in 

this work: 

1. Define a machining problem by setting up a set of objectives and scope  
2. Identify the key performance indicators that includes sustainability indicators and their 

metrics for machining processes  
3. Create the virtual machining model (a simulation model of the machine tool under study ) 
4. Define a test part for the study  
5. Develop models of workpiece, fixtures, and cutting tools  
6. Identify and develop the model for each sustainable indicator such as energy consumption  
7. Collect the relevant data from a real machine if necessary  
8. Collect data from the machine specification  
9. Collect data from the LCA database  



 

36 

 

10. Develop methods to extract intermediate data from the virtual machining model  
11. Process the raw data to extract the useful subset for modeling purpose  
12. Format and input appropriate sustainability data according to the input data requirement of 

the simulation software  
13. Create test scenarios  
14. Execute the NC program in the virtual environment  
15. Generate simulation results that include virtual part and NC validation report  
16. Modify NC program if necessary  
17. Repeat step 14 until the NC is validated  
18. Generate sustainability report by executing the correct NC program  
19. Analyze the key sustainability performance indicators such as total emissions  

 
In summary, the relevant data needed for an economic model should be attainable from the CNC 

programs, LCA databases, using raw data to gauge inputs and existing machining models. The 

method that is employed will be highly dependent on the goal and available data.  
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Chapter 3 

Greenhouse Gases Emitted in Manufacturing a Product – A New 

Economic Model7 

3.1 Chapter Introduction 

This chapter contains the new economic model by the author that has been published in the 

Annals of CIRP, 2011 and presented at the General Assembly in August, 2011. Required 

extensions to the model and method of optimization used in this thesis are appended. 

3.2 Abstract 

In this section, a machining microeconomic model that can optimize machining parameters and 

include all energy and environmental costs is proposed. A survey of microeconomic machining 

cost models is covered, with the result that a new cost model has been developed based on life 

cycle analysis (LCA) methodology. The scope includes the initial part production. Theoretical 

and actual experimental results are used to illustrate the model’s implications with respect to 

carbon emissions and cost sensitivity. It is shown that for a manufacturing strategy, more 

certainty is required for inputs like carbon pricing to reduce financial risk. The limitations of the 

model, policy issues and future work are outlined.  

3.3 Introduction 

Greenhouse gas (GHG) emissions, mainly carbon dioxide (CO2) emissions, are on the global 

agenda with regard to climate change. Manufacturing operations are naturally energy intensive 

                                                      
7 Branker, K., Jeswiet, J., Kim, I.Y., 2011, Greenhouse gases emitted in manufacturing a product – A new 
economic model, Annals of CIRP, 60 (1), 53-56. 
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and electricity generated from fossil fuels is a major CO2 contributor [1]. Life Cycle Assessment 

(LCA) is still a maturing methodology being used to consider product sustainability assessing the 

full range of environmental and social damages assignable to a product [1, 2]. Increasing 

commodity prices and consumer pressure are driving environmentally conscious business strategy 

to gain economic advantage through effective energy and cradle-to-grave (LCA) product 

management [3,4]. The manufacturing industry is always concerned with finding optimum 

machining parameters, but is usually limited to cost, productivity and quality, excluding the 

environmental burden [5-8]. However, environmental costs like carbon pricing introduce another 

aspect for contract competition. For example, the growth of Enterprise Carbon Accounting 

software is being driven by cost reduction initiatives, government legislature and supply chain 

pressure for sustainability [9].  

 

3.4 Literature Review 

LCA is an important concept that affects the economics of a product and when combined with 

existing manufacturing economic models, produces a more complete model. The method 

presented here improves the energy and environmental burden accounting in the initial 

manufacturing of a product.  

3.4.1 Microeconomic Cost Models 

Manufacturing and machining economic models can be divided into microeconomic and 

macroeconomic models [10,11]. This paper is concerned with microeconomic models that detail 

the cost per piece or component being machined and entails modifying or optimizing individual 

design or process parameters. Commonly optimized parameters to minimize machine cost are 

cutting speed and tool life [5,6]. A survey of 150 design and manufacturing companies revealed 
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that more effective tools are required for cost estimation in product development [12]. With 

increasing emphasis upon CO2 emissions, there is a need to review existing cost models to 

anticipate how manufacturers can deal with new costs, like carbon cost. 

A survey of microeconomic cost models reveals that cost components or models can be divided 

into traditional (T) and non-traditional (NT) [13]. T cost models entail those direct costs 

associated with manufacturing, often not including energy and environmental considerations 

explicitly. These costs include labour, equipment, materials, overhead, tooling and material 

handling amongst others [5,14-15]. NT costs are due to energy, transportation and environmental 

burden [13]. Recent research revolves around energy and specifically CO2 reduction as ways to 

achieve sustainable manufacturing, developing more terms and better quantification [1,13,16-25], 

thereby approaching a full cost accounting. However, fully accounting for environmental costs is 

still lacking in economic models. Also, linking ancillary or indirect energy costs to machining 

parameters is not clear. 

3.4.2 Energy and Environmental Accounting 

An important distinction is the classification of energy. It can be considered at the “process” and 

“plant” level [25]. Although Anderberg et al. [13] uses direct and indirect energy to divide energy 

used in the manufacturing ‘process’, these terms regularly refer to that for the process versus the 

overhead facility in the plant [20,25]. Rahimifard et al. [25] considers direct energy to be the sum 

of theoretical energy and the supporting auxiliary energy. The theoretical energy is the minimum 

energy required related to specific energy of the process [5,25,26]. 

Since microeconomic models are concerned with the process level, in this paper, the theoretical 

energy will be the Direct Energy (ED) and the energy for support systems will be the Ancillary 
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Energy (EA). Thus the direct and ancillary energy are associated with the process, whilst indirect 

energy is associated with maintaining the process (plant) environment.  

The DE required for a cutting process is well documented [5,26]. The Numerical Control program 

of a mill can be used with work piece and cutting tool models to get energy and other required 

process data [27]. A new minimum energy criterion was suggested when optimizing machining 

parameters, accounting for the direct and ancillary energy of a process and the embodied energy 

of the tool [23]. Similarly, it was suggested that minimizing the embodied product energy, fully 

accounting for direct and indirect energy, be used during manufacturing [25]. 

Most studies considering environmental burden usually use only CO2 or GHGs as the pollutant, 

although many others exist. Narita [27] outline and demonstrate an environmental burden 

analyzer based on LCA methodology to quantify the CO2 footprint of a machining operation due 

to energy and other embodied carbon sources. The SIMTER project [28], is another simulation 

project, but goes beyond just CO2 emissions. Their tool can be added to the larger machine 

monitoring framework, with the limitation being the accuracy of underlying databases and 

uncertainty in the underlying models and application of economics for planning and pricing 

decisions.  

Various models and technologies exist and are being developed for real time tracking of energy 

and CO2 footprint [e.g. 29] or doing sustainable analysis of machining. However, without 

verification, the cost savings may not justify such investments [7] and a full costing of a product 

is necessary.  
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3.5 New LCA based Microeconomic Model 

In general, detailed energy and environmental considerations are often lacking. An LCA based 

method [27] is used to develop a new economic model to investigate the impact of full accounting 

of costs in the manufacturing phase of a product’s life cycle. Although only CO2 emissions are 

considered, the framework allows for other environmental aspects to be added. The overall 

microeconomic model is a summation of several costs, as shown in Eqn 3-1, with the terms and 

supporting equations summarized in Table 3-1and Table 3-2: 

envEAEDMIDMDtlsmp CCCCCCCCCC      3-1 

where Cp is the cost per part; Cm is the machining cost; Cs is the set up cost; Ct is the tool cost; 

CMD is the direct material cost; CMID is the indirect material cost; CED is the direct energy cost; CEA 

is the ancillary energy cost and is Cenv the environmental cost. 

The first four terms in Eqn 3-1 are directly related to the machining process and are not new and 

can be determined using workpiece and cutting tool models [5]. Process energy costs are 

excluded from the overhead costs. This is a logical extension of the model by [5] and models by 

[13, 26, 27]. The energy costs are left divided as direct and ancillary costs and the final term in 

the model is an aggregate of environmental costs, like carbon cost. The carbon cost or price, 

associated with a carbon regulation will be due to energy used in the process, the lubrication, 

other materials and other CO2 emitting processes. The environmental cost term can be expressed 

as the summation of various environmental units per part knowing the cost per unit.  
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Table 3-1: Summary of terms and equation components for the new economic model. 

 Cost Term 
Definition and sub-

components 
Equation 

Eqn# 
[Ref] 

Cm 
Machining 
(Process) 

Labour cost of production 
operation and burden 

rate/overhead charge of 
machine (includes 

depreciation, maintenance, 
indirect labour etc.) for 

machining time. 

 
3-2 

 [5] 

Cs 
Set-Up 

(Preparation) 

Fixed figure in dollar per 
piece for mounting parts, 
preparing machines etc.  

3-3 

 [5] 

Cl 
Workpiece 

& equipment 
handling  

Costs for loading, 
unloading and handling the 
workpiece and equipment. 

 
3-4 

 [5] 

Ct Tooling 

Cost of tool insert and tool 
holder, related to the tool 
and tool holder life. Can 
include tool change and 

grinding costs. 
 

3-58 

[5,13]

CMD 
Direct 

Material  
Cost of material used for 

the part  3-6 

CMID 
Indirect 
Material  

Cost of lubricant, coolant 
etc. used in the process to 

make the part 
 

3-79 

 [27] 

CED 
Direct 
Energy  

Direct (theoretical) energy 
from electricity (or other) 

used in the machining 
process 

 3-8 

  

CEA 
Ancillary 
Energy  

Cost associated with 
peripheral or ancillary 

equipment and background 
energy used in the process.

  3-9 

  

Cenv 
Environment
al burden or 

cost 

Can have various sub-
components. This can 
include costs of CO2 

emissions, waste (disposal/ 
recycling) and water use. 

This paper will focus on the 
cost burden of CO2 

emissions. 

 

BQ: burden quantity, i: specific burden 
index, k: burden unit cost, N: total number 

of environment burden terms/indices 

3-10 

                                                      
8 This form of the tool cost is for a tool with inserts, such that there are terms for the inserts (i) and the 
insert tool holder (h). This is different for a tool of solid consolidation where only the tool is considered as 
seen in Chapter 7. 
9 The indirect material cost is a summation of given indirect materials. In this form, the lubricant (LO) and 
total water immiscible coolant (initial coolant and additional coolant: CC+AC) are shown. 
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Table 3-2: Summary of terms used in the cost model components. 

Symbol Meaning Symbol Meaning 
Km Cost of machining [$/s] tm Time during machining [s] 
Bm Burden Rate including 

depreciation, maintenance, taxes, 
interest rate (machining) [$/s] 

Lm Fully burdened labour rate with overhead 
(machining) [$/s] 

Kh Cost of tool holder [s] Nh Life of tool holder (given as the number 
of inserts) [unit less]  

ts Set up time [s] Ki Cost of tool/ tool insert [$] 
tl Idling time [s] T Tool life [s] 
tc Time for tool change [s] tg Time for tool grinding [s] 
Np Number of parts Kg Cost of tool grinding [$/s] 
Kcoolant Cost of coolant [$/L] n Number of edges per insert 
Klub Cost of lubricant [$/L] MD Direct material used [kg] 
CC Initial Coolant quantity [L] KM Cost of workpiece material [$/kg] 
AC Additional supplement quantity 

of coolant [L] 
ED Direct energy consumed [kWh] 

LO Lubricant oil quantity [L] EA Ancillary energy consumed [kWh] 
Po Idle power [W] KE Cost of electricity [$/kWh] 
v  Material processing rate [cm3/s] MLCO2 CO2 due to direct material (ML=MD) [kg 

CO2] 
k Specific energy requirements of 

process [J/cm3] 
TLCO2 CO2 due to tool (TL) [kg CO2] 

ECO2 CO2 due to energy [kg CO2] CHCO2 CO2 due to metal ship processing (CH) 
[kg CO2] 

COCO2 CO2 due to coolant (CO)  
[kg CO2] 

kCO2 Carbon cost/ price [$/ kg CO2] 

LOCO2 CO2 due to lubricant(LO)  
[kg CO2] 

 Use appropriate conversions: e.g. J to 
kWh for energy etc. 

 

3.5.1 Components in the model 

The first four terms in Eqn 3-1 are not new. However, the idling time can also be divided into a 

constant term (for loading and unloading) and a variable term for idle tool motion time such as 

tool travel and tool approach [6]. 

The direct material cost, CMD, is simply the cost of the material used for the workpiece less the 

savings of left over material. Indirect material cost, CMID, is for materials not included in the final 
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product, such as coolant. The amount of indirect material used is related to the process time 

which is affected by the usage time, replenishing rates and type of each material [27]. 

The ED cost is related to the minimum energy required to do the cutting process [5, 26] and the 

cost of electricity [13].The energy consumed can be determined several ways. Experimentally, 

where the energy consumed is measured and the electrical cost is known, whether fixed or at time 

of use. It can also be derived from knowing the efficiency of the operation. The ED used can also 

be derived knowing the machine specifications and energy required to remove the material; see 

Eqn 3-11 [4,26]. 

  mD tvkE              3-11 

The EA cost is related to the ancillary power that is ongoing during the entire process. It can 

consist of ancillary or peripheral equipment such as running computer, fans, unloaded motors, 

servos, including energy due to process inefficiencies like “axis jog” [23]. The EA can be 

expressed as in Eqn 3-12: 







 

T

tt
ttPE mc

msA 0

         3-12 

where Po can be considered constant or a variable function [4,13, 26]. This involves extracting the 

EA from the total energy known. If the power required is considered constant, it is related to the 

running time of the process [27]. An aggregation of the electric consumption of the different 

peripheral devices knowing the power requirements and running time can be used [27]. 

Rahimifard [25] indicated the EA can be determined or measured though empirical studies. Whilst 

measured data are presented, it is unclear how the EA is related to process parameters apart from 
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running time. Alternatively, energy use can be measured dynamically. Several energy monitoring 

devices are available for real-time data acquisition [29, 32] and can be used as inputs if averaged 

or if a relationship is found. Finally, environmental cost is expressed using LCA [27]. The total 

CO2 of the process is given in Eqn 3-13 [27]. 

2222222 COCOCOCOCOCOCO MLCHTLLOCOEP      3-13 

Thus the cost associated with CO2 is not merely that associated with energy, as with [13], but also 

with the production and disposal of lubrication, coolant, the cutting tool and so on. The cost is 

expressed by Eqn 3-14.  

222 COCOCOenv kPCC          3-14 

The total energy consumed is known from the previous step and can be converted to CO2 emitted 

using emission intensity (EI) factors or CES (carbon emission signature) [30]. 

The EI of the coolant (CO), the lubricant (LO), and the cutting tool (TL) during production and 

disposal is used to find the CO2 emitted associated with each. The metal chip (CH) EI is used to 

find the emissions associated with metal recycling.  

Lastly, the material (ML) burden is the EI associated with the production of the material for LCA 

completion. This summation can give an almost complete measure of the embodied CO2 in the 

machined part for reporting purposes. 

3.5.2 Implications of the Model 

An illustrative numerical example, using data from the literature, is used to consider the 

implications for carbon pricing. Table 3-3 indicates the costs using the model for the identical 
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part for four scenarios. China and Canada are used for different electricity price and emission 

intensity, keeping everything else constant. Two carbon prices are used: a low price of $23/tonne 

CO2 [13] and a high of $150/ tonne CO2 [31]. Without the new cost components and energy, the 

cost of the first 4 becomes $4.25. However, the part in China has four times the CO2 grid 

emissions than in Canada. From Table 3-3, it is obvious that the new cost terms add more than 40 

cents to the overall price, becoming significant on a large scale.  

The difference between low/high carbon pricing indicates an increase in the proportion of 

environmental costs by 13-15 cents which can accumulate for higher volume production. This 

illustrates the implications of carbon pricing and full cost accounting. Without the environmental 

cost, China is cheaper due to lower electricity costs. However, when environmental (carbon) costs 

are added, the overall costs are comparable between the two countries, ceteris paribus, and 

manufacturing elsewhere may be attractive. 

Table 3-3: Summary of cost breakdown for 4 scenarios. 

 
Canada 

(low kCO2) 
Canada 

(high kCO2) 
China 

(low kCO2) 
China 

(high kCO2) 
Cp ($/part) 4.656 4.790 4.646 4.801 

Breakdown 
Cm 2.070 2.070 2.070 2.070 
Cs 1.380 1.380 1.380 1.380 
Cl 0.192 0.192 0.192 0.192 
Ct 0.605 0.605 0.605 0.605 

CMD 0.197 0.197 0.197 0.197 
CMID 0.168 0.168 0.168 0.168 
CED 0.012 0.012 0.005 0.005 
CEA 0.008 0.008 0.004 0.004 
Cenv 0.024 0.158 0.025 0.180 
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3.6 Discussion 

As expected, the model does require plentiful data, and sensitivity analysis should be used to deal 

with uncertainty [10]. Coupling LCA with cost allows decisions to be made about the impact of 

choosing parameters, including environmental impact. Because the CO2 footprint has an 

economic value in the new model, minimizing it can be sought through optimization. Note that in 

a cost model, the prices for the given components act as a weighting on the different cost 

components, thus, the higher the price, the greater the impact.  

Future work will consider the impact of the model using differences in real costs, manufacturing 

and geography. Differences in energy efficiency, carbon pricing, and CO2 footprint of materials 

and equipment used will affect the results. Since carbon/environmental footprint will affect 

supply chains, green products may have comparable or lower prices than dirtier products giving 

them a competitive advantage.  

From a policy perspective, more certainty with carbon pricing, environmental penalties and 

rewards, reporting standardization and incentives for sustainable manufacturing are needed. 

Currently, fluctuating carbon prices in cap and trade markets makes development of long term 

strategy difficult. For a company, the existence of varying carbon accounting procedures and 

markets by geographical location presents an administrative cost in addition to compliance costs 

and penalties. Given the example’s implications, without international trade agreements 

acknowledging how carbon pricing will be administered, carbon accounting presents further 

uncertainty for trade and manufacturing. An issue with the scope of accounting models is who 

pays the carbon/environmental price and where along the life cycle of the product (to avoid 

double accounting), but greater standardization of reporting and procedure can improve this.  
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3.7 Conclusion 

A survey of various microeconomic machining cost models was done and resulted in a new cost 

model being developed based on LCA methodology for the initial part production. An illustrative 

example was given showing that the cheapest electrical grid should not be chosen, if it also has 

the highest carbon emissions - an intuitive result. The importance of determining accurate prices 

was also illustrated, because the product that was more expensive was highly dependent on the 

carbon price used. Because cost allows for weighting of various components, the model would be 

sensitive to costing. Thus, from a manufacturing strategy point of view, there needs to be more 

certainty with carbon pricing to reduce financial risk.  

3.8 Economic Model Extensions  

Beyond the introductory economic model described [33], modifications would need to be made 

depending on the specific process type (e.g. milling or SPIF), information available, user 

conditions and optimization goal.  

For example, if specific countries do not consider CO2 equivalent emissions, but have different 

cost for different emission types and sources, the model would have to be modified to accept 

these as either sub-components of the environmental costs or a weighted average. In general, the 

model should be adapted for the given jurisdictional policies, simply applying the appropriate 

costs to the appropriate quantities. This applies further to considering inputs that may or may not 

have environmental costs already included in them. If an input comes from a jurisdiction that 

already included the carbon cost in the price, this is not accounted for again, and is simply 

handled in the applicable material term in the analysis. For instance, if all energy costs already 

include a carbon cost, then it would not be considered again for carbon costs in the environmental 
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cost term. In the example given and throughout this thesis, the carbon costs are not considered in 

the inputs used (or is unavailable from the manufacturer) and so they are accounted for 

separately.  

Additionally, the level of inclusion in the accounting is affected by the goal of the analysis and 

information available. In this thesis, the main energy considered is electrical energy used by the 

machine and supporting equipment. However, other energy sources such as heating, cooling and 

ventilation (HVAC) could also be considered as having an effect on the part. The goal of the 

author was to seek energy sources that can be easily related to process parameters for 

optimization (micro level). HVAC optimization could be sought through an overall facility 

improvement plan (macro level) which would have benefits for all processes, and not just the one. 

It is recognized that there are many other environmental burdens that could be considered, but 

CO2 emissions are the focus of the author in understanding what the impact of carbon pricing 

could be on product price under different conditions in two manufacturing processes: milling and 

SPIF.  

The cost per part previously described is applicable for a single tool. For a more complex part that 

requires multiple tools, the cost per part would be a summation of costs per cut type (“per part”), 

indexed for the given tools as shown in Eqn 3-15 and 3-16. This is because each tool would have 

its own tool life and required maintenance schedule as dictated by the process rates and material 

interaction for the given cut type.  
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The description for the sub-components of Eqn 3-1 was done with the milling process considered. 

However, for another manufacturing process, like SPIF, some modifications would have to be 

done. In the case of SPIF, the first term would be forming cost, Cf, instead of machining cost, but 

would similarly depend on a labour rate (Lf), burden rate (Bf) and forming time (tf) as shown in 

Eqn 3-17 and Eqn 3-18: 

envEAEDMIDMDtlsfp CCCCCCCCCC 
  

  3-17 

ffffff KtBLtC  )(
      

  3-18

 
where tf replaces tm and the forming cost rate, Kf replaces Km in the milling equations. 

Another change is that the coolant system is not used in the particular SPIF process used. 

However, lubricating oil is used between the tool and workpiece. Thus the equation for indirect 

material must be modified to Eqn 3-19: 

   LOLOfMID KLOKLOfC 
       3-19

 

where LOf is the lubricant for forming and LO is the machine lubricant. This would also change 

the process CO2 equation to Eqn 3-20 

    3-20 
222222 COCOCOCOCOCO MLTLLOLOfEP 



 

57 

 

where LOCO2 is the CO2 for the lubricant used in the machine itself as in the milling case and 

LOfCO2 is the CO2 for the lubricant used in the SPIF process. 

3.8.1 Modelling and Optimization method 

The aim of creating the economic model was to investigate the impact of energy and CO2 on the 

cost of a part and if optimization could improve the parameter selection.  

When using the model for optimization, as in this work, it would involve the consideration of an 

ultimate objective function, specific objective functions, design variables and user conditions. 

The ultimate objective function is the cost per part, Cp, in which the objective is to find the design 

variables, like the material removal rate (MRR), that minimize this. The specific objective 

functions within this are the minimization of process time, tp, of process energy consumption, Ep, 

or process carbon dioxide equivalent emissions, PCO2, and the maximization of tool life, T. The 

main design variable is the process rate (e.g. MRR) which is governed by the feed rate (FD) and 

the cutting dimensions (d, w). Other design variables like the spindle speed (N) which dictate 

parameters like the chip load, f, and cutting speed, V, are also important. The chip load relates to 

the quality and both the chip load and cutting speed affect the tool life. In the case of SPIF, where 

there is forming and not cutting, other important analogous parameters will be introduced. The 

various user conditions are not technical parameters, but are inputs that the manufacturer has less 

control over like cost rates, such as carbon price, labour rate and electricity rate (kCO2, Km, KE), 

and the emission intensity of inputs, such as the electricity, EIE. 

MATLAB(R) was used to perform the analysis and example code can be found in Appendix E. 

Figure 3-1 illustrates the analysis execution schematic. 
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Figure 3-1. Schematic of MATLAB(R) program used for economic model analysis. 

The main program that runs the specific case is the organizer.m. The cost function is written as 

the function cost_new.m. The script organizer.m reads in the input data from the excel 

spreadsheet, applies it to cost_new.m and then writes the required outputs to an output excel 

spreadsheet file. In the case of an optimization run, organizer.m gives the required output data 

to the plotopt.m function, which applies a spline fit (spap2) to the respective data sets, 

returning predicted values using fnval. It then evaluates the optimum point (minimum or 

maximum) and its coordinates using the spline function fnmin. (An R-squared output (Rsq) 

specified how good the fit was, and was generally greater than 0.98.) The plotopt.m function 

also calculates the corresponding values of a given optimum in the other objective functions and 

writes all the output results to the previous output excel spreadsheet file. A spline fit (B-spline) is 

a data analysis technique for estimating the parameters of a spline polynomial using least squares 

criterion [34]. It is used because the objective functions often entail a number of different 

underlying functions so that they have no specific form. One modification that was made to 

assess different user conditions was to the organizer.m which became rangeorganizer.m. 

Here, loops were made to assess a range of specific inputs keeping other inputs constant. Each 

inputs organizer.m 

cost_new.m plotopt.m 

outputs 
1

5
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study had its own set of these MATLAB(R) functions with specific modifications for each, such as 

the difference between milling and SPIF, or indexing in the case of more than one tool. 
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Chapter 4 

Overview of Milling and Forming Operations 

This chapter covers an overview of the two manufacturing operations (end milling and single 

point incremental forming (SPIF)) used in the studies for which the economic model will be 

applied. The general description and key parameters in each as required for the economic model 

will be covered. 

4.1 Milling 

Milling is one of the most versatile machining processes involving a multi-tooth tool or milling 

cutter [1,2]. The tool can either be of solid constitution or of indexable inserts. There are different 

types of milling operations (peripheral, face, end, ball nose) and machining centers (3 to 5 axis, 

vertical or horizontal spindle). End milling is the most common because of its ability to produce 

various profiles and curved surfaces, employing multiple axes to follow a complex set of paths as 

dictated by the control system [2]. Figure 4-1 displays the key terms in end milling using a tool of 

solid constitution (no inserts).  

 

Figure 4-1. Illustration of key terms in end milling [3]. 
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The spindle (N) and feed (FD) rates are often chosen on the numerical control (NC) program 

along with the parameters that describe the cut of the workpiece, such as depth of cut, d, and 

width of cut, w. The material removal rate (MRR), which gives a volume of material removed per 

second (or minute), describes the process rate in milling. Cutting parameters that determine the 

MRR are the cutting speed (V), feed per tooth (f) and depth of cut (d). These parameters, along 

with the tool and workpiece material, and cutting conditions (presence of cutting fluid/ coolant) 

determine the power required for the cut. In practice, in a machine shop, the cutting conditions for 

milling requires the selection of the d, FD (or f) and V [1] where literature and tool manufacturers 

tend to supply tables with specific recommendation ranges for the given tool [1,2,4]. For 

example, the maximum value of feed rate should be used under the constraints of forces, chatter, 

surface finish and chip control [5]. The following equations describe the relationship between the 

various parameters [2]. 

The cutting surface speed, V [m/min] is given by Eqn 4-1 where D is the tool diameter [m] and N 

is in RPM (revs/min). N is the rotational speed of the tool, but V is the linear tangential speed at 

the tool surface. 

NDV            4-1  

Eqn 4-2 shows the feed per tooth or chip load, f [mm/tooth/rev]:

 

fnN

FD
f


            4-2 

where nf is the number of flutes/ teeth on the tool. The f gives an indication of the size of the 

material chip or amount of material removed per tooth in each revolution of the tool. If this value 

is too low, there is excessive tool wear. If it is too high, there is tool jamming and possibly 
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breakage. Eqn 4-3 gives the linear speed at which the workpiece is ‘fed’ into the tool, called the 

feed rate, FD [mm/min]. 

fnNFD f 
         

 4-3 

Finally, Eqn 4-4 gives the MRR [mm3/min], where VR is the volume of material removed and tm is 

the machining or cutting time. 

dwFD
t

V
MRR

m

R           4-4 

There is a special consideration for ball nose end mill tools when using the tool diameter to 

calculate V. Since a ball nose end mill tool has a semi-spherical tool end, the effective diameter, 

De, must be calculated to determine the required spindle speed as shown in Eqn 4-5 [1]. 
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De         4-5 

Apart from the milling parameters and cutting conditions, another consideration is that of 

conventional or climb milling or the direction of rotation of the tool with respect to the workpiece 

[2]. In conventional milling, cutting occurs such that the maximum chip thickness is at the end of 

the cut as the tooth leaves the workpiece. The feed movement and tool movement have opposing 

directions. On the other hand, climb milling involves the tooth starting the cut at the workpiece 

surface, creating the maximum chip thickness at the beginning. Thus, the feed movement and tool 

movement have the same direction. This is shown in Figure 4-2. 
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Figure 4-2. Diagram comparing (A) conventional and (B) climb milling [1,2]. 

Table 4-1 summarizes the advantages and disadvantages of climb and conventional milling. 

Table 4-1: Summary of Advantages and Disadvantages of Conventional and Climb Milling 

[2,6]. 

 Conventional Milling Climb Milling 
Advantages  Tooth engagement not 

function of workpiece 
surface condition 

 Contamination or scale does 
not affect tool life 

 Smooth cutting process 

 ‘Downward’ cutting force 
helps hold piece in place 
(peripheral milling) 

 Easier chip disposal 

 Less tool wear – up to 50% 

 Improved surface finish 

 Less power required 
 

Disadvantages  Chatter tendency10 

 Faster tool wear 

 Need proper clamping since 
pulling forces exerted on the 
workpiece 

 Chip disposal difficult 

 More power due to 
increased friction beginning 
at minimum chip thickness 

 Marred surface finish 

 Need rigid set up to avoid 
backlash due to high impact 
forces when teeth engage the 
workpiece 

 Not suitable for workpieces 
that have abrasive surfaces 
with scale (e.g. castings, hot-
worked metals) that cause 
excessive tool wear 

 

 

 

                                                      
10 Chatter refers to unwanted machine vibrations that occur with a specific combination of parameters and 
is adjusted for by machinists on the shop floor. It limits the feasible parameters that can be used since 
resonance must be avoided for safety and quality [2]. 

        

    A. Conventional Milling B. Climb Milling 

N

FD FD 

chip 
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4.1.1 Wear and Tool life prediction 

Although the goal of machining is to make parts as fast as possible, the tool life needs to also be 

considered. The tool life is generally the time taken to reach a specific amount of wear after 

which the tool no longer can provide the cut to the specification required. Tool life is influenced 

most by cutting speed, V, and to a lesser extent by feed rate per tooth, f, and depth of cut, d.[1] 

Cutting fluids enable the goal of machining to enable higher feasible cutting parameters to raise 

productivity and reduce costs [1,2]. Cutting fluids function to cool the tool, workpiece and chip 

and reduce friction and adhesion of contact surfaces. The various cutting fluid types include 

cutting oils, water-miscible fluids, gases, paste and solid lubricants. In this study, water-miscible 

cutting fluids are used since the existing mills are equipped for them. 

Tool life is an important variable in machining as it dictates the useful life of the tool before 

reaching the maximum wear allowed for an acceptable finish. The tool life can be estimated 

knowing that tool wear is a gradual process that depends on tool and workpiece materials, tool 

geometry, process parameters, cutting fluids and the actual machine tool characteristics [2]. Tool 

wear is induced by high localized stresses, high temperatures and sliding on the chip or workpiece 

[2]. Wear occurs mainly due to rubbing that causes abrasive and/or adhesive wear and high 

temperatures that change material properties [2]. 

A classic tool life model is the Taylor Equation where the tool life, T, can be related to the surface 

cutting speed, V, as follows in Eqn 4-6 [2]: 

n

V

C
T

1









          4-6
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where C and n are constants that depend on the tool and workpiece materials and cutting 

conditions. The magnitude of C is the cutting speed when T is 1 minute [2]. Values for C and n 

can be derived from tool life curves that are based on experimental data obtained from various 

cutting experiments or supplied by the tool manufacturer [7,8]. From one logarithmic plot of 

cutting speed against tool life, the approximate value of C and n for HSS is 60.96 (m/min) and 

0.11 and for carbide is 914.4 (m/min) and 0.47 [2]. Typical ranges for n for high speed steel 

(HSS) and carbide tools are 0.08 – 0.2 and 0.2 – 0.5 respectively [2]. However, coatings have 

been documented to improve the tool life and the respective constant [9,10]. For example, TiN 

coating is meant to improve abrasion resistance of the tool, with a conservative increase in tool 

life of 200 to 300%, but as high as 800% [10]. One study found that titanium nitride (TiN) 

coatings extend the tool life 3 to 10 times [11]. Another found that the value of n was 0.13 for 

HSS and 0.30 for HSS-TiN, which is comparable with a carbide tool [12]. Table 4-2 summarizes 

values from the literature, assuming C for HSS-TiN is three times that of HSS. Figure 4-3 

illustrates these relationships graphically, where negative inverse slope is n and the x-intercept is 

C.  

Table 4-2: Constants for Taylor tool life for different tools. 

Tool C n 
HSS 60.96 [2] 0.11 [2] 
HSS-TiN 182.88 0.3 [12] 
Carbide 914.40 [2] 0.3 [2] 
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Figure 4-3. Tool life curves for different tool materials. 

It should be noted that tool life curves retain linearity for a limited range of speeds. Specifically, 

at very low cutting speeds, tool life can decrease due to excessive rubbing [2]. 

The extended Taylor tool life formula in Eqn 4-7 was later formulated with the development of 

carbides and other tool life materials. Whilst the original model is obtained using high carbon and 

high speed steels (HSS), newer tool materials showed that the cutting feed and depth of cut are 

also significant [1,2]. 
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Note that d is the depth of cut (mm) and f is the feed (mm/rev) and V is in m/min. The exponents 

x and y are determined experimentally for different combinations of cutting conditions. Typical 

values for HSS tools are n = 0.15 – 0.17, x=0.15 – 0.37 and y = 0.6 – 0.77 [2,10]. From typical 

values, it is observed that the order of importance is cutting speed, feed and then depth of cut in 

terms of tool life. Whilst the extended equation shows better accuracy, it also requires more tool 

life tests [13]. 
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Various other parameters affect tool life, such as cutting fluid, machining operation (milling, 

drilling etc.), tool stiffness and relative hardness of workpiece material. Many other tool life 

prediction models exist for specific scenarios and more advanced machining techniques [13], but 

the numerous variables make it impossible to make a universal tool life criterion. Since each 

approach requires even more data and experimentation, the simple extended Taylor model will be 

used with the available inputs in this work to give at least the general relationship between 

parameter groupings. The assumed values for the tools in this work are shown in Table 4-3. 

Table 4-3: Summary of tool life constants to be used in the studies. 

Tool C n -x/n -y/n 
HSS (TiN) a 182.88 0.3 [12] -0.5 [2] -2 [2] 
Carbide (TiCN) b 914.40 [2] 0.47 [2] -1 -1 
a HSS TiN: x = 0.15, y = 0.60, b Carbide: x=y=0.47 (difficult to obtain from the literature) 

 

4.2 Single Point Incremental Forming (SPIF) 

Single Point Incremental Forming (SPIF) is a die-less sheet metal forming process that allows 

sheet metal to be formed without the need for specialized tooling [14-24]. A diagram of the SPIF 

configuration is shown in Figure 9-1 in Chapter 9. SPIF employs a solid, hemispherical tool 

which presses on a sheet moving in a series of successive contours, forming the sheet 

incrementally into its final shape. SPIF is capable of producing both axially symmetric and 

asymmetric parts, without the need for a die but in some cases requiring a custom backing plate 

[14-19]. The backing plate serves to support the part and create well-defined edges in the final 

formed shape. Typically, SPIF is performed on a Computer Numerical Control (CNC) milling 

machine that has been converted to perform SPIF by adding a sheet holder to the table and tool 

paths can be written with any commercially available Computer Aided Manufacturing (CAM) 
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software package. The lack of any specialized tooling means that the only difference between 

parts is the program run by the mill and the backing plate in some cases. 

In a SPIF operation, there are seven main factors that can affect the outcome of a part: sheet 

material, wall angle, tool size, step down/size increment (vertical depth increment), forming 

speeds (feed rates and spindle speed), sheet thickness, lubrication and part shape [15-24]. Each 

specific material will have its own forming limits, which will manifest itself as a maximum wall 

angle permissible in a single pass [15-24]. As the wall angle increases, the ‘formed’ wall becomes 

thinner, until a limit is reached where the part will rupture. This wall angle can also be increased 

by using a thicker sheet.  

This work will focus on the variables easily changed by the manufacturer; specifically the tool 

size (TL), step down increment (ST), feed rate (FD), and lubricant (LOf). The TL affects the 

amount of material deformed and limits the ST and other parameters possible. ST has a very 

obvious effect on the inside of a part in the form of surface roughness. A smaller ST will result in 

a smooth surface [15-19,25], but also increases part cycle times significantly. The use of lubricant 

is extremely important, as the friction between the tool and sheet can cause sheet failure in its 

absence [16, 18,19] . Finally, the FD largely affects the cycle time as in milling. 

In conventional forming processes (e.g. blank or punching sheet metal processes), tools tend to 

show adhesive and abrasive wear in the contact zone [26,27]. Tool life prediction models are then 

developed considering these wear effects [26]. Abrasive wear on the tool occurs when hard 

particles, like carbides, are present on the surface of the working material [2]. Tool material is 

lost through adhesive wear, as friction between the surfaces result in the formation of wear 

particles [28]. In general, the tool wear depends on the material thickness, tool material, part 
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material, lubrication, punch velocity and punch-die clearance [26]. However, very little work has 

been done on the tool wear in single point incremental forming (SPIF). Duflou et al. performed 

several SPIF experiments and noted that lubrication is essential at the tool-sheet interface to 

reduce friction which improves the surface quality of the part [19]. They illustrated that no 

significant difference in the forming forces was observed between different types of lubricant. 

Rather, performing SPIF without lubricant led to premature failure of the sheet with significant 

wear on both the tool and sheet surface. It was suggested that the dominant wear mechanism that 

generated the higher wear on the tool was adhesive wear, rather than abrasive wear. Especially in 

the case where the tool is much harder than the work material, such as a hardened steel tool and 

aluminum sheet, adhesive wear occurs when there is high friction and heavy loading [19]. 

Although increasing spindle angular speed (RPM) can increase formability due to local heating 

[29], the tool wears very quickly and the lubricants tend to burn [15]. In a study where a high 

speed steel (HSS) tool was used for SPIF of titanium sheet with heavy machine oil, the tool 

showed good wear resistance (in fact no observable tool tip wear) although adherence to the sheet 

was noted [20]. A consideration is using a Taylor like method but one that is more tailored to the 

rubbing in the contact zone occurring in the SPIF process. Further experimentation and modelling 

is required in this area [30]. 
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Chapter 5 

Input Data Acquisition for the Model 

In this chapter, a brief account of the methodology for determining the inputs for the model will 

be covered. Since this research is concerned with milling and single point incremental forming 

(SPIF), the input information will be tailored as such. The four main studies are: 

1. Milling – Simple Straight cuts in Aluminum Flat Block   (Chapter 6) 

2. Milling – Complex cut of Sprocket in Delrin®   (Chapter 7) 

3. SPIF – Simple Shape of Bowl in Aluminum Sheet   (Chapter 8) 

4. SPIF – Complex Shape of Hat in Aluminum Sheet   (Chapter 9) 

An important limitation, with the exception of experimental or actual data, is the use of literature 

references for inputs. Whilst they may not constitute the exact inputs, they provide a useful 

benchmark for comparative studies. A sensitivity analysis of certain inputs will be done to 

determine those that are most important and which need to be improved in future studies.  

5.1 Non experimentally derived inputs 

Non experimental inputs (not determined by the experiment itself) include costs and emissions 

intensity (EI) data. Unless otherwise specified, costs are in Canadian Dollars for this thesis.  

5.1.1 Country Specific Data 

Labour rates, electricity rates and the emission intensity (EI) or carbon emission signature 

(CES™) [1,2] of the electrical grid are examples of input data that are country specific. These 

were considered for the G8 and some emerging countries using best available data. Firstly, the EI 

of the grids was calculated knowing the proportion of fossil fuel based energy generation and 

assuming an overall efficiency of 0.34 [2] using Eqn 5-1: 
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where C, G and O are the respective fractions of coal, gas and oil used for grid electricity 

production and 112, 49 and 66 represent the chemical conversion in combustion in grams of CO2 

per MJ. The ‘1000’ converts to kJ and η is the overall efficiency [2].Table 5-1 summarizes the 

CES™ /EI and grid data and Table 5–2 summarizes the labour rates, electricity rates and grid EI 

for chosen countries. This country specific data will be used for user condition ranges in the 

sensitivity analysis (Chapter 7). 

Table 5-1: CES™/Emission Intensity and power generation mix for different countries. 

Countries 
Total Energy 
[TWH/year]a 

C% G% O% 
CES  

[g CO2/kJ] 
EIE 

 [kg CO2/kWh] 

G8 Countries 

France 575 5% 4% 1% 0.023 0.083 

Germany 637 46% 14% 1% 0.173 0.622 

Italy 319 15% 54% 10% 0.147 0.530 

Japan 1082 27% 26% 13% 0.150 0.541 

United Kingdom (UK) 389 33% 45% 2% 0.176 0.632 

United States (USA) 4369 49% 21% 1% 0.193 0.696 

Canada 651 17% 6% 2% 0.069 0.247 

       Canada (Ontario)b  100 8% 14% 0% 0.047 0.169 

Russia 1040 19% 48% 2% 0.134 0.481 
Emerging Countries 

Brazil 463 3% 6% 4% 0.025 0.091 

China 3457 79% 1% 1% 0.263 0.946 

India 830 69% 10% 4% 0.248 0.893 

Mexico 259 8% 51% 19% 0.137 0.493 
Other 

Australia 257 77% 15% 1% 0.277 0.995 
Notes: 
a Data acquired for 2008 from IEA Statistics -Electricity/Heat (by Country)[3] 
b Data for 2010 from IESO [4] 
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Table 5-2: Summary of labour rate, electrical rates and grid emission intensities for 
different countries. 

Countries 
Labour rate, Lm 

[$/hr]a 
Electricity Cost, KE 

[$/kWh]b 
EIE 

[kg CO2/kWh] 

G8 Countries 

France 67.70 0.106 0.083 

Germany 78.58 0.109d 0.622 

Italy 59.07 0.258 0.530 

Japan 51.28 0.151 0.541 

United Kingdom (UK) 51.99 0.121 0.632 

United States (USA) 56.64 0.068 0.696 

Canada 50.00 0.070 0.247 

Canada (Ontario) 50.00c 0.110e 0.169 

Russia - 0.050f 0.481 

Emerging Countries 

Brazil 14.05 0.159g 0.091 

China 2.30 0.076h 0.946 

India 1.98 0.080i 0.893 

Mexico 9.09 0.104 0.493 

Other 

Australia 58.48 0.061 0.995 

Range 

Maximum 78.58 0.258 0.995 

Minimum 1.98 0.050 0.083 
Notes: 
a Labour Index used to scale Canada rate [5] 
b Electricity cost from [6] most recent unless otherwise stated 
c Personal Communication, 2011, Machine Shop at Queen’s University, Kingston, Ontario, Canada [7] 
d Last reported in 2007 
e Personal Communication, 2011, Physical Plant Services at Queen’s University, Kingston, Ontario, Canada 
f Last reported 2008. 
g Last reported in 2009 
h For 2010 from [8]. Note the comparability with Canada and the USA as reported. 
i Last reported in 2000 

 

The burden rate, Bm is difficult to estimate without accounting data for the given process and is 

taken as $8/hr from literature that has comparable labour rates and processes as the base scenario 

in Kingston, Ontario, Canada [9]. 
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Various carbon prices were discussed in Chapter 1 that varied by jurisdiction. The global carbon 

price of $25/ tonne CO2 that was recommended by the World Bank is used for the base scenarios. 

However, in the sensitivity analysis, a range of $0 to $200 / tonne CO2 will be used as the range 

of possible prices quoted in the Chapter 1, which includes the consideration of having no carbon 

price. 

5.1.2 Study Specific Data 

This section includes the EI and costs for various inputs that are specific to the studies. Other cost 

inputs required in the model include the cost of the coolant, tool, workpiece material, lubricant 

etc, which are shown in Table 5-3 to Table 5-6. For the purpose of the model, unit costs are 

determined noting the cost and amount when the particular item is bought. This can then be 

applied to any amount of the given component that is used. 

5.1.2.1 Costs 

Table 5-3: Cost of Workpiece Materials [7]. 

Study Material Cost ($) Weight (kg) Unit Cost ($/kg) 
1 Delrin ® Disca 0.504 0.0178 28.43 
2 Aluminum (flat) 6061 103.00 7.698 13.39 

3,4 Aluminum (Sheet) 3003O 48.00 3.584 13.39 
a $0.504 for 1disc stock. Delrin® is a machinable thermoplastic with high dimensional stability also 
called polyoxymethylene(POM), acetal, polyacetal and polyformaldehyde 

Table 5-4: Cost of Tools. 

Study Tool Cost ($) Weight (kg) Unit Cost ($/kg) 
1 a Solid Carbide Endmill (EDP 61655) 

3 flutes, TiCN coating, 1/2” inch. 
100 0.106 943.40 

2 a High Speed Steel Double End flat endmill (EDP 
28120) 2 flutes, TiN coating, 3/8” 

20.46 0.033 639.38 

2 a High Speed Steel Double End ball nose endmill, 
(EDP 26120) 2 flutes, TiN coating, 3/8” 

40.21 0.032 1256.56 

3, 4 b SPIF Tool, Carbon Steel Alloy, 1/4" 25 0.136 183.20 
3, 4 b SPIF Tool, Carbon Steel Alloy, 3/8" 25 0.109 229.36 
3, 4 b SPIF Tool, Carbon Steel Alloy, 1/2" 25 0.114 219.30 

a Niagara Cutter, [10] 
b Custom Tools made by D. Adams who provided cost estimate
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Table 5-5: Coolant cost. 

Study Coolant Cost ($) Amount 
(L) 

Unit Cost 
($/L) 

1 (2) Shell Dromus B (water-miscible)a 59.25 18.93 3.13 
2 Blaser Blasocut™ 2000 Series Universal 

Mineral Oil Based Coolant (water-miscible) b 
400 25 16.00 

1,2 Water for coolant mixture (Kingston)c 5.00 1 x 106 5.00 x 10-6

a Personal Communication, 2010, Machine Shop, Kingston, Ontario, Canada 
b Personal Communication, 2011, Kelvin Hamilton, Kingston, Ontario, Canada 
c Personal Communication, 2011, Physical Plant Services, Kingston, Ontario, Canada 

 

Table 5-6: Lubricant cost. 

Study Lubricant Unit Cost ($/L) 
all Grease for machines a 12.68 
3,4 Quaker State SAE 75W-140 GL-5b 20.00 
3 MotoMaster 75W-140 Syntheticb 15.00 
3 MotoMaster 75W-90b 12.00 
3 Castrol Mineral Oilc 2.00 
3,4 Used Cooking Oil Esterc 2.80 
a Personal Communication, 2010, Machine Shop, Kingston, Ontario, Canada 
bSPIF lubricant bought at Canadian Tire May, 2011 
c Converted from Nava, 2009 [2]

 

5.1.2.2 CO2e Emission Intensity Data 

For a specific activity, an emission intensity (EI) value relates the average emission rate of a 

given pollutant to the intensity of the source of the pollutant. EI values are determined in specific 

case studies for the given activity or component and might be a result of a life cycle analysis. In 

the case of this study, the carbon dioxide equivalent (CO2e) EI would be the kg of CO2e per unit 

of a specific component or activity. Thus, the amount of CO2e emissions for a specific activity 

can be estimated knowing the amount of the activity and the relevant EI factor as in Eqn 5-2. 

22 COActivityCO EIQuantityEmission 
       5-2

 

For example, in the case of electricity, the activity amount is in kWh and the EI for electricity will 

be in kg CO2e/ kWh. Thus, the amount of CO2e can be determined based on a known usage of 
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electricity. Various EI data will be used in this study for the different inputs: electricity (Table 

5-1) workpiece material, tool, coolant/cutting fluid and lubricant (Table 5-7 to Table 5-9).  

Table 5-7: Emission Intensity of Workpiece Materials. 

Workpiece materials Emission Intensity  
(kg CO2e/ kg) 

 

Aluminum (virgin) 12.15 [11] 
Aluminum (recycled) 1.73 [11] 
Aluminum (33% recycled world average) 8.72 [11] 
Polyoxymethylene Thermosetting plastic 4.02 [12] 

Table 5-8: Emission Intensity of Indirect Materials. 

 Emission Intensity  
(kg CO2e/ L)a 

 

Coolant mineral based (water miscible) 5.612 [13] 
Lubricant (synthetic/mineral oil) 3.295 [2,14] 
Lubricant (used cooking oil) 0.512 [2,14] 
Lubricant grease 0.4719 [13] 
Water for coolant 0.189 [13] 
a Includes production and disposal burden 

Table 5-9: Emission Intensity of Tools [13]. 

 Emission Intensity (kg CO2e/ kg) 
High Speed Steel (HSS)-new 6.4 
High Speed Steel (HSS)-remanufactured 5 times 1.3 

 

5.2 Experimental Methodology  

As mentioned before, actual machining data are required for the model and to inform other 

manufacturing studies. In this thesis, two types of manufacturing processes were considered: (1) 

Milling (material removal process) and (2) Single Point Incremental Forming, SPIF (material 

forming, deformation process). Both processes are done on vertical CNC mills. Table 5-10 

summarizes the case studies performed. 
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Table 5-10: Summary of studies to be performed for this research. 

Study Process Test Part Test Description CNC Machine

1 Milling 
Straight 

Cuts 

Consider different feeds and speeds for straight 
cuts. 

Consider differences in using different pocket 
paths for same cuts and climb versus conventional 
milling. 

HAAS TM1 

2a Milling Sprocket 

Energy monitoring and other measurements for a 
large data set with the same settings. 

Involves contours and ramping cuts. 

Standard Error Determination. 

HAAS TM1 

2b Milling Sprocket Consider different feeds and speeds for sprockets. 

Bridgeport 
GX480 (since 
larger range 
available) 

3 SPIF Bowl 
Focus on investigating effect of different 
parameters in SPIF: feed rate (FD), step size (ST), 
tool size (TL) and lubricant type (LOf). 

Bridgeport 
GX480 

(has rig for 
SPIF) 

4 SPIF Hat 

Focus on data acquisition and two parameter sets 
based on study 3. 

Standard Error Determination. 

Bridgeport 
GX480 

5.2.1 Energy Measurements 

OMEGA™ current and voltage data loggers were used to determine the energy profiles for the 

experiments. Three meters were used for each machine with one for each phase since the 

machines run on a three phase AC power supply. The line current and line-to-line voltage were 

measured. Figure 5-1 shows the meters on the HAAS TM1 in the back panel.  
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Figure 5-1. Picture of induction clamps of the meters on the three current lines for the 
HAAS TM1. 

After each experiment, the measurements were extracted from the loggers with the OMEGA 

software and analyzed accordingly. The power is determined using Eqns 5-3 and 5-4, 

31PFVIP iiii           5-3 

3
321 PPP

Ptotal




         5-4
 

where i represent the line from 1 to 3, P is the power, I is the AC current, V is the AC Voltage and 

PF is the power factor. The PF is a measure of the power supplied to what is drawn. A value of 1 

represents a purely resistive circuit. A PF of 0.9 is used to be conservative, given that electrical 

companies recommend that it should not be lower than this. The power versus time profiles were 

used to find the energy used as the area under the plot using the trapezoidal rule.  
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Machine characterization experiments were performed to determine the power consumption of 

the coolant pump, air compressor and so on. Further information on the machine characterization 

and energy breakdown methods can be found in Appendices A to D. The power drawn by the 

coolant pump in the HAAS, the coolant pump in the Bridgeport and the compressor were found 

to be 44 W, 640 W and 47 W respectively. The Bridgeport has a more powerful pump as it 

flushes coolant through several channels in the spindle onto the tool, instead of just one hose and 

nozzle in the HAAS. One point of interest is that, while the Bridgeport breaker is turned off since 

it is part of a laboratory; the HAAS and compressor continue to draw power after shop hours. The 

overnight power usage for the HAAS was 428 W and the effective compressor power usage is 2.4 

W. Considering the 17 non productive hours per work day and 48 non-productive hours on the 

weekend, the collective energy wasted for the one HAAS mill and the compressor is 7.3 

kWh/work day and 20.7 kWh/weekend. Note that there are numerous machines in the shop and 

larger machining operations have multiple compressors.  

5.2.2 Other measurements 

Measurements were made to determine other inputs like the coolant usage rate and the amount of 

material used. The following paragraphs summarize the measurements. General error analysis can 

be found in the Appendix F. 

Coolant: The coolant systems in this research use water miscible coolant. Coolant is lost due to 

splashing, residual on the tool, workpiece and machine and evaporation, to name a few. Knowing 

the replacement amount of coolant and water over a time period can be used to determine a crude 

estimate of the rate of usage as discussed further in Appendix A. 
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Lubricant: In the case of the SPIF operation, lubricating oil is used directly in the process and is 

measured with a graduated measuring cylinder with accuracy ±0.5 ml. In addition to this, 

lubricating grease is necessary for the machine itself. An approximation for the usage rate is 

found in Appendix A, noting that the machine units are sealed and grease packed. A complete 

lubricant change is not considered for the machine itself. Table 5-11 summarizes the coolant and 

lubricant usage rates. 

Table 5-11: Coolant and Machine Lubricant Usage Rates. 

Machine Fluid Usage Rate 
[L/s] 

Bridgeport 
GX480 

Coolant 4.44 x 10-7 
Water 5.48 x 10-6 

HAAS TM1

Coolant 
Mix* 

3.32 x 10-4 

Coolant 2.08 x 10-5 
Water 3.13 x 10-4 

Both 
Lubricant 
(grease) 

4.13 x 10-9 

*The coolant mix ratio is used to estimate the 
water and coolant rates separately. 

 

Tool and Stock Weight: These are simply determined using a digital scale with accuracy ±1 g. 

Material Volume Removed: This can be determined empirically knowing the calculated volume of 

the initial stock and the final volume of the part or the dimensions of the cut using mathematics or 

the graphics software. In the case of a more complex shape like the sprocket, evaluating the 

material moved in each step can be done using the displacement technique as shown in Appendix 

A. 

This brief account of the input acquisition methods and findings should lend better understanding 

when they are used in the studies that follow. 
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Chapter 6 

Milling Study: Straight Cuts 

6.1 Chapter Introduction 

This chapter covers the straight cut milling study, with extensions for the application of the 

experimental results to the new economic model. Additional features investigated from an energy 

perspective are: (i) different pocket tool paths and (ii) conventional versus climb milling. 

6.2 Energy and Carbon Footprint of Manufacturing a Part11 

6.2.1 Abstract 

Growing economic, social, and environmental challenges are pushing for advances in sustainable 

manufacturing (SM). Of interest is the carbon and energy accounting for manufacturing a part. In 

this study, a three-axis vertical mill was equipped with current and voltage data-loggers to record 

the total power consumption of the machine. The effect of changes in feed rate, spindle speed, 

and cutting path on the power consumed by the mill were investigated. Test runs were also 

performed to characterize the power consumption breakdown of given tasks (e.g. table movement 

and pumping coolant). In general as feed rate increased, energy consumption decreased, and as 

spindle speed increased, energy consumption increased. The results suggest that for minimum 

energy consumption in the given machining task, the maximum permissible feed should be used 

along with the lowest associated permissible spindle speed. Finally, additional tests, their 

conclusions and limitations will also be covered. 

                                                      
11 Submitted to the Proceedings of North American Manufacturing Research Institution (NAMRI)/ Society 
of Mechanical Engineers (SME). Authors: K. Branker, M. Dankowych, D. Adams, J. Jeswiet 
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6.2.2 Introduction 

Typically used metrics in assessing the performance of a machining process include run time, 

surface finish, dimensional tolerances, and cost [1]. This paper proposes that achieving minimum 

energy consumption for a given process should be included as an additional metric (amongst 

others); enabling more sustainable manufacturing (SM). The purpose of this paper is to 

investigate the process-level parameters that impact energy consumption and determine the 

energy and carbon footprint of manufacturing a given part. In doing so, relationships between 

energy consumption and process parameters will be formulated under the assumption that a sound 

degree of variable independence exists. The process parameters investigated were the cutting 

path, feed rate, spindle speed, and climb versus conventional type milling. 

6.2.3 Methodology 

In this study milling operations were investigated using a three-axis vertical mill: a HAAS TM-1. 

This mill has a rated power of 5.6kW and runs off of a 3-phase 208 Vac input at 30 amps [2]. The 

workpiece material used was 6061 T6 aluminum. Aluminum was chosen over steel in attempt to 

minimize the probability of tool breakage since the feeds and speeds would be varied 

substantially throughout the study. A polymer was not used because the resulting data may not 

have an appreciable difference in energy consumption when comparing air cutting tests with 

actual material removal. For all operations investigated the tool used was a 3-flute ½” carbine, 

titanium carbon-nitride coated end mill. For all of the combinations of material removal rate 

(MRR) and spindle speed used in this study, the values used were checked against the tool 

manufacturers recommended values [3]. Congruence within 30% of the recommended values of 

the manufacturer was considered adequate [4].  

 



 

87 

 

The data acquisition system used for recording energy input is comprised of three OMEGA® 

OM-PLCV voltage and current loggers, one for each phase, and the associated OMEGA® 

software. These units have an accuracy and resolution of ± 5% and 0.1Aac12 and ± 1Vac and 0.1 

Vac [5]. The highest frequency sampling interval available is 1Hz, which was used. The meters 

were installed to measure line-to-line voltage and line current, where each line represents a phase. 

Computer-aided manufacturing (CAM) program design is done by first using SolidworksTM to 

produce the initial drawing and then MasterCAM X4TM to define the cutting paths and machining 

parameters. Following voltage and current data acquisition, the analysis was carried out using 

Microsoft ExcelTM. 

Conversion of inputs into a metric of kg CO2 produced is done using past work [6, 7]. For 

electricity inputs a conversion rate of 0.21 kg CO2/kWh is used; a rate representative of Canada’s 

electricity grid, which differs from country to country or even territory to territory [6]. 

Conversion of coolant components use emission intensities (EIs) of 5.612 kg CO2/L for coolant 

and 0.189 kg CO2/L for the dilution fluid (water) [8]. Finally, for the carbon accounting of the 

aluminum stock an EI of 8.96 kg CO2/kg is used, which assumes a 50% recycle rate [9]. 

6.2.4 Process Parameter Investigation 

6.2.4.1 Testing Details 

All tool paths used in this study feature an axial depth of 2.54 mm (0.1 in.) and a step-over of 

3.175 mm (0.125 in.), with a 6.35 mm (0.25 in.) tool diameter. The effects of different feeds 

(FD), spindle speeds (N), and climb versus conventional milling were determined using a series 

                                                      
12 Error is a percentage of the measured value, Aac – amps alternating current, Vac – volts alternating 
current 



 

88 

 

of 203.4 mm (8 in.) long straight tool paths. Given the limited sampling rate of the meters, all 

transient events could not be captured. However, the cuts were designed so that they were long 

enough for steady state readings to minimize the impact of transient parts of the signal, like 

spindle acceleration. The tool paths used include all combinations of three feed rates and three 

spindle speeds with climb milling (climb). An additional six passes are done using conventional 

(conv.) milling. The parameters of each of these 15 paths are shown in Table 6-1. The chip load 

(or feed per tooth) is given for additional comparison as it is calculated using both the feed rate 

and spindle speed (feed rate divided by spindle speed and number of flutes) [1]. 

To determine the effect of tool path on energy consumption, a series of pockets (instead of a 

given external contour where there is little flexibility in tool path) were milled out measuring 88.9 

mm x 63.5 mm (3.5 in. x 2.5 in.). This profile was milled to a depth of 7.62 mm (0.30 in.) over a 

three-step process: 0.0254 mm (0.10 in.) was removed per pass. The FD and N were the same for 

all of the tool paths at 381 mm/min (15 in./min) and 2000 RPM respectively. Of the tool path 

options offered for pocket milling by MasterCAM X4TM, four of the most distinct were chosen as 

shown in Figure 6-1. 

To find the power input of the mill, each phase is analyzed separately as shown in Eqn 6-1 to 6-3. 

PFCurrentVoltagePowerP   312111      6-1 

PFCurrentVoltagePowerP   323222      6-2 

PFCurrentVoltagePowerP   331333      6-3 

The power factor (PF) used in equations 1 to 3 is 0.9; a compromise between typical values of 3-

phase electric motors [10], and the ancillary systems of the mill. After finding the input power of 
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each phase, the total power is simply taken as the average of the three phases as shown in Eqn 6-

4. 

  3/321 PPPPtotal          6-4 

This input power was found for each time step using Eqn 6-4 and then integrated over the interval 

of interest. 

Table 6-1: Straight Path Process Parameter Matrix. 

Straight 
Cut No. 

Type 
Feed rate 
[mm/min] 

Speed 
(RPM) 

Chip 
load 

[mm/rev 
/tooth] 

Material 
Removal 

Rate 
[mm3/s] 

1 climb 127 1000 0.042 17.1 

2 conv. 127 1000 0.042 17.1 

3 climb 127 2000 0.021 17.1 

4 conv. 127 2000 0.021 17.1 

5 climb 127 3000 0.014 17.1 

6 conv. 127 3000 0.014 17.1 

7 climb 381 1000 0.127 51.2 

8 climb 381 2000 0.064 51.2 

9 climb 381 3000 0.042 51.2 

10 climb 635 1000 0.212 85.3 

11 conv. 635 1000 0.212 85.3 

12 climb 635 2000 0.106 85.3 

13 conv. 635 2000 0.106 85.3 

14 climb 635 3000 0.071 85.3 

15 conv. 635 3000 0.071 85.3 

 

Figure 6-1. Chosen tool paths for pocket tests. 
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6.2.4.2 Results 

Investigating three major relationships is the objective of the aforementioned straight path 

processes outlined in Table 6-1. The first two, the effects of N and FD on the energy 

consumption, are shown in Figure 6-2 for climb milling. Additionally, Figure 6-3 plots the same 

energy data against the chip load or feed per tooth (f). Whilst the MRR is most quoted in the 

literature as a cutting process parameter, machine shop floor staff tend to choose the cutting speed 

or spindle speed and the chip load or the feed rate, such that Figure 6-3 yields a more useful 

guideline. Furthermore, MRR is a dependant variable, whilst FD and N are independent variables. 

Although MRR is an important metric, appropriate guidelines need to be used since the same 

MRR could have different energy consumption based on other variables as shown. 

 

Figure 6-2. Relationship between energy 
used and MRR for different speeds. 

 

Figure 6-3. Relationship between energy 
used and chip load (feed per tooth). 

In Figure 6-2, as the MRR (which is linearly proportional to feed rate) increases, the energy 

consumption of the process decreases. A result that can be explained by work elsewhere [11], 

which shows that most of the energy consumed in a process is to fuel ancillary operations. The 

curve formed for each spindle speed is similar to the one formulated by Diaz et al. [12], albeit 

with a much lower resolution. In addition, Figure 3 shows that the energy generally decreases as 
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the feed per tooth increases. Note that at 1000 RPM (lowest RPM) and the highest feed rate (or 

feed per tooth) is the lowest energy consumption in Figure 6-2 and Figure 6-3. 

It has been established that conventional milling consumes more energy and wears tools more 

quickly than climb milling [13]. Several of the cutting paths in Table 6-1investigated this and 

determined the difference in magnitude. In this work, both climb and conventional methods of 

milling are used with feed rates of 127 mm/min and 635 mm/min (5 and 25 in./min): passes 1-6 

and 10-15. The results are shown in Figure 6-4 and Figure 6-5. 

 

Figure 6-4. Climb vs. Conventional milling 
with a feed rate of 127 mm/min. 

 

Figure 6-5. Climb vs. Conventional milling 
with a feed rate of 635 mm/min. 

All of the six pairs of data show that conventional milling uses more energy than climb milling 

overall. An average of all six sets shows a 4% increase in energy consumption when using 

conventional milling.  

Concerning the pocket tests, for the four cutting paths chosen shown in Figure 6-1, all removed 

the same amount of material with the same FD and N However, they consumed different amounts 

of energy due to the tool path. The results of the different cutting paths are shown in Figure 6-6 

and Figure 6-7. 
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Figure 6-6. Energy consumption for pocket 
tool paths. 

 

Figure 6-7. Process time for pocket tool 
paths. 

A substantial difference in energy consumption is found across the available options with the 

most and least efficient differing by an increase of 33%: the constant overlap spiral being the 

most efficient and the true spiral being the least. The cause of the different consumptions for the 

same MRR and spindle speed can be attributed to both the amount of air cutting and the ratio of 

climb to conventional milling in the given tool path. The amount of air cutting is largely 

represented by the discrepancies in process time, which greatly impacts the energy consumed. An 

excellent example of this is the true spiral tool path which both consumes more energy and takes 

much longer to complete. Cutting a rectangular profile with a circular tool path was the least 

efficient; an intuitive result. 

The difference in energy consumption between the constant overlap spiral and the zig-zag paths is 

curious as they have an almost identical cycle time. The explanation lies in the proportions of 

climb to conventional milling within the path. The zig-zag tool path has an almost even split of 

climb and conventional milling while the constant overlap spiral is done almost entirely with 

climb milling. 
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6.2.5 Energy and Carbon Accounting 

6.2.5.1 Testing Details 

A more complex test part, shown in Figure 6-8, is machined using two sets of process parameters: 

one chosen based on recommended values and the other using results from the aforementioned 

tests. The outer dimensions of the part are 76.2 mm by 38.1 mm (3 in. by 1.5 in.) with a thickness 

of 9.525 mm (0.375 in.). The inner pocket is 25.4 mm by 25.4 mm (1 in. by 1 in.). 

 

Figure 6-8. Picture of an ‘ear bud holder’ used as a more complex test part13. 

For the first part, a feed rate of 381 mm/min (15 in./min) and a spindle speed of 2000 RPM was 

used along with a true-spiral tool path for the part’s pocket. These are recommended values 

except for the tool path, which was intentionally chosen as the least efficient. For the second part, 

a feed rate of 508 mm/min (20 in./min) and a spindle speed of 2000 RPM is used, in accordance 

with previous results. It should be noted that the spindle speed is not decreased because this 

would violate the tool manufacturer’s guidelines regarding the appropriate chip load to reduce 

excessive wear (Appendix A covers recommended settings). In addition to these two parts, two 

other programs were run identical to the second part without any stock present; the tool would 

simply be cutting air. For the first of these air-cutting programs, coolant was enabled, while for 

                                                      
13 Product idea, design and MasterCAM modeling done by M. Dankowych, with assistance from D. 
Adams. The product was chosen so that a useful device was the outcome for the designer. 
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the second, it was disabled. The purpose of these tests was to enable the inference of energy 

consumption of the coolant pump and ancillary system components. 

In addition to recording the current and voltage at each time step, the coolant used in producing 

the two parts is measured. Although the coolant runs in a closed-loop recirculation system, there 

are losses due to evaporation, splashing, and residual fluid on chips. The coolant is emptied and 

weighed, for the two parts made, and then the same procedure is followed. Knowing the density 

of the coolant is 955.5 kg/m3 [14] and its dilution ratio 15:1 [4], the volume of fluid used per part 

can be estimated. 

6.2.5.2 Results 

The energy consumption for the two parts differs by more than 22% using recommended 

operating parameters. The part at the first settings consumed 628 kJ with a process time of 537 s, 

while the learned part consumed 515 kJ and takes 395 s (a 0.007 kg CO2 reduction). This can be 

attributed to both the more efficient tool path used in milling the pocket and the faster feed rate 

associated with the ‘learned ‘part. The inputs for the more efficiently made part were analyzed in 

detail with the electrical input breakdown as shown below in Figure 6-9. 

The cutting (with loaded servos), idle (standby), table/spindle movement (unloaded servos), and 

coolant pump consumed 33.3%, 32.7%, 30.4%, and 3.6% of the input energy respectively. With 

the vast majority of energy used in supporting the removal of material (more than two thirds of 

the energy), and not directly in removing it, it is easy to see why process duration has such a large 

impact on energy consumption in Figure 6-2 and Figure 6-6. 
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The aforementioned CO2 emission intensity conversion rates are used to calculate the CO2 

contribution of inputs shown in Figure 6-10. The stock material, coolant and electricity accounted 

for 1.05 kg CO2, 0.17 kg CO2 and 0.03 kg CO2 respectively for a total of 1.25 kg CO2. 

 

Figure 6-9. Energy breakdown for more 
complex part (learned). 

 

Figure 6-10. CO2 breakdown for more 
complex part (learned). 

These results give an indication of where to focus the attention of sustainable initiatives. For this 

particular machine, the coolant represents a sizeable carbon dioxide contribution, where splashing 

accounts for much of the coolant loss. Thus, such losses must be focused on to reduce 

environmental burden. In addition, it should be noted that the CO2 emission conversion for power 

generated in Canada can differ greatly from countries that use more carbon-intensive energy 

sources. Therefore, the increases in efficiency that may be derived from these findings would be 

magnified by the use of higher carbon content energy sources. 

6.2.6 Conclusions and future work 

The conclusions of this study are summarized below: 

(1) For the experiments in this study, as feed rate increased energy, consumption decreased. 

(2) As spindle speed increased, so too did energy consumption. 
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(3) When choosing a tool path with which to mill a pocket, the most energy efficient option 

would both minimize air cutting and have the highest ratio of climb to conventional 

milling. 

(4) The 22% decrease in energy consumption when choosing process parameters based on 

the aforementioned results show where emphasis can be placed in an energy reduction 

and corresponding CO2 reduction study. 

(5) In the more complex test part, 33.3% of the input energy is used for direct material 

removal in cutting and the loaded servos. The majority of the energy is used for to 

ancillary operations such as table movement, cooling fans, the computer console, coolant 

pump, and spindle rotation. This is a verification of work by others [11, 12]. 

(6) The carbon dioxide emissions associated with the part’s manufacture and attributed to 

electrical input are small in comparison to the emissions associated with producing the 

aluminum workpiece and the coolant. 

Future work includes: 

 Including tool wear in the carbon accounting analysis using available theory [1]. 

 A study of the effect of part orientation on energy consumption; in facilitating the relative 

movement of the table on the axes. 

 Including machine lubricant and facility heating, ventilation, and air conditioning 

(HVAC)/lighting in energy and carbon footprint. 

 Considering the cost optimization guided by energy and carbon footprint efficiency [7]. 
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6.3 Extension to foregoing paper with Economic Model 

As a continuation of the work in Section 6.2, the information from the climb milling straight tests 

was used to apply the economic model described in Chapter 3. The pockets are not considered 

since the more optimum tool path was outlined from an energy perspective and the study of the 

parameters in the straight cuts would carry over for a given tool path. Furthermore, the ear bud 

holder test part in Section 6.2 is not included since it was made using guidance from the straight 

cut and pocket tests, such that it can be improved by knowing the optimum parameter trend in the 

straight cut and pocket tests. Chapter 7 will investigate a more complex part (a sprocket) that 

requires the use of two tools, instead of one for, further demonstration of the economic model.  

To apply the economic model to the straight cut, a tool life model must be assumed in the absence 

of experimental data. The Taylor extended tool life equation was used assuming n=0.47, 

C=914.4, x =0.47 and y =0.47 as discussed in Chapter 4. Next, the energy data was split up into 

direct, ED and ancillary energy, EA as shown in Figure 6-11 (Greater detail in Appendix B). As 

found in the literature, ancillary operations dominate the energy use [11]. Additional model input 

data can be found in Appendix B using data for Kingston, Ontario, Canada such as prices and 

grid emissions. 
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Figure 6-11. Direct (ED) and Ancillary (EA) energy for Straight cuts. 

One output of the model was the carbon dioxide (CO2e) contribution breakdown of the energy 

(E), tool (TL), machine lubricant (LO) and coolant mixture (CO) as shown in Figure 6-12. The 

material (ML) dominates the CO2e at 1.12 kgCO2e and is not included in the plot as it is constant. 

Other sources contribute a total of 0.006 to 0.025 kg CO2e depending on parameters. 

 

Figure 6-12. CO2e breakdown of the energy (E), tool (TL), machine lubricant (LO) and 
coolant mixture (CO). 
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The CO has a higher contribution at the lowest MRR for each RPM. This is because the process 

takes longer which means more coolant is ‘used’. The coolant system in the HAAS TM1 is 

particularly wasteful since it is not enclosed so that coolant is lost due to splashing, dripping and 

improper nozzle positioning. At high enough rates (MRR>51 mm3/s, N>2000 RPM), the energy 

then becomes the significant process CO2e contributor.  

Table 6-2 summarizes the optimization results for minimum cost, energy, time and process CO2 

and maximum tool life for each individual RPM and the entire set (global).Figure 6-13 shows the 

results of the economic model for (a) cost per part, (b) process time, (c) process energy, (d) 

process CO2 and (e) tool life against the MRR for the straight cut data. Figure 6–13(f) illustrated 

the tool life against the cutting speed. Figure 6-13 (a) to (d) all show the same general trend, such 

that the minimum value occurs at the highest MRR. Finally, Figure 6-14 shows the cost per part 

plotted against chip load.  

Table 6-2: Summary of optimization results with different objectives. 

Min. Cost Min. Time Min. Energy Min. Carbon Max. Tool life 

Case Cp [$] 
MRR 

[mm3/s] 
tp 
[s] 

MRR 
[mm3/s]

Ep 
[kWh]

MRR 
[mm3/s] 

PCO2 

[kgCO2]
MRR 

[mm3/s] 
T [min] 

MRR 
[mm3/s]

1000 
RPM 

3.635 85 476 85 0.021 85 1.125 85 7.29E+03 17 

2000 
RPM 

3.677 85 477 85 0.023 85 1.126 85 3.33E+03 17 

3000 
RPM 

3.722 85 478 85 0.025 85 1.126 85 2.11E+03 17 

Global 
(1000 
RPM) 

3.635 85 476 85 0.021 85 1.125 85 7.29E+03 17 
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(a) (b) 

(c) (d) 

 
(e) (f) 

Figure 6-13. Economic Model Results for Straight Cuts. 
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The chip load plot shows that the costs greatly drop between 0.01 and 0.05 mm/rev/tooth after 

which it reduces slowly. However, the minimum cost still occurs at the faster feed rate and lowest 

RPM which results in the highest chip load. This is understandable given that the recommended 

chip load (feed per tooth) for a carbide tool on aluminum for this cut is 0.102 mm/rev/tooth at 

feed rates and speeds higher than the ones used in the experiment [3] (Appendix A). The highest 

FD at 2000 RPM gives a chip load of 0.106 mm/rev/tooth, and there is a small cost savings 

($0.04) moving to the global optimum at 1000 RPM and highest chip load. For a larger batch, this 

savings might be beneficial. 

 

Figure 6-14. Cost per part for straight cuts against chip load. 

Concerning the optimization results, with the exception of tool life, the same optimum is found 

throughout since all the graphs show the same trend. The maximum tool life occurs at the lowest 

speeds as dictated by the tool life equation. At the parameters used, there is little trade-off 

between the chosen variables, although the cost and energy used is clearly more for the higher 

RPMs. This is because of the additional energy drawn to power to the spindle motor, whilst there 

is no time gain, since the feed rate controls the machining time. 
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Additional model output data can be found in Appendix B. Note that going from 51 mm3/s to 85 

mm3/s for all cases shows a smaller change than going from 17 mm3/s to 51 mm3/s. Thus 

choosing parameters closer to 51 mm3/s could mean extending the tool life (especially with better 

tool life estimation). Better tool life prediction may lead to the tool having a more significant 

impact on the economics. However, the tool was used within recommended parameters so that it 

would not fail.  

The relative proportion of the cost components changes in the minimum ($3.63) and maximum 

($4.99) cost cases. Figure 6-15 displays the cost breakdown of the (a) minimum and (b) 

maximum cost cases. The idling cost (Cl) is larger than usual and is a result or the manual 

handling needed in the machine shop. This would greatly be reduced in a commercial setting. For 

this part, the workpiece material (CMD) dominates the cost of the part which cannot be changed by 

the manufacturer. The next highest cost is the machining cost (Cm) which is highly dependent on 

machining time such that its contribution decreases with higher MRR. In (a), because of reduced 

process time and energy use, the set up (Cs), tool (Ct), indirect material (CMID) and energy costs 

(CED, CEA) have a smaller proportion than (b). However, the environmental (carbon) costs (Cenv) 

have a higher proportion in (a) due to a combination of reduced tool life than (b) and overall 

reduced proportion of other cost components. Overall, the CMID, CED, CEA and Cenv have less than 

1% contribution, although the proportion increases for (a). Although Cenv contribution is small, it 

is significant in terms of its relative proportion of the total cost: it is the 4th highest in (a) and the 

6th highest in (b) of 9 components. This would be more significant with the inclusion of other 

environmental costs apart from just CO2. 
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(a)  (b) 

Figure 6-15. Cost breakdown of (a) minimum and (b) maximum cost per part cases 
(components labelled clockwise from Cm). 

In actual dollars, the carbon cost (when kCO2 = $25 /tonne CO2) adds $0.0281 to $0.0286 which is 

higher than the energy cost of $0.002 to $0.005. This is a significant finding. Figure 6-16 shows 

the effect of carbon prices, kCO2 of $0 /tonne CO2, $25 /tonne CO2 and $150 /tonne CO2 on all the 

cases. With a much higher kCO2 of $150 /tonne CO2, the carbon cost adds $0.169 to $0.172 (3.3%-

4.5%) to the final cost. Although the carbon cost represents a few cents on a product price, it is 

still significant for a larger number of parts and even more so for higher carbon prices. 

 

Figure 6-16. Effect of carbon price on final cost for straight cuts. 
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6.4 Chapter Conclusion 

For the straight cuts, a single feature, this chapter covered the experimental results and their 

application to the economic model. The economic model proved useful in identifying the 

contribution of different cost components and the identification of optimum parameters. 

However, the simplicity of the example with constant speed (N) considerations showed that the 

minimum energy, time, process carbon and therefore minimum cost were represented by the same 

case at the highest MRR and feed, with lowest RPM. As expected, the tool life maximum is at the 

slowest rates, making it the main trade-off in this example. In addition, the energy and carbon 

costs were shown to have a small impact on the final price. However, the carbon cost did have a 

larger impact than the energy cost, especially for higher carbon prices. This would increase in 

significance for an electrical grid with more carbon intensity than Ontario Canada. These 

considerations will be studied in greater detail in the next chapter for a more complex part: a 

sprocket. 

Although not considered for the economic model, additional design features in milling were 

found to be important apart from milling parameters. For example, simply the direction of 

rotation showed a difference in energy use; climb milling was found to be more energy effective 

and should be used as long as there is no surface scale on the workpiece [1]. Furthermore, for the 

same feature, like a pocket, the tool path chosen affects the energy and time of milling. The 

constant overlap spiral was best for a rectangular pocket. It is recommended that these sorts of 

studies can be done and applied to machine coding software to guide machinists in choosing the 

best paths for their operations. 
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In summary: 

 The maximum tool life occurs at lower process rates which is known 

 The energy and carbon cost has a small impact on the final price for the scenario given, 

albeit the carbon price having a larger impact than energy cost 

 The grid emission intensity will have a significant impact on the overall carbon footprint 

of the part. 
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Chapter 7 

Milling Study: Sprockets 

7.1 Chapter Introduction 

This section covers the milling study on the sprockets, with the application of the experimental 

results to the new economic model. Appendices C and E can be consulted for greater detail. The 

first section gives an overview of the experimental results and analysis to lend a greater 

understanding of the preparation requirements of the inputs and justification for the study used in 

the economic analysis. 

7.2 Chapter Prologue 

7.2.1 Variability in Energy Measurements 

This first test involved collecting data for multiple sprockets made with the same parameters to 

investigate the variability of energy use between hours and days. This was done on the HAAS 

TM1 in the fall term 2010 from September to November in the lab for MECH 213 in the machine 

shop. The sprocket represents a more complicated part than the straight cuts reported previously. 

Two different tools are required: (1) a ball nose end mill to ramp cut the profile on both sides of a 

disc and (2) a flat end mill to contour cut the teeth of the sprocket (see section 7.3). For the 

profile, the respective speed (N) and feed rate (FD) were 2500 RPM and 635 mm/min. For the 

teeth cut, the N and FD were 2000 RPM and 635 mm/min. This meant chip loads of 0.127 

mm/rev/tooth and 0.159 mm/rev/tooth respectively. Figure 7-1 illustrates the power-time graph 

for one sprocket and the energy breakdown for different components. Everything, but the ‘Profile 

1’, ‘Profile 2’ and ‘Teeth Cut’ components are considered ancillary energy. Table 7-1summarizes 

the power, time and energy data averaged for 36 sprockets with standardized idle and standby 
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times for the components in Figure 7-1 (see Appendix C). Finally, Figure 7-2 shows the energy 

and time data for 36 sprockets. Although the time is reasonably constant, the energy seems quite 

variable at the given plot scale. The average total energy for the sprockets was found to be 980 ± 

14 kJ (1.4% variability) and the time was found to be 993 ± 0.5 s with the standard error reported. 

Further information on performing the energy breakdown can be found in Appendix C. 

 

Figure 7-1. Power as a function of time for the sprocket showing energy breakdown. 

 

Figure 7-2. Energy and time data found for 36 sprockets on the HAAS TM1. 
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Table 7-1: Summary of Energy Breakdown average for 36 sprockets. 

Averaged 

Section Time [s] Power [W] Energy [kJ] Type 

Standby 993 455.43 452 Ancillary 

Idle 843 114.24 964 Ancillary 

Profile 1 (less coolant) 308 472.22 145 Direct 

Profile 2 (less coolant) 307 474.32 146 Direct 

Teeth Cut (less coolant) 54 435.70 24 Direct 

Positioning (6 segments) 114 361.12 41 Ancillary 

Coolant Pump (PR1) 308 43.55 13 Ancillary 

Coolant Pump (PR2) 307 43.55 13 Ancillary 

Coolant Pump (TC) 54 43.55 2 Ancillary 

Total Coolant Pump 669 43.55 29 Ancillary 

Compressor 993 46.50 46 Ancillary 

Energy Breakdown for Model 

Total Ancillary - - 665 - 

Total Direct - - 315 - 

Total 993 - 980 

The variability can be attributed to the variability of power supply, machine readiness and tool 

condition. 

7.2.2 Sprockets at different parameters 

The Bridgeport GX480 vertical mill was used to machine sprockets for constant speed as in the 

straight cut tests. The GX480 was used instead of the TM1 since it had a larger range of speeds 

and feeds. Table 7-2 summarizes the parameters. Two modifications to the energy breakdown 

needed to be made for the Bridgeport as compared to the HAAS. Firstly, it had an automatic tool 

changer. Secondly, it did not have the additional idle energy block that the HAAS had since more 

of its components, like the cooling fans, ran constantly even without cutting. Figure 7-3 displays 

the energy breakdown. Note that there are larger power spikes than in the HAAS. 
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Table 7-2: Parameters for the constant speed test for the sprockets. 

Profile 1 Teeth Cut Profile 2 

Sprocket 
Speed,  

N  
[RPM] 

Feedrate, FD 
[mm/min] 

Speed,  
N  

[RPM] 

Feedrate, FD 
[mm/min] 

Speed,  
N  

[RPM] 

Feedrate, FD 
[mm/min] 

1  
(25 in./min) 

2500 
635  

(25 in./min) 
2000 

635  
(25 in./min) 

2500 
635  

(25 in./min) 

2 
(75 in./min) 

2500 
1905 

 (75 in./min) 
2000 

1905 
(75 in./min) 

2500 
1905 

(75 in./min) 

3 
(125in./min) 

2500 
3175 

(125in./min) 
2000 

3175 
(125in./min) 

2500 
3175 

(125in./min) 

End mill 
Tool 

Ball-nose Flat Ball-nose 

 

Figure 7-3. Power as a function of time for the sprocket on the Bridgeport GX480 showing 

the energy breakdown. 

The Bridgeport is a more powerful machine that the HAAS with a larger range of rates. The 
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change since the acceleration and deceleration of the servo motors is included and would increase 

with increasing FD and N. Figure 7-4 shows the total energy consumed against the feed rate. The 

FD was plotted against because it was the same for both cuts. Note that the material removal rates 

(MRRs) are different for each cut and that their process parameters are independent. Similar to 

the straight cuts at a constant N, an inverse power relationship (y =Ax-n) is observed. Note that 

the units for the constant ‘A’ shown must give the total energy in kJ (e.g. kJmm0.402min-0.402). 

Since the N was kept constant, this meant that the chip load would be increasing. Figure 7-5 

displays an indication of how roughness increases with increasing chip load on the sprocket teeth.  

 

Figure 7-4. Energy consumed for sprockets at constant spindle speed. 

 

Figure 7-5. Picture showing roughness as chip load changes when at constant spindle speed. 
The last cut at 6000RPM is to illustrate how the cut is smoother with lower chip load. 
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Since the settings for the profile chip load of 0.127 mm/tooth/rev and teeth cut chip load of 0.159 

mm/tooth/rev produced the best observable finish (and are closest to manufacturer 

recommendation in Appendix A), this was retained for a constant chip load series. The spindle 

speed for the profile and teeth cut were varied from 1500 – 10000 RPM and 1200 to 8000 RPM 

respectively (Table 7-4). Figure 7-6 summarizes the energy consumed and corresponding direct 

and ancillary energy breakdowns. Unlike the constant spindle speed case where the total energy 

consumed continuously decreases, there is a clear minimum point around 1270 mm/min for the 

constant chip load case. This corresponds with the plateau in the reduction of the ancillary 

energy. As opposed to the power relationship observed before at constant speed, the constant chip 

load case shows a polynomial type relationship. Although the ancillary energy decreases as 

before, it begins to plateau while the direct energy increases. The spindle motor requires more 

energy to increase the spindle speed (including acceleration and deceleration). The spindle power 

curve is given in Appendix A. Since the constant chip load case yields a better finish under the 

given conditions and more interesting results compared to the constant speed case, it will be used 

in the economic model study in Section 7.3 and 7.4. However, in both cases, there is a potential 

for an empirical model once the form of the relationship is devised under specific parameter 

assumptions. Table 7-3 illustrates some of the key energy and time data found that will be used 

for the model. An important difference is that the profile and teeth cut will be treated separately 

although the total data is presented. Appendix C contains a more detailed account of the inputs 

for the model. 
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Figure 7-6. Energy consumed for sprockets at constant spindle speed. 

Table 7-3: Summary of energy and time data for the constant chip load sprockets. 

 
Feed rate [mm/min] 

381 635 1016 1270 1524 1905 2032 2540 

T
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Machining 
Time, tm [s] 

1180 789 576 491 446 411 402 362 

Setup Time for 
batch, ts [s] 
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E
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Energy, EA [kJ] 

1873 1351 1053 926 910 895 876 871 

Direct Energy, 
ED [kJ] 

171 272 137 161 222 383 373 605 

 

A final implication of the comparison between the constant speed and constant chip load cases is 

the importance of parameter selection that provides expected quality. Understanding how energy 

is used in each assumption is important to minimize energy consumption for a given machine. 

Figure 7-7 demonstrates the deviation in energy consumed in the two cases with their respective 

energy optimum. There is the potential for creating process maps at constant speed and feed rate 

to guide machinists. 
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Figure 7-7. Energy consumption comparison of milling sprockets at constant chip load or 
constant spindle speed. 

 

The following section 7.3 summarizes the findings of applying the economic model to the 

constant chip load data. Further data can be found in Appendix C. 
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7.3 Using a New Economic Model with LCA-based carbon dioxide emission inputs 

for Process Parameter Selection in Machining14 

7.3.1 Abstract 

This section demonstrates the use of a new economic model for optimum machining parameter 

selection in a milling example. In comparison to a recent CIRP paper by the authors, this paper 

has extensive new data for a more complex part and includes optimization. The example entails 

acquiring input data for the milling of a sprocket for various speeds and feed rates. It requires 

both ramping and contour milling, which uses two different tools. The methodology for 

modifying the economic model for a more complex part is outlined. The limitations and 

challenges are covered along with future work. 

7.3.2 Introduction 

Energy consumption and greenhouse gases (GHGs), mainly carbon dioxide emissions (CO2) are 

on the global agenda [1,2]. Manufacturing remains an energy intensive sector, where electricity 

produced from fossil fuels represents a major CO2 source [1]. The journey to more sustainable 

production will involve the use of maturing tools such as life cycle analysis (LCA) that assess the 

environmental and social damages related to a product [1,3]. In terms of the quest for optimal 

machining parameters, manufacturers have usually focused on cost, productivity and quality, 

excluding environmental costs [4-9]. However, environmental costs, like carbon costs, represent a 

true cost risk for contract competition and an important consideration for more sustainable 

production [4,10]. Apart from existing carbon markets and taxes, a recent 2011 report 

recommended that the G20 countries (many of which have manufacturing) should have a carbon 

                                                      
14 Abstract accepted and paper submitted to the 19th CIRP International Conference on Life Cycle 
Engineering. Authors: K. Branker and J. Jeswiet 
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price of $25 /tonne CO2 [2]. Thus, environmental burdens represented in LCA, such as CO2, need 

to be incorporated into the product economics to guide manufacturing strategy.  

In this section, an economic model developed in a recent CIRP paper [4] will be used to 

demonstrate machining parameter selection for a more complex milling example. The new 

economic model approaches a full costing approach with the explicit accounting of indirect 

material, energy and environmental costs. A life cycle analysis (LCA) based approach [11] is 

used for the determination of the carbon dioxide equivalent emission (CO2e) footprint of the part 

as a result of the initial part production. This approach recognizes that the life cycles of other 

indirect inputs contribute to the life cycle of the final product, and, that explicit accounting can tie 

them to technical parameters. 

7.3.3 Sprocket Milling Example 

7.3.3.1 The test part and input acquisition 

The example entails acquiring input data for the milling of a sprocket from a disc of Delrin® on a 

Bridgeport GX480 VMC for various speeds (N) and feed rates (FD). The disc originally had an 

inner diameter of 22.2 mm and an outer diameter of 65.8 mm with a thickness of 8.9 mm. The 

sprocket itself represents a complicated part, requiring both ramping (profile inclined plane on 

both sides) and contour (tooth cut) milling. This requires two different high speed steel (HSS), 

titanium nitride (TiN) end mill tools: a ball nose for ramp and a flat for contour cutting. Figure 

7-8 shows the finished sprocket and Figure 7-9 shows the tool paths.  



 

117 

 

 

Figure 7-8. Finished sprocket. 

 

 

Figure 7-9. Tool paths for creating the 
sprocket. 

 

Energy and time measurements were acquired from current and voltage measurements made on 

the machine. Previous characterization tests were used to estimate the energy use breakdown of 

the machine in terms of direct and ancillary energy of the process [4]. Other measurements were 

made to determine the usage rates for the coolant mixture (coolant and water) and machine 

lubricant grease. Table 7-4 summarizes the different speeds and feeds used, keeping the chip load 

(feed per tooth) constant. Profile (ramp) chip load is 0.127 mm/tooth/rev and teeth cut (contour) 

chip load is 0.159 mm/tooth/rev. In all, the ramp and contour cuts remove 1.5 cm3 and 12.0 cm3 

respectively. The effective material removal rate (MRR) is the volume removed per machining 

time, which can be related to the speeds and feeds (Appendix C). 

Table 7-4: Different parameters for the sprockets. 

 Profile (Ramp) Tooth cut (Contour) 

No. 
Speed, N 
[RPM] 

Feed, FD 
[mm/min] 

Speed, N 
[RPM] 

Feed, FD 
[mm/min] 

1 1500 381  1200 381  
2 2500 635 2000 635 
3 4000 1016  3200 1016 
4 5000 1270 4000 1270 
5 6000 1524 4800 1524 
6 7500 1905 6000 1905 
7 8000 2032 6400 2032 
8 10000 2540  8000 2540  

Tool 9.525 mm Ball nose 9.525 mm Flat End mill 
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7.3.3.2 Economic Model 

The economic model used is shown in Eqn 7-1 [4]. Table 7-6 and Table 7-5 summarize the terms 

and sub-component equations used. Although only CO2 emissions are considered in this paper, 

the model allows for other environmental aspects to be added. 

envEEMIDMDtlsmp CCCCCCCCCC
AD
         7-1 

Given that there are two tools for two different cuts, the model must be modified to accept the 

different inputs related to parameters and tool life as shown in Eqn 7-2, 
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where i corresponds to the index for each tool: profile is 1 and tooth cut is 2. The optimization 

would occur for each index and then summed in the case of costs, time, energy etc. or reported in 

the case of parameters for the final part since each cut type has its individual settings. For 

common items like the material, the material amount is divided by the ratio of the machining time 

so that its quantity does not dominate the cost of a given cut. 

The carbon price (kCO2) is assumed to be $25 /tonne CO2e [2]. Since the sprocket is made in 

Ontario, Canada, the applicable costs will be used: labour rate $50/hr, electricity price $0.11/kWh 

and grid emission intensity 0.17 kgCO2e/kWh. Other cost inputs are obtained from the machine 

shop staff. The tool life is estimated using the extended tool life equation [5], assuming C = 183, 

n = 0.3, x = 0.15, y = 0.6 [5, 12, 13]. The emission intensity (EI) inputs for the coolant (CO), 

coolant water (CW), lubricant grease (LO), tool (TL) and material (ML) were assumed to be 

5.612 kgCO2e/L [11], 0.189 kgCO2e/L [11], 0.472 kgCO2e/L [11], 6.4 kgCO2e/kg [14] and 4.02 
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kgCO2e/kg [15] respectively. These were considered reasonable for benchmarking purposes even 

though they may not represent exact values. 

Table 7-5: Summary of terms used in Table 7-6 and the section. 

Symbol Meaning Symbol Meaning 
Km Cost of machining tm Time during machining 

Bm Burden Rate including depreciation, 
maintenance, taxes, interest rate 
(machining) 

Lm Fully burdened labour rate with 
overhead (machining) 

ts Set up time TL Tool  

tl Idling time KTL Cost of tool 

tc Time for tool change T Tool life 

Np Number of parts (tm/T) C Tool life constant 

MD=ML Direct material used V Cutting Speed 

KM Cost of workpiece material n Tool life exponent 

Kcool Cost of coolant D Tool diameter (effective diameter for 
ball nose) 

KLO Cost of lubricant N Spindle Speed 

CC Coolant quantity (L) d Depth of cut (average depth for ramp) 

CW Water for coolant mixture (L) f Feed per tooth or chip load 

LO Lubricant oil quantity x Tool life exponent 

ED Direct energy consumed y Tool life exponent 

CCO2 Total carbon dioxide cost EA Ancillary energy consumed 

ECO2 CO2 due to energy (ancillary and direct) KE Cost of electricity 

COCO2 CO2 due to coolant (CO) MLCO2 CO2 due to direct material (ML) 

LOCO2 CO2 due to lubricant(LO) TLCO2 CO2 due to tool (TL) 

E, Ep ED+ EA, process energy kCO2 Carbon price per unit carbon dioxide 

MRR Material Removal rate tp Process time (tm+ ts + tl + tc) 

 

The experimental data and other inputs are used in MATLAB® (as discussed in Chapter 3) to 

calculate the equation variables and optimize for minimum cost (Cpmin), minimum process time 

(tpmin), minimum process energy (Epmin), minimum CO2 contribution (PCO2min) and maximum 

tool life (Tmax) against effective MRR. 
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Table 7-6: Summary of terms and sub-components of Eqn 7-1. 

 Cost Term Definition Equation Ref 

Cm Machining (Process) 
Labour cost of production operation 
and burden rate/overhead charge of 

machine for machining time 
 

7-3 

[5] 

Cs Set-Up (Preparation) 
Set up cost for design, mounting 

parts, preparing machines etc. 
 

7-4 

[5, 

16] 

Cl 
Workpiece and 

equipment handling, 
machine idling 

Costs for loading, unloading and 
handling the workpiece and 

equipment. Includes non-productive 
idling 

  
7-5 

[5] 

Ct Tooling 
Cost of tool related to the tool life. 

Can include tool change and grinding 
costs. 
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[5] 

7-7 

[5] 

CMD Direct Material Cost of material used for the part  
7-8 

[4] 

CMID Indirect Material 

Cost of lubricant, coolant etc. used in 
the process to make the part (For 

water miscible coolant, coolant and 
coolant water are accounted for.) 
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CED Direct Energy 
Direct energy from electricity (or 

other) used in the machining process
 

7-10

[4] 

CEA Ancillary Energy 
Cost associated with ancillary 

equipment energy used in the process
 

7-11

[4] 

Cenv 
Environmental burden 

or cost 

Can have various sub-components 
including costs of CO2 emissions 
which is the focus of this paper. 

(Note that the coolant burden 
includes that of the coolant and the 

coolant dilution water for water 
miscible coolant.)  
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15 This tool cost is for a tool of single constitution. However, it is treated differently for a tool with inserts 
as shown in Chapter 3. Also, grinding cost is omitted since this was unavailable for this study. 
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7.3.4 Results and Discussion 

7.3.4.1 Energy and CO2 Breakdown 

The energy (E) and CO2e breakdown for the different parameters are shown in Figure 7-10 and 

Figure 7-11 respectively. As the time of the process decreases with faster process rates, the EA 

reduces. However, the ED increases due to increased energy consumption to drive the servo 

motors faster. Diminishing returns in time reduction occur when the maximum acceleration rates 

of the machine are approached. 

Regarding the CO2e, the E dominated followed by the ML and TL. The TL contribution increases 

with increasing rate since the tool life decreases. The CO and LO show negligible impact. 

However, only the lubricant update rate is included and does not entail full changes during 

maintenance. In addition, the CO usage rate is taken over a year where low average annual 

machine usage would result in a lower than actual rate. 

 

Figure 7-10. Direct and ancillary energy 
breakdown. 

 

Figure 7-11. Carbon Dioxide equivalent 
contribution breakdown. 
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7.3.4.2 Single Variable Optimization Results 

Figure 7-12 and Table 7-7 summarize the optimization results using the methodology outlined in 

Chapter 3. Although a B-spline fit is used, there is the possibility to develop an empirical model 

once the general relationships are understood for a given product. 

Table 7-7: Optimization Results. 

 Objective Optimum

value 

MRR 

[mm3/s]

Corresponding Values 

Cp [$] Ep [kWh] tp [s] PCO2 [kgCO2e] T [min]

Profile  

(1) 

Min. Cost [$] 11.51 3.40 - 0.272 1026 0.094 782 

Min. Energy [kWh] 0.268 3.20 11.61 - 1039 0.093 1137 

Min. Time [s] 1024 3.51 11.57 0.277 - 0.096 626 

Min. Carbon [kgCO2e] 0.093 3.14 11.66 0.268 1045 - 1267 

Max. Tool life [min] 6.07E+04 1.39 20.67 0.506 1619 0.134 - 

Cut  

(2) 

Min. Cost [$] 1.86 420.86 - 0.037 472 0.008 341 

Min. Energy [kWh] 0.037 415.49 1.86 - 472 0.008 357 

Min. Time [s] 472 469.14 1.87 0.038 - 0.008 224 

Min. Carbon [kgCO2e] 0.008 413.59 1.86 0.037 472 - 363 

Max. Tool life [min] 2.38E+04 122.45 2.81 0.061 533 0.134 - 

Total Min. Cost [$] 13.37 N/A - 0.309 1498 0.103 N/A 

Min. Energy [kWh] 0.30 N/A 13.47 - 1511 0.101 N/A 

Min. Time [s] 1495 N/A 13.43 0.315 - 0.104 N/A 

Min. Carbon [kgCO2e] 0.10 N/A 13.52 0.305 1517 - N/A 

Note: No meaning to summing tool life for total terms since two different tools. 
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(a) (e) 

(b) (f)

(c) (g)

(d) (h)

Figure 7-12. Data plots for sprockets for cost, energy, time and process CO2e for profile cuts 
((a) to (d)) and tooth cuts ((e) to (h)), showing curve fit and predicted optimum point. 
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The profile cut (1) removes the least material but it dominates the cost as it requires the most 

time, energy and results in the most process CO2. This is the first consideration when improving 

the process. From Figure 7-12, it is clear that the cost (a and e) tracks the time (c and g) and the 

process carbon (d and h) tracks the energy used (b and f). This is because machining cost (Cm), 

which is dependent on labour rate (Lm) and machining time (tm), dominates the overall cost at 

54%. Thus the minimum cost MRRs are closest to the minimum time MRRs. In addition, energy 

dominates the process CO2 (Figure 7-11). For the minimum cost case, the first four terms in Eqn 

7-1 represent 97.4% and all materials, energy and carbon costs represent 3.0%, 0.26%, 0.02%. 

This is understandable considering the low automation involved in the machine shop. Also, the 

process time seems to increase at higher rates due to assuming one batch with a variable number 

of parts that is dependent on tool life. In practice, a fixed output volume is considered, but the 

time would still increase with the time required for tool changes/tool re-grinding increasing with 

more aggressive parameters. 

In Table 7-7, none of the optimization objectives equal the same parameters (MRR). However, all 

except the tool life maximization predict process parameters in a ~12% range: (1) 3.14 to 3.51 

mm3/s and (2) 413.59 to 469.14 mm3/s. As expected, the maximum T occurs at the minimum 

speed as described by the tool life equation. However, this may not be true in practice as lower 

speeds have increased rubbing which might also mean lower tool life [5]. Thus, better tool life 

prediction is required to ensure the correct relationships are observed in this context. Finally, best 

available EI inputs were used in the absence of actual LCA data for the test inputs like the tool 

and coolant. 

 



 

125 

 

7.3.4.3 Sensitivity Example 

Sensitivity to user conditions was considered for a range of labour rates, Lm using labour indices 

[17] from 2 to 80 $/hr and carbon prices,kCO2 from 0 to 200 $/tonne CO2, with everything else 

remaining the same. Figure 7-13 and Figure 7-14 demonstrate the sensitivity to Lm and kCO2 

respectively with the total minimum cost (Cpmin) and the corresponding predicted MRR for tool 

1 and 2. MRR for tool 1 is scaled for clear comparison. As expected, in both cases the Cpmin 

increases with increasing Lm and kCO2. The main difference is seen in the predicted parameters to 

achieve the minimum cost. Faster MRR is prescribed for higher labour rates. Again, this is 

intuitive given that Cm is time sensitive and dominated the total final cost. The carbon price did 

have an effect on optimum product price although quite small, as shown in Figure 7-14.  

 

Figure 7-13. Labour rate sensitivity. 

 

Figure 7-14. Carbon price sensitivity. 

 

As kCO2 increases, the MRR prescribed slightly decreases. This is due to the process carbon (PCO2) 

increasing in contribution such that the optimum cost MRR approaches the PCO2 minimum MRR. 

For the base scenario, the carbon costs represent less than 0.1%. None the less, the carbon cost 

does represent a few cents on the product which could get significant for a large number of parts 
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and for more complex parts that requires more than 15 minutes of manufacturing. Another 

consideration is the relative inputs of other countries, where there are grid EIs that are 5 times the 

example used here and labour costs that are lower. This would result in the carbon costs having a 

larger contribution on the overall product price. Note that double accounting must be avoided 

when using the model such that costs occur where they are realized. For example, if carbon price 

is already included in the electricity rate. 

7.3.5 Future Work  

Future work could include: 

 Using tool life prediction experiments to better estimate the tool life relationship to 

technical parameters. 

 Considering using the model for a fixed batch size and tying it to macroeconomic 

considerations. 

 Using the model for other types of products requiring more intensive machining and 

assess any change in manufacturing strategy. 

 Using the model for other manufacturing processes, like single point incremental 

forming. 

 Expanding the LCA CO2 to consider things like machine burden and maintenance and 

transport related embodied CO2 in inputs. 

 Expanding the analysis to more LCA determined environmental costs. Better LCA data 

should be used when more data are available on the process and input materials. This can 

be considered for an actual commercial product. 

 Development of the model into a usable simulation package attached to process data from 

such things like material inventory, energy monitoring, numerical control code etc. 
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 Development of databases for products called “Life Cycle Inventory Plus (LCI+)” that 

encompass LCA data in addition to costs, feasibility, life etc. 

 

7.3.6 Summary 

This section demonstrated the use of a new economic model for optimum machining parameter 

selection in an end milling example. The methodology for modifying the economic model for a 

more complex part was outlined. This section has extensive new data for a more complex part 

and included predicting the MRR for minimization of cost, energy, time and process carbon 

dioxide. It was shown that the recommended process parameters depended on the optimization 

objective and user conditions. Accurate tool life prediction and LCA data remain a limitation. 

Various areas for future work were recommended. 

7.4 Extension to foregoing section with the Economic Model 

A single variable optimization was considered for sprockets made at constant chip load in Section 

7.3. It was stated that the first four cost terms (Cm, Cs, Cl and Ct) represent 97.3% of the total part 

cost. It should be noted that the base scenario user conditions relate to being in Ontario, Canada. 

Figure 7-15 displays the cost breakdown in greater detail. The Cl represents a high cost which 

could be reduced with automation and reduced idling as compared to the machine shop case. For 

example, the disc is manually flipped over for the ramping cut to be performed on both sides. 
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Figure 7-15. Cost breakdown of sprocket at minimum cost for base scenario in section 7.3. 

In addition, the general trend in the costs components with respect to the MRR is important to 

understand the trade offs in the optimization. Figure 7-16 demonstrates the relative trends with 

the numbers normalized to a range of 0 to 1 to fit on one plot for (a) the profile and (b) the teeth 

cut. Based on the model formulation, in general, Cs and Ct depend on number of parts which is 

dictated by the tool life, so that they increase with MRR. Cl and CMD are constant for the process 

regardless of parameters since the idling time and material used is fixed for each operation. Cm 

and CMID decreases with MRR since they are time dependant. Cenv has a parabolic relationship due 

to trade-offs between indirect materials, energy and tool related CO2. CED generally increases 

with MRR due to increasing spindle speed and CEA generally decreases with MRR due to 

reducing background processing time, with the exception of (b) for teeth cut. Recalling the 

relative proportion of each cost component gives greater understanding for which one dominates 

the cost minimization. In this case, Cm is dominant which is dependent on Lm and tm (machining 

time dominates process time). Thus, the minimum cost MRRs would be closer to the minimum 

time MRRs. The overall trends for the total cost components follow (a) since the profile cut 

requires the most resources even though it removes the least material. 
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(a) 

 

(b) 

Figure 7-16. Relative cost component trends. 

Of interest is the effect of different user conditions on the optimization results. Thus single 

variable and multivariable sensitivity analysis was performed for four user conditions: labour rate 

(Lm), carbon price (kCO2), and electricity price (KE) and emission intensity of the electrical grid 

(EIE). In Section 6.3, single variable sensitivity was considered for the labour rate and carbon 

price. The following subsections will cover the other results. Additional model output data are 

available in Appendix C. 

7.4.1 Single Variable Sensitivity  

In Section 6.3, single variable sensitivity was considered for the Lm and kCO2. The effect on the 

minimum cost is reported since unit costs do not affect the underlying variable like energy used. 

It was shown that the Lm had a significant effect on the minimum cost and parameters while the 

kCO2 has a slight effect. Figure 7-17 illustrates the effect of the extremes of labour rate on the cost 

breakdown: Lm of (a) $2/hr and (b) $80/hr. As expected, for the first three labour related cost 

terms, there is a reduction in proportion with the lower Lm. Thus, the importance of the other cost 

terms increase. Therefore, for a low Lm country (like China), material, energy and environmental 

costs have a more significant effect on the final product price. Figure 7-18 illustrates the effect of 
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the extremes of carbon price on the cost breakdown of the base scenario in Ontario, Canada: kCO2 

of (a) $0 /tonne CO2e and (b) $200 /tonne CO2e. The effect on environmental costs (Cenv) is clear 

(an increase of 0.15%), but there is little change in the overall breakdown of the other costs. 

Therefore, for the base scenario user conditions and method used, the carbon price is not largely 

significant. The inclusion of other environmental costs will need to be considered. 

(a) (b) 

Figure 7-17. Minimum cost per part breakdown for Lm of (a) $2/hr and (b) $80/hr. 

(a) (b) 

Figure 7-18. Minimum cost per part breakdown for kCO2 of (a) $0 and (b) $200 /tonne CO2e. 
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Next, the effect of changing electricity rates was considered from $0.05/kWh to $0.40 $/kWh. 

Figure 7-19 illustrates (a) the effect of KE on minimum cost and predicted parameters and the 

effect of the extremes of electricity rate on the cost breakdown: KE of (b) $0.05/kWh and (c) 

$0.40/kWh. The minimum cost per part increases with KE with corresponding decreases in the 

predicted MRRs to approach the minimum energy parameters, albeit a very small change. 

However, the impact of KE is greater than kCO2 with minimum cost ranges of $13.35 to $13.46 (11 

cents) and $13.36 to $13.38 (2 cents) respectively. 

(a)  

 

(b) (c) 

Figure 7-19. The effect of KE on (a) minimum cost and predicted parameters and minimum 
cost per part breakdown for KE of (b) $0.05/kWh and (c) $0.40/kWh. 
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For the given scenario in Ontario, $200/ tonne CO2 is equivalent to $0.034/kWh for electricity for 

more direct comparison, but higher electricity rates are more feasible than such a high kCO2. In 

contrast, for a country like China, where the EIE is 0.95 kg CO2 compared to Ontario EIE of 0.17 

kg CO2, $200/ tonne CO2 is equivalent to $0.189/kWh.  

Finally, the effect of changing the emissions intensity of electricity (EIE) was considered for a 

range of 0 to 1 kg CO2e/kWh, recalling that electricity dominated the process CO2e emissions. 

Unlike the previous cost related user inputs, the EIE would change the process CO2e such that its 

optimization needs to be reconsidered. Figure 7-20 shows the effect of EIE on the electricity 

CO2e, which is an upward shift of the data. 

 

 

Figure 7-20. Effect of EIE on carbon dioxide from electricity for raw energy data. 

Figure 7-21 demonstrates the effect of EIE on the minimum value and prescribed parameters for 

(a) minimum cost and (b) process CO2e emissions. In addition Figure 7-21 compares (c) the 
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cost breakdown for KE of (d) 0 kg CO2e/kWh and (e) 1 kg CO2e/kWh. Similar to kCO2, the EIE has 

a small increasing effect on the minimum cost and a small deceasing effect on the prescribed 

MRRs (a).  

Again, as the significance of the process CO2e increased, due to an increase in the electricity 

CO2e, the prescribed MRRs tends toward the MRRs for minimum process CO2e and away from 

the MRRs of minimum time. In (b), the MRRs for minimum process CO2e show a significant 

change between 0 and 0.2 kg CO2e/kWh, after which there is a slight increasing trend. In 

addition, in (c), the corresponding process CO2e for cost minimum and minimum process CO2e 

diverge as EIE increases. At 0 kg CO2e/kWh, the material and tool dominate the process CO2e, 

such that slower rates reduce the tool CO2e. However, as EIE increases, the energy begins to 

dominate the process CO2e, so that the MRRs approach the minimum energy MRRs. Again, 

because the labour related costs are more dominant, even though the MRRs are changing, they 

still remain close to the minimum time MRRs, such that there is a divergence in (c). This is 

observed in the breakdown in (d) and (e), where the cost contribution of the tool increases as it 

becomes less of a focus in the optimization due to the increasing energy related CO2 with the 

respective increase in Cenv. 

In general, the different user conditions do have an impact on the minimum cost and the 

prescribed process parameters, such that processes can be optimized based on geographical 

differences. To understand this better, a multivariable sensitivity was considered for specific 

country data. 
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 (a) 

 

(b) 

  

(c)  

 

(d) (e) 

Figure 7-21. Effect of EIE on the minimum value and prescribed parameters for (a) 
minimum cost and (b) process CO2e, (c) the minimum process CO2e and process CO2e for 
minimum cost and the minimum cost breakdown for KE of (d) 0 kg CO2e/kWh and (e) 1 kg 

CO2e/kWh. 
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7.4.2 Multivariable Sensitivity 

Assuming everything else remains the same and that kCO2 is $25/tonne CO2, the Lm, EIE and KE 

were changed using actual comparison data of six countries (from Chapter 5). Table 7-8 

summarizes the data for Canada, Germany, Japan, China, Brazil and France that were chosen for 

their relative differences and their current significance in manufacturing.  

Table 7-8: Values of Lm, EIE and KE for six manufacturing countries. 

Country Lm [$/hr] EIE [kg CO2/kWh] KE [$/kWh] Relative Indicator 
Canada 50.00 0.247 0.070 M,M,L 
Germany 78.58 0.622 0.109 H,H,M 
Japan 51.28 0.541 0.151 M,M,H 
China 2.30 0.946 0.076 L,H,L 
Brazil 14.05 0.091 0.159 L,L,H 
France 67.70 0.083 0.106 H,L,M 
See Chapter 5 for source data. 
Relative indicators for comparison: L: Low, M: Medium, H: High 

 

 

Table 7-9 summarizes the optimization results, with only the minimum cost and minimum 

process CO2 with their corresponding values shown, since the other variables like energy use and 

time are unchanged. Finally, Figure 7-22 shows the minimum cost breakdown for each country.  

Previously, it was found that the labour related costs, mainly Cm, dominated the overall part price, 

Therefore, labour rate had the largest impact, with electricity rate less so. Similarly, it was found 

that the final cost per part is proportional to the labour rate in each country. Furthermore, the 

minimum CO2 values were proportional to the EIE. As before, the minimum cost and minimum 

CO2 require different MRRs. With the exception of China, the minimum cost occurs at faster 

MRRs than the minimum CO2. Since the labour related costs are most dependent on time, the 
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minimum cost MRR is closer to the minimum time MRR. Thus, as labour rate increases, the 

prescribed MRR does for the given countries. 

Table 7-9: Summary for Optimization results for six countries. 

Country Objective 
Opt. 
value 

MRR1 
[mm3/s] 

MRR2 
[mm3/s]

Corresponding Values 

Cp  

[$] 
Ep 

[kWh]
tp  

[s] 
PCO2 

 [kg CO2e] 
T1 

[min]
T2 

[min]

Canada 
 

Min. Cost [$] 13.35 3.40 420.88 - 0.309 1498 0.126 782 341 

Min. Carbon 
[kgCO2e] 

0.12 3.16 414.15 13.49 0.305 1515 - 1228 361 

Germany 
 

Min. Cost [$] 19.57 3.42 431.12 - 0.310 1497 0.243 745 312 

Min. Carbon 
[kgCO2e] 

0.24 3.19 414.94 19.80 0.305 1513 - 1174 359 

Japan 
 

Min. Cost [$] 13.66 3.40 421.47 - 0.272 1026 0.195 780 339 

Min. Carbon 
[kgCO2e] 

0.21 3.18 414.86 13.78 0.305 1513 - 1179 359 

China 
 

Min. Cost [$] 2.91 2.99 343.26 - 0.311 1535 0.344 1660 678 

Min. Carbon 
[kgCO2e] 

0.34 3.19 415.12 2.93 0.305 1512 - 1161 358 

Brazil 
 

Min. Cost [$] 5.54 3.23 383.38 - 0.305 1510 0.077 1082 472 

Min. Carbon 
[kgCO2e] 

0.08 3.10 412.18 5.56 0.306 1521 - 1373 367 

France 
 

Min. Cost [$] 17.21 3.42 428.02 - 0.310 1497 0.076 757 320 

Min. Carbon 
[kgCO2e] 

0.07 3.09 411.91 17.54 0.306 1522 - 1394 368 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 7-22. Minimum Cost breakdown for (a) Canada, (b) Germany, (c) Japan, (d) China, 
(e) Brazil and (f) France. 
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However, in the case of China, the MRRs for minimum cost are the lowest, while the MRRs for 

minimum CO2 are the highest. Since China has the highest EIE, it has the highest process CO2. At 

the same time, it has the lowest labour costs. The extent to which the labour rate is lowest causes 

the tool related costs to dominate. Thus, the MRRs prescribed are lower to minimize the impact 

of the tool cost, Ct and set up cost, Cs, which depends on tool life. This is demonstrated in Figure 

7-23.  

 

(a)  (b) 

Figure 7-23. Cost component comparison for China for (a) profile cut and (b) teeth cut. 

This shows the larger significance of tool life prediction for a given circumstance since the 

optimum cost in China is as a result of higher process time, energy use and process CO2 in order 

to achieve the highest tool life (Table 7-9). Furthermore, compared to the other countries, the 

materials, energy and environmental (carbon) costs shows the largest significance (1.19%). At 

roughly double the cost, the part made in Brazil has more than 4 times less CO2 as well as less 

energy and shorter production time. Apart from having a higher labour rate than China, Brazil 

also has a higher electricity rate but much lower electricity EI. However, relative to the other 
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countries, Brazil also represents a low labour rate case, where the material, energy and 

environmental costs increase in significance. 

7.5 Chapter Conclusion 

In the sprocket study, the method of energy analysis and the modification of the model for more 

complex milling was outlined and demonstrated. In addition, the economic model was used for 

optimization with respect to cost, energy, time, process CO2 emissions and tool life. The optimum 

parameters for each of these objectives are different, but time and labour related components 

dominated the overall cost optimization. Furthermore, the significance of different user 

conditions was demonstrated through single variable and multivariable sensitivity. Future work 

would involve better input acquisition such as LCA data, expansion into other environmental 

burdens and using a commercial example to gauge the true implication of the model. The 

following two chapters will investigate if similar conclusions and improvements can be made for 

single point incremental forming (SPIF). 
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Chapter 8 

SPIF Study: Bowls 

8.1 Chapter Introduction 

This chapter covers the single point incremental forming (SPIF) study on parameters in SPIF 

using a bowl as a simple part for the experiments. The experimental data will then be used in the 

economic model. In addition, a process rate parameter is introduced to be comparable in 

significance to the MRR in milling. Further information can be found in Appendix D. 

8.2 A Study of Energy Consumption and Carbon Dioxide Emissions for different 

parameters in Single Point Incremental Forming (SPIF)16 

8.2.1 Abstract 

The journey towards more sustainable manufacturing (SM) requires more efficient use of energy 

and materials. In this paper, the energy (electrical) consumption and carbon dioxide (CO2) 

emissions that occur during the Single Point Incremental Forming Process (SPIF) only for 

different parameters is covered to inform the manufacturing phase of the life cycle. This study 

showed that within technical and material limitations, clear relationships between energy 

consumption and CO2 emissions and process parameters can be derived. These relationships can 

then be used for modeling and optimization of SPIF processes in the design stage before part 

processing. Of the parameters investigated, the feed rate and the step down increment showed 

greatest influence on energy consumption and therefore CO2 emissions since they control the 

process time and loads. In general, the fastest feed rates and largest step down increment possible 

                                                      
16To be submitted to the Proceedings of the Institute of Mechanical Engineers (IMECHE). Authors: K. 
Branker, D. Adams, J. Jeswiet 
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at a given spindle speed will produce the lowest energy consumption and related CO2 production. 

Future work will consider a larger parametric space for optimization, more advanced SPIF 

processes and modeling.  

8.2.2 Introduction 

The journey towards more sustainable manufacturing requires more efficient use of energy and 

materials. The consumption of electricity and inputs, such as lubricants and materials, derived in 

part from fossil fuels in manufacturing is a major contributor of carbon dioxide (CO2) emissions 

[1-4]. Recent work has determined the energy and CO2 emissions of machining processes [1,3-5]. 

However, there is still a lack of literature in the area of sustainability issues and quantification of 

environmental impacts, including energy and CO2 emissions, in sheet metal forming processes 

[6]. In this section, the total process energy (electricity) consumption for different parameters will 

be determined for Single Point Incremental Forming (SPIF), a more recently developed versatile 

sheet metal forming process [7-12]. In addition, the CO2 associated with the electricity, stock 

material, lubrication and tool will be estimated to inform the manufacturing phase of the part’s 

life cycle. As the SPIF process continues to be developed in the literature, it is important to 

conduct relevant case studies to inform life cycle analysis (LCA) [1,4]. Gutowski et al. [13] 

illustrated the importance of knowing that the specific energy required for manufacturing process 

is not constant as assumed in many LCA studies and that ancillary operations dominate the total 

energy consumed in a manufacturing process. 

8.2.3 SPIF 

In many applications, there is a clear advantage to form thin-walled lightweight components from 

sheet metal, such as in automotive components [6]. However, the production of these parts 

requires feasible manufacturing operations with low environmental impact [6]. Compared to 
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conventional stamping operations, incremental forming allows higher strain levels to be reached, 

making it appropriate for lightweight material processing [10]. Single Point Incremental Forming 

(SPIF) is a die-less sheet metal forming process that allows sheet metal to be formed without the 

need for specialized tooling [7-12]. SPIF employs a solid, hemispherical tool which presses on a 

sheet moving in a series of successive contours, forming the sheet incrementally into its final 

shape. SPIF is capable of producing both axially symmetric and asymmetric parts, without the 

need for a die but in some cases requiring a custom backing plate [8-10]. The backing plate serves 

to support the part and create well-defined edges in the final formed shape. The tool is usually a 

solid, hemispherical tool, but can also be a free-rotating ball in the end of a tool holder [10]. 

An illustration of the SPIF configuration can be found in Figure 9-1 of Chapter 9. Typically, SPIF 

is performed on a CNC milling machine that has been converted to SPIF parts by adding a sheet 

holder to the table and tool paths can be written with any commercially available CAM package. 

The lack of any specialized tooling means that the only difference between parts is the program 

run by the mill and in some cases the backing plate. This is advantageous from a sustainability 

perspective by reducing the number of components whose life cycle contributes to the process, 

such as dies and punches. Furthermore, a low material quantity is needed in SPIF since the part is 

formed by incrementally stretching the material [6]. However, compared to other processes, SPIF 

needs to be developed to be competitive in terms of precision loss due to springback and time of 

processing, which will also reduce its energy consumption and related environmental burdens [7]. 

Finally, to make cleaner forming processes, other considerations like minimizing lubrication and 

using more environmentally benign and effective lubricants [14] and cleaning agents is 

paramount [6]. 
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8.2.3.1 Important Parameters in SPIF 

In a SPIF operation, there are seven main factors that can affect the outcome of a part: sheet 

material, wall angle, tool size, step down/size increment (vertical depth increment), forming 

speeds (feed rates and spindle speed), sheet thickness, lubrication and part shape [7-12,15-18]. 

Each specific material will have its own forming limits, which will manifest itself as a maximum 

wall angle permissible in a single pass [8,11,15-18]. As the wall angle increases, the ‘formed’ 

wall becomes thinner, until a limit is reached where the part will rupture. This wall angle can also 

be increased somewhat by using a thicker sheet. Additionally, certain features on parts can result 

in premature breakage, such as corners in asymmetrical parts. 

In most commercial manufacturing applications the material, thickness and shape are specified by 

the customer. This study will therefore focus on the variables easily changed by the manufacturer; 

specifically the tool size (TL), step down increment (ST), feed rate (FD), and lubricant (LO). The 

feed rate here is the linear speed at which the workpiece is driven, not to be confused with feed 

per rev per tooth in milling [19]. The TL affects the amount of material deformed and limits the 

ST and other parameters possible. ST has a very obvious effect on the inside of a part in the form 

of surface roughness. A smaller ST will result in a smooth surface [11,15,20], but also increases 

part cycle times significantly. The use of lubricant is extremely important, as the friction between 

the tool and sheet can cause sheet failure in its absence [8,11]. Finally, the FD largely affects the 

cycle time as in other machining operations. 

8.2.4 Methodology 

In this study, SPIF was used to make the test part, a bowl, from aluminum 3003-O sheet using a 

Bridgeport GX 480 vertical mill in Kingston, Ontario with a FANUC 0i-NC control system, 

custom sheet holding rig and custom steel alloy SPIF tool as shown in Figure 8-1. The bowl 
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dimensions are a height of 40.6 mm (1.599 in.), opening diameter of 144.2 mm (5.678 in.) and 

base diameter of 71.1 mm (2.799 in.) as shown in Figure 8-2. The stock blank before SPIF has the 

dimensions 190.6 mm (7.5 in.) x 190.6 mm (7.5 in.) x 2 mm (0.079 in.). 

 

Figure 8-1. Picture of SPIF setup on mill with stock forming the bowl (left) and toolpath as 
displayed in MasterCam™ (right). 

 

 

Figure 8-2. Drawing of bowl with dimensions (left) and picture of finished bowl (right). 

 

As mentioned before, the effect of different lubricant (LO), feed rate (FD), tool size (TL) and step 

down (ST) on energy consumption were of interest. Table 1 summarizes the main parameters that 

will be used for the experiments. The base scenario parameters will be used in each test unless 

otherwise stated for the given test. To label the different scenarios, the SAE name for the gear oil 

lubricants, and, the abbreviated test name and imperial scenario parameter are used. For example, 

a scenario with a feed rate (FD) of 2032 mm/min (80 in./min) gets the label FD 80. 
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Table 8-1: Summary of test parameters. 

 Test Units Specifications for Different Cases 

0 Base Scenario  
Speed: 600 RPM, Feed Rate (FD): 2032mm/min [80 in./min], Lubricant 
(LO): 75W140, Step Down (ST): 0.254 mm [0.01 in.], Tool Size (TL): 
6.35mm [0.25 in.] 

1 Lubrication  75W140 75W90 80W90
Mineral 
Based 

Used 
Cooking Oil 

Chassis 
Grease 

2 Feed Rate (FD) 
mm/min 
[in./min] 

1524 
 [60] 

(FD 60) 

2032  
[80] 

(FD 80) 

2540  
[100] 

(FD 100) 

3048 
 [120] 

(FD 120) 

4064  
[160] 

(FD 160)

3 
Tool Diameter 

(TL) 
mm [in.] 

4.7625 
 [0.1875] 
 (TL 3/16) 

6.35 
 [0.25] 

(TL 1/4) 

9.525 
[0.375] 
(TL 3/8) 

12.7 
 [0.5] 

(TL 1/2) 
- 

4 Step Down (ST) mm [in.] 
0.254  
[0.01] 

(ST 10) 

0.381 
 [0.015] 
(ST 15) 

0.508 
 [0.02] 
(ST 20) 

0.635 
 [0.025] 
(ST 25) 

- 

Note: 75W140: Quaker State full synthetic gear oil (GL-5), 75W90: MotoMaster synthetic gear oil, 80W90: 
MotoMaster extreme pressure gear oil and Chassis Grease: MotoMaster wheel bearing and chassis lubricant.

 

To measure the energy used by the machine, three OMEGA OM-PLCV data loggers with 

respective logger interface software were used on the three phases of the power supply to the 

machine at the highest available resolution of 1 Hz. The meters were set up to get the line-to-line 

voltage and the line current which were then resolved to get the effective power usage assuming a 

power factor of 0.9. Then, the energy is determined by using the trapezoidal rule to get the area 

under a power versus time profiles. The total energy results include the energy consumed when 

the machine tool moves to or from the part (positioning) and is idling during set up or handling 

although these are roughly constant regardless of the operation. Furthermore, a distinct 

breakdown in the energy used will be the direct energy (ED) and ancillary energy (EA) [1]. The ED 

will be considered the energy used to deform the sheet and operate the loaded spindle and table 

motors. The EA will be considered the energy used by the machine support systems such as tool 

positioning, compressed air systems [21], fans, control systems and lighting, that run regardless 

of the operation. In this SPIF operation, the baseline standby power indicates the ancillary power 
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level since no additional operations other than the spindle and table servo motors occur during the 

process. 

To estimate the CO2 emissions due to the lubricant (LO), tool (TL), material (ML) and electricity 

(E), the approximate amount used of each and the emission intensities (EI) of reference inputs 

were used as available in literature and databases. The lubricant was measured using a graduated 

measuring cylinder and an effort was made to only put lubricant on the tool path using less than 

10 ml. The tool weight was determined using a digital scale. The estimated contribution of the 

tool was the time the tool was used in relation to the estimated tool life assumed to be 100 hours 

[22]. This is a simplification as it does not take into account the effect of different parameters on 

tool life. 

Finally, to get an indication of the finish on the outside of the parts, the average surface 

roughness, Ra, was determined using a Hommel T500 roughness measurement instrument, taking 

five measurements for each part. 

8.2.5 Results and Analysis 

8.2.5.1 Overall Results 

Figure 8-3 summarizes the energy used and breakdown for all of the tests. Similar to the literature 

for milling, the ancillary energy dominates the energy consumption of the process. For the chosen 

set of parameters, it was found that the effect of the chosen lubricants and tool sizes on energy 

consumption was negligible. Note that the use of grease or the smallest tool (TL 3/16) resulted in 

a rupture of the sheet and are not included in the results. However, it is intuitive that as feed rate 

increases, the process time decreases, reducing the contribution of the energy consumption of 

ancillary operations. Similarly, as the step down increment (ST) increases, more material is 
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deformed, reducing the time and thus reducing the contribution of EA consumption. Whilst the 

direct power drawn at the servo motors is higher for a higher feed rate (higher axis speed) (Figure 

8-4) or larger step down (larger loads), the greater reduction in process time and resulting 

reduction of ancillary energy reduces the overall process energy consumption. For example, 

comparing FD 60 and FD 160 in Figure 8-4, a FD increase of 2.7 times, the average total power, 

Pavg, increases 1.2 times from 706W to 860 W but the time decreases 2.6 times from 2402s to 

913s which resulted in an energy reduction in the SPIF process from 1695 kJ to 785 kJ or 2.2 

times. For the study, the FD 160 and ST 25 cases showed the lowest energy use. 

 

Figure 8-3.Graph of total energy consumed to make bowl with SPIF for the different test 
parameters. 

0 400 800 1200 1600 2000

75W140

75W90

80W90

Mineral 

Cooking

FD 60

FD 80

FD 100

FD 120

FD 160

TL 1/4

TL 3/8

TL 1/2

ST 10

ST 15

ST 20

ST 25

Total Energy Consumed, E [kJ]

Ancillary Energy Direct Energy

step
 d

o
w

n
to

o
l size

feed
 rate

lub
ricatio

n



 

150 

 

 

Figure 8-4. Scale illustration comparing power and time for different feed rates on SPIF 
(without idle time and positioning). 

Figure 8-5 illustrates the equivalent CO2 emissions for the different tests due to the TL, LO, ED 

(ED) and EA (EA). Using an EI of 8.72 kg CO2e/ kg for world average of aluminum sheet [23], 

the material contributes 1.73 kg CO2e. The EI of the TL, LO and electricity were 6.4 kg CO2e/ kg 

[24], 3.30 kg CO2e/ L [14] and 0.17 kg CO2e/kWh [25] respectively, with the exception of the 

used cooking oil that had an EI of 0.51 kg CO2e/ L [14]. These other inputs contributed an 

additional 0.055 to 0.104 kg CO2e. Amongst the contributions from the tool, lubricant and 

energy, it is clear that the energy CO2 burden for this particular grid is dominant. Thus, the cases 

FD 160 and ST 25 that had the lowest energy use also had the lowest CO2 burden. This would be 

more apparent in ‘dirtier’ grids such as China at 0.95 kg CO2e/kWh, Japan at 0.54 kg CO2e/kWh 

and the U.S.A at 0.70 kg CO2e/kWh which were calculated finding the carbon emission signature 

(CES™) [26]. The lubricant used was between 4 to 9.5 ml for all the scenarios, such that the 

burden is roughly constant with the exception of the used cooking oil case. The used cooking oil 

case shows the reduction in lubricant CO2e from an average of 0.019 kg CO2e to 0.005 kg CO2e 

that is achievable. Concerning the use of more eco-benign lubricants, a study found that these 

EA

ED
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could have comparable friction reduction properties whilst reducing LO CO2 burden as much as 6 

times [14]. The tool burden is small and is expected to be less with shorter (faster) processes. 

However, a greater understanding is needed to estimate the effect of parameters on tool life for 

the SPIF tool to get the optimum parameters to maximize tool life and minimize its burden. 

Nonetheless, the simplicity of tool geometry in SPIF means the tool can be reground and polished 

many more times and with less intensity than traditional milling tools. 

 

Figure 8-5. Graph of carbon dioxide emissions to make bowl with SPIF for the different test 
parameters excluding the material. 

Finally, although roughness data showed no clear pattern within the error of the measurements, 

the average roughness for the parts was in the range of 1.6 to 2.4 µm, with no visible difference in 

external finish. Thus, with the exception of the two ruptured parts, the other parameters chosen 

produced a reasonable finish. Future work can consider better imaging techniques to determine 
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more accurate roughness results for the given settings, although guidelines have been produced in 

other work [15]. 

8.2.5.2 Analysis of Different Parameters 

8.2.5.2.1 Lubrication 

Whilst the types of lubrication chosen showed a negligible effect on the energy consumed, 

ranging from 1421 kJ to 1455 kJ (2.4%), the presence of lubrication is paramount. Similarly, 

Duflou et al. [8] found little difference in the forming forces in SPIF with different types of 

lubricant. It was observed that the ability of the lubricant to maintain a bead ahead of the tool to 

maintain the lubrication layer between the tool tip and workpiece was important. In the case of 

the 4.7625 mm tool (TL 3/16), the formation of material build up (Figure 8-9) due to overlapping 

on the inside of the bowl meant that the oil became pooled in the inside of the bowl away from 

the tip. This led to eventual failure due to friction and thinning with the additional material flow. 

In addition, the grease failed to keep the layer of lubrication between the tool and workpiece and 

the resulting friction caused the rupture of the sheet after 700s as shown in Figure 8-6. The energy 

consumed (power over time) is noticeably higher with the increased friction in Figure 8-6 and 

indicates how energy measurement might indicate process deviation.  
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Figure 8-6. Graph comparing the power versus time profile for making a bowl with grease 
versus gear oil (75W90). 

8.2.5.2.2 Feed Rate (FD) 

Previously, it was thought that only low speeds (feed rate and spindle speed) would be applicable 

to SPIF. Hamilton and Jeswiet [15] demonstrated the forming guidelines for high speeds to be 

feasible in order to make the process more attractive to manufacturers. The process time is 

controlled by the feed rate, such that the higher the feed rate, the faster the process and the lower 

the total energy consumed as shown in Figure 8-7. A clear relationship can be derived between 

the energy used and the feed rate as shown in Figure 8-7 and Figure 8-8. In Figure 8-8, the energy 

consumed is proportional to the reciprocal of the feed rate. 
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Figure 8-7. Total energy and time versus feed rate for SPIF. 

 

Figure 8-8. Total energy consumed versus the reciprocal of feed rate for SPIF. 

8.2.5.2.3 Tool Size (TL) 

As mentioned before, for the given settings, the tool size was generally found to have a negligible 

effect on energy consumption. It is known that an increase in TL increases the force amplitude in 

forming [8]. However, it was observed that the larger the tool size, the smaller the formation of 

material ‘build-up’ towards the centre of the bowl due to better material flow. Larger tool size 

also allows for larger step down selection which would contribute to lower energy use. Tool TL 

3/16 either caused the part to break or the tool to break at the current settings after 870s. The 
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combination of small tool size and other geometrical parameters led to overlapping and a 

formation of a material ‘build-up’, until a ‘wall’ of material was formed that obstructed the 

lubricant, which caused localised sheet thinning until failure occurred as shown in Figure 8-9.  

 

Figure 8-9. Picture of bowl showing built up wall of material for TL 3/16. 

8.2.5.2.4 Step Down Size (ST) 

Figure 8-10 illustrates that the total energy consumed reduces as the step down increments 

increases in a predictable manner. This is expected given that the process time reduces due to a 

reduction of the total tool path length, since more material is deformed with each increment. 

Duflou et al. [8] found the average forces in SPIF increases linearly with ST increase. Although 

the direct power slightly increases due to the increased load, the reduction in process time reduces 

the contribution of both direct and ancillary energy (Figure 8-3).  
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Figure 8-10. Total Energy and time for different step down increment size for SPIF. 

8.2.6 Discussion 

This study showed that within technical and material limitations, clear relationships between 

energy (electrical) consumption and CO2emissions and process parameters can be derived. These 

relationships can then be used for modeling and optimization of SPIF processes in the design 

stage before part processing [1]. Of the parameters investigated, the feed rate and the step down 

increment showed greatest influence on energy consumption, and therefore CO2 emissions, since 

they control the process time and loads. In general, the fastest feed rate and largest step down 

increment possible will produce the lowest energy consumption and related CO2 production. The 

simplicity of the shape of SPIF tools means that re-grinding and polishing is of low intensity. 

Regarding the CO2 emissions, and other sustainability issues, a greater understanding of the effect 

of parameters on tool life and the use of eco-benign lubricants and cleaners should be considered. 

Whilst the type of lubricant showed little effect on energy consumption, the use of eco-benign 

lubricants, like that derived from used cooking oil, shows promise in reducing the carbon 

footprint without compromising the quality in SPIF.  
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Limitations of the study include the resolution of the data acquisition system, the EI inputs 

available and the entire life cycle of the bowl not included for the embodied CO2 of the bowl (e.g. 

milling machine, sheet holder and HVAC). Furthermore, a greater understanding of the effect of 

parameters on tool life is needed. Future work will involve an investigation of: 

 using more parameters and parameter range (multivariable optimization); 

 better estimation of tool life in SPIF; 

 creating physical models to relate forces and energy used in SPIF to parameters 

 using the optimal parameters for energy minimization in more complex shapes to discern 

the impact on finish and technical capability ; 

 considering the energy usage in more advanced SPIF, e.g. electrically-assisted SPIF  

 using more eco-benign lubricants, investigating minimum lubrication for SPIF and 

relating lubricant properties to energy consumption  

8.2.7 Conclusion 

In this section, the energy (electrical) consumption and carbon dioxide (CO2) emissions that occur 

during the Single Point Incremental Forming Process (SPIF) only for different parameters is 

covered. This study showed that within technical and material limitations, clear relationships 

between energy consumption and CO2 emissions and process parameters can be derived. These 

relationships can then be used for modeling and optimization of SPIF processes in the design 

stage before part processing. Of the parameters investigated, the feed rate and the step down 

increment showed greatest influence on energy consumption and therefore carbon emissions 

since they control the process time and loads. In general, the fastest feed rates and largest step 

down increment possible at a given spindle speed will produce the lowest energy consumption 
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and related CO2 production. Future work will consider a larger parametric space for optimization, 

more advanced SPIF processes and modeling. 

8.3 Extension to foregoing paper with the Economic Model 

The economic model in Chapter 3 was applied to the bowls created with SPIF. Additional 

information can be found in Appendix D. For the tool life, the initial assumption of 100 hours is 

used regardless of the individual cases. Unlike the milling studies and section 7.2, LOf will be the 

lubricant for forming and LO will be the lubricant for the machine in the economic model for 

clarity. For the different parameters in section 7.2, Figure 8-11illustrates cost and time whilst 

Figure 8-12 illustrated the energy and process CO2. As expected, for both figures, the feed rate 

and step size show the most significant effect. The base scenario FD and ST settings are used for 

the lubricant and tool size tests, so that there is little change in the results. In Figure 8-11, the cost 

per part follows a similar track to the process time and the process energy and CO2 in Figure 8-12, 

with the exception of the lubricant and tool. For the first four lubricants, the change in CO2 is due 

to the change in amount used. However, for the cooking oil ester, the EI is much lower. In the 

case of the tool, the variable CO2 is due to the actual difference in tool weights (0.136 kg, 

0.109kg, 0.114 kg) and slight decrease in forming time as the tool gets larger. The downward 

trend for the feed rate and step size at constant spindle speed is similar to the constant spindle 

speed milling results. This is understandable given that a milling machine is used for SPIF. 
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Figure 8-11. Cost per part, Cp, and process time, tp, for SPIF bowls with different 
parameters. 

 

Figure 8-12. Process energy, Ep, and CO2, PCO2, for SPIF bowls with different parameters. 

Of interest is the cost breakdown for the (a) minimum cost, (b) maximum cost and (c) base 

scenario costs as shown in Figure 8-13. For this SPIF case, the forming cost (Cf) dominates at 

70% to 88% (much more dominant than milling). This is because the SPIF process is creating a 

larger volume than the milling studies removed. Thus, it is more time sensitive. Since in (a), there 

is a shorter forming time (tf), the Cf proportion is reduced allowing other cost terms to become 

more significant, unless they are also time dependent like the energy used. Sheet metal is the 
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workpiece in SPIF and so has a smaller impact on the cost, although still major after the idling 

cost. Again, energy and carbon costs have a small impact on the final part cost, albeit being 

measureable for the given EI assumptions. 

(a)  (b)  

(c) 

 

Figure 8-13. Cost component breakdown for (a) minimum cost, (b) maximum cost and (c) 
base case cost. 

From the results, it is clear that the ST25 case must be faster than the FD 160 case, as it requires 

less time which results in less energy and process CO2. As mentioned, there is not clear process 

rate for SPIF. Thus, one will be proposed by the author. From the relationships in the paper, the 
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process rate is proportional to the feed rate and step down rate and possibly proportional to the 

tool size. It is assumed that a larger tool means that a larger area can be deformed, so that the 

process can occur faster. The process speed factor, kPSF, would be given by Eqn 8-1, 

DSTFDkPSF           8-1 

where FD is in mm/s, ST is in mm and D is in mm. The units are mm3/s, proportional to some 

volume through which the tool has passed in a period of time. However, its relative meaning is 

used here rather than a physical meaning. (Future work should consider this in greater detail and 

should consider empirical calibration for correct relative meaning.) Figure 8-14 shows the 

comparison between this concept in SPIF and MRR in milling, where the MRR is the 

multiplication of the width of cut, w, depth of cut, d and feed rate, FD. Thus, the above analysis 

in the economic model was re-plotted with the kPSF summarized in Figure 8-15. The same general 

relationships are observed, but the distinct parameters that affect the process rate and result can be 

seen. The lowest ST case is confirmed as having the fastest relative settings. There is also a clear 

similarity between the results for FD120 and ST 15, and FD160 and ST 20, which get the same 

respective kPSF. Table 8-2 and Table 8-3 summarize the optimization results for minimum cost, 

energy, time and process CO2 and maximum tool life. Again, the lubricant has a minor effect on 

the results except for the reduction in process CO2 for the used cooking oil ester. The tool size 

also has a minor effect as before. None the less, the global optimum occurs at the highest kPSF in 

all cases. In Table 8-3, for the LO and TL sets, the lubricant recommended for minimum energy 

is 75W140, possibly due to its lower volume usage. In all but the PCO2 min. case, the TL 1/2 is 

recommended because TL 3/8 has a lower weight and therefore CO2 burden. Otherwise, TL 1/2 

represents the lowest cost due to the lowest time and energy use. Because of physical differences 
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and possible energy measurement error, one type of lubricant or tool cannot be recommended for 

minimum energy with certainty. Additional work is needed to arrive at a conclusion. 

 

 

Figure 8-14. Comparison of main parameter in SPIF and Milling for rate and tool wear 
considerations (FD – feed rate, ST – step down, D – tool diameter, d – depth of cut, N – 

spindle rotation speed). 
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(a) (b) 

(c) 

 

(d) 

Figure 8-15. Economic model results for SPIF bowls showing (a) cost per part, (b) process 
time, (c) process energy and (d) process CO2 against kPSF. 

Table 8-2: Summary of Optimization Results for SPIF Bowls with T = 100 hours. 

Min. Cost Min. Time Min. Energy Min. Carbon Max. Tool life 

Case Cp [$] 
kPSF 

[mm3/s] 
tp [s] 

kPSF 

[mm3/s]
Ep 

[kWh]
kPSF 

[mm3/s] 
PCO2 

[kgCO2]
kPSF 

[mm3/s] 
T [min] 

kPSF 
[mm3/s]

FD 19.86 6555 1463 6555 0.25 6555 1.794 6555 6.00E+03 all 

ST 16.63 8194 1263 8194 0.18 8194 1.785 8194 6.00E+03 all 

LO 34.19 3277 2351 3277 0.39 3277 1.808 3277 6.00E+03 all 

TL 33.62 6555 2312 6555 0.38 6555 1.813 4916 6.00E+03 all 

Global 16.63 8194 1263 8194 0.18 8194 1.785 8194 6.00E+03 all 

 

In Table 8-3, for the LO and TL sets, the lubricant recommended for minimum energy is 

75W140, possibly due to its lower volume usage. In all but the PCO2 min. case, the TL 1/2 is 
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recommended because TL 3/8 has a lower weight and therefore CO2 burden. Otherwise, TL 1/2 

represents the lowest cost due to the lowest time and energy use. Because of physical differences 

and possible energy measurement error, one type of lubricant or tool cannot be recommended for 

minimum energy with certainty. Additional work is needed to arrive at a conclusion. 

Table 8-3: Summary of corresponding lubricant and tool size for optimum results with 
T=100 hours. 

Lubricant/ tool by objective 

Case Cp min. tp min. Ep min. PCO2 min. T max. 

LO N/A N/A 75W140 Cooking N/A 

TL TL 1/2 TL 1/2 TL 1/2 TL 3/8 N/A 

 

Considering the implications of tool life in the milling studies, a simple Taylor tool life is 

assumed for the carbon steel SPIF tool, with n as 0.13 and C as 60.96. This analogy is made 

considering the rub zones for mill and SPIF tools as shown in Figure 8-14. Care should be taken 

with interpreting the results since SPIF at 600 RPM with linear speeds, V, of less than 25 m/min, 

represents a lower speed case where tool life might decrease. Also, although the tool rub zones 

are similar as shown in Figure 8-14, the curvature of the tool would mean there is a gradient of 

speeds experienced along the tool surface. Table 8-4 and Table 8-5 summarize the redone 

optimization. Since the FD and ST do not factor into the tool life, the general results are 

unchanged. However, the larger the tool size, the higher the linear speed, V, such that the tool life 

decreases with increasing tool size. This mainly changes the impact of the tool on the process 

CO2 (Figure 8-16) and the number of parts that can be made, which causes an increase in the cost 

per bowl. Therefore, different tools are recommended for the TL series, with the smallest tool for 

maximum tool life, and the medium tool that is the lightest for all other minimum values except 

for the minimum energy.  
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Table 8-4: Summary of Optimization Results for SPIF Bowls with Taylor tool life. 

Min. Cost Min. Time Min. Energy Min. Carbon Max. Tool life 

Case Cp [$] 
kPSF 

[mm3/s] 
tp [s] 

kPSF 

[mm3/s]
Ep 

[kWh]
kPSF 

[mm3/s] 
PCO2 

[kgCO2]
kPSF 

[mm3/s] 
T [min] 

kPSF 
[mm3/s]

FD 19.56 6555 1449 6555 0.25 6555 1.791 6555 2.74E+05 all 

ST 16.40 8194 1252 8194 0.18 8194 1.783 8194 2.74E+05 all 

LO 33.61 3277 2325 3277 0.39 3277 1.803 3277 2.74E+05 all 

TL 33.50 4916 2311 4916 0.38 6555 1.811 4916 2.74E+05 3277 

Global 16.40 8194 1252 8194 0.18 8194 1.783 8194 2.74E+05 
all but 
TL 3/8, 
TL1/2 

 

Table 8-5: Summary of corresponding lubricant and tool size for optimum results with 
Taylor tool life. 

Lubricant/ tool by objective 

Case Cp min. tp min. Ep min. PCO2 min. T max. 

LO N/A N/A 75W140 Cooking N/A 

TL TL 3/8 TL 3/8 TL 1/2 TL 3/8 TL 1/4 

 

 

Figure 8-16. Carbon contribution breakdown for SPIF Bowls with Taylor tool life. 

8.4 Chapter Conclusion 

This chapter covered the experimental results and application of the economic model to a SPIF 

study with varying parameters. The feed rate (FD) and step size (ST) were found to be most 
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important in determining the time, cost, energy use and process CO2 optimum with the constant 

spindle speed. Like the constant spindle speed milling cases, the same optimum is found for time, 

cost, energy use and process CO2. However, as expected, the tool life could be the trade off at 

higher process rates. Due to a lacking process rate akin to MRR in milling, a process rate 

parameter called the process speed factor, kPSF, was introduced for SPIF to make the cases more 

comparable and was able to identify settings of similarity and superiority. Again, although 

measureable, the energy and environmental costs showed little significance compared to labour 

and material related cost components. However, the environmental (carbon) cost would be more 

in countries with more carbon intensive grids as shown in Chapter 7. The next chapter (Chapter 

9) will show how this information can be used to improve a more complex SPIF part.  
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Chapter 9 

SPIF Study: Hats 

9.1 Chapter Introduction 

This chapter covers the experimental results and application of the economic model to hats made 

with SPIF. The bowl study was used to inform better parameters for improved efficiency. 

Additional information is available in Appendix D. 

9.2 Initial Analysis of Cost, Energy and Carbon Dioxide Emissions in Single Point 

Incremental Forming – Producing an Aluminum Hat17 

9.2.1 Abstract 

An initial analysis of cost, energy and carbon dioxide (CO2) emissions that occur in producing a 

unique aluminum hat using Single Point Incremental Forming (SPIF) for two scenarios is shown. 

(In the previous chapter, a simple bowl shape was used that could easily be formed by other 

techniques like spinning due to its axial symmetry. However, the hat is a complicated shape 

which cannot be done by a simpler process). The aluminum hat was custom designed and made 

from Al-3003 O and is formed using a custom steel alloy SPIF tool and vertical CNC mill. The 

second scenario (S2) involved doubling the feed rate and step down increment of the first 

scenario (S1), as well as using an eco-benign lubricant. The cost and energy used for the SPIF 

process without labour was found to be $4.48 and 4,580 kJ (1.27 kWh) for S1 and $4.10 and 

1,420 kJ (0.39 kWh) for S2 respectively. The respective direct energy required for making the hat 

was only 16% and 27% of the total required energy for S1 and S2In general, using more 

                                                      
17 To be published in International Journal of Sustainable Engineering (IJSE). Authors: K. Branker, D. 
Adams, J. Jeswiet.  
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environmentally friendly inputs allowed a 28% reduction in emissions. Comparing S1 traditional 

and S2 modified, there is a reduction of energy use and CO2 by 69% and 31% accordingly. 

Although the stock material dominated the embodied CO2 and cost, the energy consumed was the 

next highest contributor. Future work will consider optimal parameters for cost, energy and 

embodied CO2 minimization. 

9.2.2 Introduction 

In this section, energy and CO2 emissions have been determined for a case in Single Point 

Incremental Forming (SPIF), which is a recently developed sheet metal forming technique which 

has shown great diversity in potential sheet forming applications [1-3]. As the literature continues 

to characterise this part production technique [1-6], it is important to add the energy and cost 

studies needed to develop commercial strategies [7]. Since manufacturing operations are naturally 

energy intensive and electricity generated from fossil fuels is a major contributor of 

CO2emissions [8] it is important to add the energy and CO2 emission analysis to any process 

characterization to inform life cycle analysis (LCA) studies [9,10]. Gutowski et al. [11] showed 

that the specific energy requirements of machining processes were not constant as assumed in 

many LCA studies and that the process rate was of key importance. In addition, they showed 

ancillary operations add substantially to the energy needed in a manufacturing operation [11]. In 

machining, the process rate often quoted is the material removal rate (MRR), which depends on 

the feed rate, depth of cut and width of cut of the operation [11-13]. In the literature for SPIF, it is 

not clear what process rate metric comparable to MRR is available. However, the feed rate and 

step down increment in SPIF are some of the parameters known to change the rate at which the 

process occurs [1-4]. As such, these will be considered in the study. 

 



 

171 

 

9.2.3 Background Information on SPIF 

Single Point Incremental Forming (SPIF) is a die less sheet metal forming process that allows 

sheet metal to be formed without the need for specialized tooling. SPIF employs a solid, 

hemispherical tool which presses on a sheet moving in a series of successive contours, forming 

the sheet incrementally into its final shape (Crina, 2010; Jeswiet et al., 2005). SPIF is able to 

produce both axially symmetric and asymmetric parts, only requiring a rig to hold the sheet metal 

workpiece. Figure 9-1 illustrates the basic configuration and terminology for SPIF. Like other 

machining operations, the feed rate (FD) and step size (ST) increment affects the time taken for 

the process. 

 

Figure 9-1. SPIF configuration.  

Typically, SPIF is performed on a CNC milling machine that has been converted by adding a 

sheet holder rig to the table. Tool paths can be written with any commercially available CAM 

package. The lack of any specialized tooling means that the only difference between parts is the 

program run by the mill. Little research has been done into tool wear in SPIF, but there appears to 

be very little visible wear or deflection in the tool after use. In fact, what is noted is that there is 

only observable wear in the absence of lubrication [3,4]. The shape of a common tool path is 
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shown in Figure 9-1 and Figure 9-2. A backing plate serves to support the part and create well-

defined edges in the final formed shape [4]. 

 

Figure 9-2. SPIF tool path, showing 2-dimensional contours displayed using MasterCam™. 

By far the biggest attraction of SPIF is the ability to form complicated custom sheet metal parts 

with rapid turnaround times and no need to make custom tooling.  

9.2.4 Methodology  

In this study, SPIF was used to create a unique hat from Al-3003 O using a Bridgeport GX 480 

vertical mill and a custom steel alloy SPIF tool. In this mill the sheet is held in place on a custom 

made blank holder, and moves in the horizontal x and y axes. The tool moves in the z-axis. The 

general design process involved drawing the hat detail in SolidWorks™, followed by importing 

the drawing into MasterCam™. Figure 9-3 shows the detail for the hat as imported in 

MasterCam™. In MasterCam™, the SPIF process parameters were set and the program run. In 

order to gauge what the energy use in the SPIF process was with and without metal forming 

loads, the NC program from MasterCam™ was run on the mill with and without stock sheet. 

Figure 9-4 shows the finished hat; note that the dimple at the front of the hat naturally develops as 

a result of the forming process.  
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Figure 9-3. Screenshot of Hat detail in MasterCam™ showing tool path. 

 

Figure 9-4. Picture of Finished Hat. 

The part of the hat that is processed using SPIF has maximum ellipse dimensions of 216 mm (8.5 

in.) major diameter and 178 mm (7.0 in.) minor diameter with a maximum height of 102 mm (4.0 

in.). The workpiece was a 327 mm (12.875 in.) x 327 mm (12.875 in.) x 1.5 mm (0.059 in.) Al-

3003O sheet. For the experiments, each NC run scenario (with and without stock) was completed 

3 times and then averaged to get the final result. Two run settings were used to illustrate the 

impact of changing process parameters. The initial SPIF process parameters (scenario 1: S1) were 

at a feed rate (FD) of 2032 mm/min (80 in./min), spindle speed (N) of 600 RPM (climb milling) 

and a step size (ST) of 0.254 mm (0.01 in.), with a tool diameter (TL) of 635 mm (1/4 in.) and 

gear oil lubricant (75W-140). These parameters were found to produce a reasonable finish and 
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were the general settings used in the shop. The lubricant is used to reduce the friction of the tool 

and allow the SPIF process to occur smoothly [4]. In another study, it was found that for a 

simpler SPIF part, as the feed rate and step size increment increased, the overall energy use 

decreased [14]. Thus, a second scenario (S2) was developed by doubling the FD and ST, and 

increasing the size of the tool to accommodate the increase in step size to maintain the finish 

(Hamilton, 2010). Considering the CO2 burden, an eco-benign lubricant derived from used 

cooking oil [15] was used instead of the synthetic gear oil. Table 9-1 summarizes the settings for 

the 2 scenarios. 

Table 9-1: Summary of Experimental Parameters. 

Parameter Scenario 1 (S1) Scenario 2 (S2) 
Lubricant Quaker State 75W-140 Used Cooking Oil ester* 
Tool Size [mm] (in.) 6.35  

(0.25 ) 
9.525  

(0.375) 
Spindle Speed [RPM] 600 600 
Feed Rate [mm/min] (in./min) 2032 

 (80) 
4064 
 (160) 

Step Size [mm] (in.) 0.254  
(0.01) 

0.508  
(0.02) 

*Sample from Dr. C. Herrmann at Braunschweig Institute of Technology in Germany. 

 

A graduated measuring cylinder was used to apply the lubricant at the track of the tool and 

quantify the amount of lubricant used. A digital scale was used to determine the weights of 

inputs, e.g. tool and stock. Finally, to measure the energy used by the machine, three OMEGA™ 

OM-PLCV data loggers with the respective logger interface software were used for the three 

phases of the power supplied to the machine using the highest resolution available of 1 Hz. The 

meters were setup to get the line-to-line voltage and the line current. The following Eqns 9-1 and 

9-2 and were used to resolve the effective power used, Ptotal, 
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3PFVIP LLLi 
    

, i=1 to 3         9-1 

3
321 PPP

Ptotal




         9-2
 

where  

  “i” indicates the power from each phase, 
  “L” represented the line (1 to 3) 
  “L-L” means line to line for that given phase (1-2, 2-3, 3-1), 
 I is the current (A) 
 V is the voltage (V) 
 PF is the power factor assumed as 0.9 to be conservative 
 P is the power 
 

The energy used is then determined by finding the area under the power versus time graphs using 

the trapezoidal rule on the discrete data. To calculate the embodied CO2 emissions from the 

process including the stock sheet, the emission intensities (EI) of reference materials were used as 

was available in the literature and databases. Once all the data were obtained, the breakdown of 

energy, cost and embodied CO2 equivalent emissions were determined for the process. 

9.2.5 Results and Analysis 

9.2.5.1 Energy Results 

The resolved power usage over time for the scenario 1 (S1) process (a) running the program with 

load/stock sheet and (b) running the program without stock sheet are shown in Figure 9-5. Figure 

9-5 compares the two on the same plot showing the direct (ED) and ancillary (EA) energy 

breakdown. The EA is the shaded area and the ED is above that less the axis positioning at the start 

and end. Note that there is a power spike at the beginning of the process when the tool moves 

rapidly (accelerates and decelerates) to the start point of the program, otherwise called 

positioning. While the tool is making continuous incremental passes, the energy power profile is 
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roughly constant. Furthermore, in the last stages of the program, where the detail at the top of the 

hat is being generated, there are several oscillating spikes from rapid axis movements 

(accelerations and decelerations in addition to moving) as shown in Figure 9-3. It is clear that the 

loaded case uses slightly more energy than the loaded case. Note that the spikes do not fully align 

and this is likely the result of signal aliasing due to the limited sampling frequency of 1 Hz of the 

data loggers. Negligible compressed air is used during SPIF and is not accounted for. 

 

Figure 9-5. Power profile comparison of SPIF of hat with and without stock for S1. 

 

The dashed line in Figure 9-5 indicates the baseline load when the machine is on standby waiting 

to start an operation. For this process, the baseline measures the ancillary contribution, since only 

the spindle and axis movements occur additionally during the program. Throughout, the console, 

fans, light and control system run regardless of the process. Furthermore, for SPIF, the coolant 

system is not needed. From the plot, it is clear that the SPIF process for making the hat adds a 

small amount of energy (at the operating parameters used) above the baseline for the deformation 

and spindle and axis motors. Furthermore, the difference between running the program with stock 

sheet and without stock sheet is very small, such that the energy for deformation is small in SPIF. 
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The energy used in each plot was resolved by finding the area under each graph. Table 9-1 

illustrates the energy breakdowns for S1, derived using the trapezoidal rule, and confirms the 

small additional energy required for the SPIF process above the baseline at the given SPIF 

parameters. The ancillary energy represents roughly 84% of the process energy, which is 

consistent with other manufacturing process findings [11]. The direct energy represents 16%, 

made up of 13.8% for spindle and axis movements and 2.6% for deformation energy.  

Table 9-2: Energy Profile Data for Hat made with SPIF Process Scenario 1 on Bridgeport™ 
GX480. 

 

Average 
Power 
 (W) 

Estimated 
Total Energy 

(kJ) 
Machine Breaker Off 35 - 
Average Standby Baseline 639 3824 
SPIF Hat (no stock) + Baseline 758* 4454 
SPIF Hat (stock) + Baseline 778* 4571 

SPIF Hat deformation energy - 
117 

(4571 -4454) 
Average Positioning (less Standby Baseline) 287* 9 

Total Energy - 
4580 

(4571+9) 

Total Direct Energy - 
747 

(4580-3824) 
Total Ancillary Energy - 3833 
* Average power calculated with total energy and time, not showing range for power 
spikes 

 

The analysis in Table 9-2 was repeated for scenario 2 (S2). Table 9-3 summarizes the energy use 

and time in SPIF for the two scenarios, with the standard error reported for the total energy and 

total time. From the energy results, the time for the SPIF process in S1 and S2 are 1.59 hrs (5720 

s) and 0.40 hrs (1456 s), whereas the total process from design to finish takes 3 hrs and 1.81 hrs 

respectively. The average idling (handling) time and positioning of the axes takes 181 s for both 

settings. Note that in S1, the SPIF process uses 4580 ± 40 kJ whereas S2 with double the feed rate 

and step size uses 1420 ± 30 kJ or roughly 3 times less energy. This relationship can be 
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understood considering that S2 was more than 3 times faster in terms of total process time. Thus, 

for a faster process, the contribution of the ancillary energy is reduced. Of the total energy used, 

the EA in S1 is 84% whilst it is 73% in S2. The ED contribution increases due to a greater power 

requirement in driving the axes faster. According to the data, the deformation energy seems to 

decrease. Considering the standard error and variability in the energy consumption at different 

times of day and between different days, more work is needed to conclude how the deformation 

energy changes with changing parameters. Finally, there was no observable difference in finish 

on the outside of the hat between the two scenarios. However, on the inside of the hat in the 

detailed portion (‘peaks’), the wider contours taken for the larger step size are clear, although 

smooth. 

Table 9-3: Summary of energy use and time for 2 scenarios. 

  S1 S2 

Deformation Energy [kJ]  
(kWh) 

117 
(0.033) 

33 
(0.009) 

Ancillary Energy [kJ] 
 (kWh) 

3834 
(1.065) 

1032 
(0.287) 

Direct Energy [kJ] 
 (kWh) 

746 
(0.207) 

385 
(0.107) 

Total Energy [kJ] 
 (kWh) 

4580 
(1.272) 

1420 
(0.394) 

(Total Energy Standard error)[kJ] 
(kWh) 

± 40 
(0.012) 

± 30 
(0.009) 

SPIF Time [s] 5720 1456 
Total Time (with idling and 
positioning) [s] 

5902 1636 

(Total Time Standard error) [s] ± 2 ± 2 
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9.2.5.2 Cost and Carbon Dioxide Emission Analysis 

A basic cost and CO2 emission analysis was performed noting the resource inputs for the hats. 

Figure 9-6 illustrates the main part of the process focused on for the analysis. 

 

 

Figure 9-6. Abridged Process Diagram for Hat made from Aluminum Sheet via SPIF 
showing process area for Carbon Dioxide and Cost of Manufacturing Analysis. 

 

Table 9-4 indicates the cost breakdown for the hats of the two scenarios. For inputs, minus labour 

costs, the cost per hat for scenario 1 and 2 is $4.48 and $4.10 respectively. The lower cost in S2 is 

due to the reduced energy use, reduced lubricant use and cheaper eco-benign lubricant. 

Considering labour, the cost per hat becomes for a one-off hat, $184.48 and $113.15, or for a 

commercial hat as one of one thousand, $84.48 or $26.94 respectively. Labour cost estimates 
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were made with machine shop staff. The large change in the cost is related to the reduction in 

time of the process which reduces the labour contribution per part.  

Table 9-4: Cost Breakdown for manufacturing a hat using SPIF. 

Scenario 1 (S1) Scenario 2 (S2) 

Item Cost Rate 
Used per 

hat 
Final Cost Cost Rate 

Used per 
hat 

Final Cost

Stock  
(Al 3003-O) 

$ 111.60 for 48" x 8' 
x 0.059" sheet 

12.875" x 
12.875" x 

0.059" 
(21% 

removed to 
create brim) 

$ 4.01 same same $ 4.01 

Lubricant 
$20.00/L (Quaker 

State Full Synthetic 
75W-140) 

16.8 ml $ 0.34 
$2.80/L (Used 
Cooking Oil 

Ester) 
10.5 ml $0.03 

Direct Energy $0.088/ kWh 1.065 $ 0.09 $0.088/ kWh 0.287 $ 0.03 

Ancillary Energy $0.088/ kWh 0.207 $ 0.02 $0.088/ kWh 0.107 $ 0.01 

Tool 
$25.00 for 1/4" 

Custom steel tool 
(1000 hats 
per tool) 

$ 0.03 
$25.00 for 3/8" 

Custom steel tool 
(1000 hats 
per tool) 

$ 0.03 

Total Cost per hat 
(without labour) 

- - $ 4.48 - - $ 4.10 

Labour  
(design, set-up, 

machine and finish) 

$60/ hr 
(1 hat process) 

3 hrs $ 180.00 
$60/hr 

(1 hat process) 
1.81 hrs $ 109.05 

Total Cost per hat 
 (with labour) 

- - $ 184.48 - - $ 113.15 

Labour per hat  
(1000 hats)* 

$50/hr 
 (1000 hat process) 

1.64 hrs $ 82.00 
$50/hr 

(1000 hat 
process) 

0.46 hrs $ 22.84 

Total Cost per hat 
(with commercial 

labour charge) 
- - $ 86.48 - - $ 26.94 

* Note Labour contribution reduces when more hats are created 

 

When considering the CO2 breakdown, the experimental/ traditional inputs and potential modified 

inputs were considered for each scenario. As mentioned before, the best available reference 

material was used to gauge the emission intensity (EI) of each input. For example, the world 

average EI for rolled aluminum sheet is used for the Al-3003O sheet [16]. Virgin rolled 
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aluminum with an EI of 12.15 kg CO2e /kg is used for the traditional analysis, whereas a 

modified input is rolled aluminum with 33% recycled content with an EI to 8.72 kg CO2e /kg 

[16]. Note that this could be reduced even more with 100% recycled content with an estimated EI 

of 1.73 kg CO2e /kg [16]. For both cases, the electrical grid is in Ontario with an EI of 0.17 kg 

CO2e/kWh [17]. For the tool, given limited LCA data for manufacturing tools, a mill tool EI is 

used for the SPIF tool EI. Thus, the traditional input would be a virgin tool with an EI of 6.4 kg 

CO2e/kg whereas the modified input would be a remanufactured tool that has been re-grounded 5 

times in its life cycle reducing the EI to 1.3 kg CO2e/kg [18]. Finally, without exact LCA data on 

the Quaker State lubricant, mineral gear oil is used as the reference material with an EI of 3.30 kg 

CO2e/L [15]. The used cooking oil ester from Germany used in S2 has an EI of 0.51 kg CO2e /L 

[15]. In the same study [15], it was found that mineral oil and the used cooking oil ester had very 

similar coefficients of friction which would likely result in the same finish. Table 9-5 summarizes 

the embodied CO2 breakdown from the process for the hat in S1 with traditional/experimental; 

inputs and modified inputs as described above. Table 9-6 summarizes the same for S2. For S1, 

the total embodied CO2 is found to be 4.48 kg CO2e. If a carbon price of $50/ tonne CO2 were 

applied, this would be an additional cost of $0.22 per hat. As expected, the material of the 

workpiece dominated the CO2 due to the part with a value of 4.20 kg CO2e. When theoretical 

modification to the inputs are considered; using 33% recycled content Al, used cooking oil and 

remanufactured tool; the impact reduces to 3.24 kg CO2e or by 28 %. This would save $0.06 per 

hat at $50/ tonne CO2. 

For S2, the traditional total embodied CO2 is found to be 4.28 kg CO2e, which is 4.5% lower than 

the traditional S1 due to the reduced energy use, use of the eco-benign lubricant and reduction in 

overall lubricant use. If a carbon price of $50/ tonne CO2 were applied, this would be an 
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additional cost of $0.21 per hat. Again, the stock material has the highest CO2 contribution of 

4.20 kg CO2e. However, when theoretical modification to the inputs are considered; using 33% 

recycled content Al and a remanufactured tool; the impact reduces to 3.09 kg CO2e or by 28 % 

($0.06 reduction at $50/ tonne CO2). Comparing the traditional S1 and the modified S2, there is a 

difference of 1.39 kg CO2e or 31% (or $0.07). For 1000 hats, this would represent a 1390 kg 

CO2e reduction or $69 savings at a carbon price of $50 per tonne CO2. 

Table 9-5: Carbon Dioxide Contribution Breakdown for Scenario 1 (S1) SPIF Hat 
Process18. 

Experimental/Traditional Inputs Modified Inputs 

Item Amount Used 
Material LCA 

Reference 
assumption 

Estimated EI 
CO2 per 

Hat 
[kgCO2]

Material LCA 
Reference 

assumption 
Estimated EI 

CO2 per 
Hat 

[kgCO2]

Stock  
(Al 

3003O) 
0.346 kg 

Rolled Al - 
Virgin raw 
materials 

12.15 kgCO2e/kg 4.20 
Rolled Al - 33% 

recycled materials 
8.72 kgCO2e/kg 3.02 

Lubricant 
(75W-
140) 

0.017 L 
Mineral Gear 

Oil 
3.29 kgCO2e/L 0.06 

Used Cooking oil 
ester 

0.512 kgCO2e/L 0.01 

Direct 
Energy 

0.207 kWh Ontario Grid 0.17 kgCO2e/kg 0.04 Ontario Grid 0.17 kgCO2e/kg 0.04 

Ancillary 
Energy 

1.065 kWh Ontario Grid 0.17 kgCO2e/kg 0.18 Ontario Grid 0.17 kgCO2e/kg 0.18 

Tool  
(1/4 " 
SPIF 
Tool 

Custom) 

1.36E-4 kg 
Generic HSS 

mill tool- New
6.4 kgCO2e/kg 8.70E-4

Generic HSS mill 
tool- 

Remanufactured 
1.3 kgCO2e/kg 1.77E-4

Total - - - 4.48 - - 3.24 

 

 

 

                                                      
18 The bolded and italicized numbers under the modified inputs column show the inputs that were changed 
with their final respective values in Table 9-5 and Table 9-6. 
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Table 9-6: Carbon Dioxide Contribution Breakdown for Scenario 2 (S2) SPIF Hat Process. 

Experimental/Traditional Inputs Modified Inputs 

Item Amount Used 
Material LCA 

Reference 
assumption 

Estimated EI 
CO2 per 

Hat 
[kgCO2]

Material LCA 
Reference 

assumption 
Estimated EI 

CO2 per 
Hat 

[kgCO2]

Stock  
(Al 

3003O) 
0.346 kg 

Rolled Al - 
Virgin raw 
materials 

12.15 kgCO2e/kg 4.20 
Rolled Al - 33% 

recycled materials 
8.72 kgCO2e/kg 3.02 

Lubricant 
(Used 

Cooking 
Oil 

Ester) 

0.0105 L 
Used Cooking 

oil ester 
0.512 kgCO2e/L 0.01 

Used Cooking oil 
ester 

0.512 kgCO2e/L 0.01 

Direct 
Energy 

0.107 kWh Ontario Grid 0.17 kgCO2e/kg 0.02 Ontario Grid 0.17 kgCO2e/kg 0.02 

Ancillary 
Energy 

0.287 kWh Ontario Grid 0.17 kgCO2e/kg 0.05 Ontario Grid 0.17 kgCO2e/kg 0.05 

Tool  
(3/8" 
SPIF 
Tool 

Custom) 

1.09E-4 kg 
Generic HSS 

mill tool- New
6.4 kgCO2e/kg 6.98E-4

Generic HSS mill 
tool- 

Remanufactured 
1.3 kgCO2e/kg 1.42E-4

Total - - - 4.28 - - 3.09 

 

Figure 9-7 displays the embodied CO2 without the stock to allow better relative comparison of the 

inputs from the process itself. After the stock contribution (4.20 kg CO2e for traditional or 3.03 kg 

CO2e for modified), the emissions from the electricity (EA and ED) used is the next largest, 

particularly from the ancillary processes. However, changing the process parameters (doubling 

the feed rate and step size) significantly reduces the impact of the EA used. Finally, changing to 

an eco-benign lubricant brings the lubricant impact to almost being negligible. 
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Figure 9-7. Carbon Dioxide Contribution Breakdown for the SPIF Hats without sheet stock 
input (S1 – scenario 1, S2 – scenario 2). 

9.2.6 Discussion 

Table 9-7 summarizes the major numerical findings of this study. It is well known that increasing 

the batch size for a manufacturing process reduces the time, labour and cost of a part. Considering 

the hat produced by the SPIF process itself, without labour considerations, the material of the part 

dominated the cost and CO2 emissions. Using best available data and more eco-benign alternative 

inputs resulted in a decrease of 28% of CO2 emissions from 4.48 to 3.24 kg CO2e in S1 and from 

4.28 to 3.09 kg CO2e in S2 (a $0.062 savings per hat with a carbon price of $50 per tonne CO2). 

Thus modifying the inputs to the manufacturing process creates a unique cost and environmental 

burden reduction opportunity, should the modified inputs have similar or lower costs to the 

traditional inputs. Comparing the traditional S1 and modified S2 cases demonstrates the power of 

changing both the inputs and process parameters.  

 

Concerning the electrical energy used, which is the second largest contributor of CO2 emissions, 

the EA represented 84% for S1 and 73% for S2 or total energy used. With double the feed rate and 
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step size increment, S2 was more than 3 times faster and roughly used 3 times less energy. This is 

mainly due to the reduction in EA consumption. In terms of CO2 contribution from EA, the 

reduction in energy use related to a reduction in CO2 by 73%. Hence, using alternative parameters 

and increasing the efficiency of the supporting equipment of the mill is an opportunity to improve 

the process and further reduce costs. Therefore, further investigation is required to map the 

relationships between different process settings and energy use for SPIF. 

Table 9-7: Summary of Analysis for a Hat manufactured with SPIF at two settings. 

   scenario 

 Description 1 2 

Time 
Process time per hat (one-off) [hrs] 3.00 1.82 

Process time per hat (commercial 1000 hat line) [hrs] 1.64 0.46 

Energy Total Process Energy Use [kJ] 4580 1420 

Cost 

Cost of process and inputs for hat (less labour) $ 4.48 $ 4.10 

Cost with labour (one-off) $ 184.48 $ 113.15 

Cost with labour (commercial 1000 hat line) $ 86.48 $ 26.94 

Carbon 
Dioxide 
Emissions 

Embodied Carbon Dioxide of Hat (Experiment/Traditional) 
[kg CO2e] 

4.48 4.28 

              Cost at $50/tonne CO2 $ 0.22 $ 0.21 

Embodied Carbon Dioxide of Hat (Modified) [kg CO2e] 3.24 3.09 

              Cost at $50/tonne CO2 $ 0.16 $ 0.15 

 

Lubrication is important in SPIF to allow the operation to occur smoothly to attain the required 

shape and finish. In this study, it was shown that an eco-benign lubricant derived from used 

cooking oil could be used in SPIF as an alternative to using synthetic or mineral based gear oils. 

Qualitatively, there was no observable difference in finish between the two scenarios. In addition, 

it was observed that the used cooking oil ester flowed better that the 75W-140 used, thus 

remaining in the path of the tool during SPIF such that less lubricant was used. The resulting 

reduction in lubricant use along with the lower CO2 EI allowed the lubricant CO2 burden to be 
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almost negligible. Finally, the eco-benign lubricant was also easier to remove (clean) from the 

hat. Further studies will be needed to quantify and scientifically understand this observation for a 

range of lubricants, especially eco-benign, and their potential for SPIF. 

Limitations of the study include the resolution of the data acquisition system, the EI inputs 

available and the entire life cycle of the hat not included for the cost and embodied CO2 of the 

hat. As shown in Figure 9-5, the signals did not exactly align in terms of the occurrence of peaks 

and troughs. This was due to the limited sampling frequency of 1 Hz of the loggers that were used 

such that an aliasing error is likely introduced. None-the-less, considering the data for three hats 

per scenario, the standard error was 1% to 3% in the total energy and 0.03% to 0.12% for the total 

time. For the initial study presented, this was reasonable. However, if more accuracy is required 

in the energy data, especially in the amplitudes of power spikes for peak loading considerations, a 

higher resolution is recommended that matches the time interval over which power spikes occur. 

In addition to the aliasing error, there was a slight variability in the baseline standby energy 

which would impact the overall total energy used since it dominated the EA. This variability could 

be caused by machine readiness and power supply fluctuations that would vary within a day and 

between days to name a few. The lack of load conditioning in the supply to the machine would 

also affect the power factor. 

A challenge in the CO2 footprint analysis is finding appropriate EI references for the inputs in the 

study. Since LCA data tend to supply a static value applicable to a specific location or process, 

there is expected error in the absolute LCA CO2 value estimated. Furthermore, lacking EI data for 

the specific inputs used makes it difficult to make an exact calculation. Thus, using the ‘best 

reference material’ implies that it is assumed that it is the best freely available data that might 
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most closely represent the EI of the specific input. Regardless of the uncertainty, the power of the 

analysis presented is in using it for relative comparison with consistent benchmarking. The large 

impact on the final result was clearly shown by altering the assumed input and its respective EI 

when considering traditional versus modified inputs. For the analysis, it is assumed that the EIs of 

literature resources are representative of the inputs in the analysis. The best assumptions are the 

EIs of the electricity, used cooking oil ester and the aluminum sheet. The Ontario grid EI is used 

as provided by Environment Canada and the world average data for aluminum sheet is used for 

the Al-3003O sheet. The EI of the used cooking oil was provided with the sample. Given that an 

LCA for the Quaker State 75W-140 could not be found, a Castrol mineral oil EI was used [15] . 

This assumes that their production and disposal processes yield a similar result and ignores 

location origin. Similarly, a specific LCA study for SPIF tools was not found such that a milling 

tool LCA was used where the tool workpiece material was also carbon steel based. Whilst the two 

tools are obviously different, with the mill tool requiring more intricate machining, coating and 

overall material removal, it was important to have a tool EI to use on a relative basis with at least 

a similar material. This study showed the enormous contribution that the workpiece material 

makes to the overall EI. Again, using the milling EI makes the expressed assumption that both 

tools are produced, recycled and disposed with similar processes in the same location, noting that 

majority of tools is manufactured in a few countries [18]. It is possible that a SPIF tool could 

have a lower EI than a milling tool, especially in the study given, where it is custom 

manufactured and re-grinded in-house which would reduce transportation emissions. Another 

assumption made with the SPIF tool is that it could last for 1000 hats in the commercial line 

regardless of the parameters. Tool life and wear prediction models for SPIF tools is lacking in the 

literature. The tool life impacts the number of parts that can be made and subsequently its 
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contribution to each part in its life cycle. Therefore, it is urged that studies are performed to 

quantify and estimate the wear characteristics in SPIF tools, given the extensive studies that have 

been done for other machining and forming operations. 

Finally, the entire life cycle environmental impact is not considered for the hat in this study as the 

SPIF process and CO2 emissions were the main focus. Other areas of investigation in the hat 

production include the impact of the type of cleaning agents used to remove the lubricant after the 

SPIF process and adding the cutting, grinding and bending process to form the brim of the hat. 

Ultimately, with life cycle impact assessment, the significant environmental burdens in the 

process will need to be identified and procedures developed to reduce or mitigate them.  

Potential future work could include: 

 Defining a comparable process rate metric for SPIF and developing tool life prediction 

models 

 determining the specific energy requirements of the SPIF process in a comparable metric 

to traditional machining processes; 

 finding the optimum process settings to reduce the energy consumption and embodied 

CO2 of the SPIF process;  

 comparing the SPIF process against traditional forming processes for the same 

application and product complexity; 

 and, modification to the SPIF process to improve its effectiveness, e.g. electro-SPIF. 

9.2.7 Conclusion  

In this section, an initial analysis of cost, energy and carbon dioxide (CO2) emissions in 

producing a unique aluminum hat using single point incremental forming (SPIF) is performed for 

two scenarios. The second scenario (S2) involved doubling the feed rate and step down increment 
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of the first scenario (S1), as well as using an eco-benign lubricant. The aluminum hat was custom 

designed and made from Al-3003 O using a custom steel alloy forming tool on a Bridgeport GX 

480 vertical mill. The cost and energy used for the SPIF process without labour was found to be 

$4.48 and 4,580 kJ (1.27 kWh) for S1 and $4.10 and 1,420 kJ (0.39 kWh) for S2 respectively. 

The respective direct energy required for making the hat was only 16% and 27% of the total 

required process energy for S1 and S2. Using virgin or traditional emission intensity inputs for 

the tool, lubricant, workpiece and energy, the embodied CO2 from the process was found to be 

4.48 kg CO2e for S1. However, using 33% recycled aluminum, an eco-benign lubricant and a 

remanufactured tool resulted in an embodied CO2 of 3.24 kg CO2e or a 28% CO2 savings for the 

same process parameters. Similarly, in S2, the embodied CO2 was found to be 4.28 kg CO2e for 

traditional inputs and 3.09 kg CO2e for modified inputs. Comparing S1 traditional and S2 

modified, there is a reduction of energy use and CO2 by 69% and 31% accordingly. As expected, 

the stock material dominated the embodied CO2 and cost but the energy consumed was the next 

highest contributor. Future work will consider optimal parameters for cost, energy and embodied 

CO2 minimization. 

9.3 Extension of foregoing paper with Economic Model 

In Chapter 3, it was shown how the economic model could be modified for a SPIF operation. In 

the previous chapter (Chapter 8), an optimization was considered for SPIF for a simple bowl 

shape. However, since the hat case study used the bowl case study to suggest more optimum 

parameters, the ‘better hat’ is already known. Thus, the model is applied to demonstrate the 

results considering the tool life prediction and process speed factor (kPSF) developed in the 

previous chapter. Table 9-8 summarizes the key data from the analysis done with the model. The 

minimum cost, time, energy use and process carbon correlate with the higher kPSF. The maximum 
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tool life occurs at the lower kPSF .Graphs are not shown as this represents two data points. Figure 

9-8 shows the cost breakdown of the different cost components in the model for the two 

scenarios. 

Table 9-8: Summary of hat data from the model. 

  S1 S2 

Cp [$] 98.86 32.85 

tp [s] 6264 2188 

Ep [kWh] 1.27 0.39 

PCO2 [kgCO2] 3.29 3.09 

T [min] 2.74E+05 1.21E+04 

kPSF [mm3/s] 3277 19664 

 

 (a) (b) 

 

Figure 9-8. Cost breakdown of the hats for two scenarios. Note: the segments are labelled 
clockwise from Cf. 

 

In both cases, the cost due to forming dominates the overall cost of the hat. This is because the 

forming process takes much more time compared to the milling cases previously shown. 

Furthermore, the workpiece is a sheet rather than a block of material, such that its relative 

contribution is reduced. In (a) S2, Cf represents 80% of the cost compared to 93% for (b) S1. The 
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large reduction (2.8 times) in process time means that the contribution of the forming cost is 

reduced. The next highest costs are handling/idling (Cl) and material (CMD) costs. In both cases, 

the set up (Cs), tool (Ct), indirect materials (CMD), energy (CED, CEA) and environmental (Cenv) 

costs represent a minimal portion. Again, the large processing time dominates other costs. The 

proportion of energy costs remains the same in both cases, although the ratio of direct to ancillary 

energy changes as noted before. Finally, the proportion of Cenv, Cl, CMD, Cs, and Ct increase in the 

more optimum hat S2 as the forming contribution decreases. Again, Cenv has a small measurable 

effect on the cost, but other environmental costs would need to be included to understand their 

true significance. The sprocket case study in Chapter 7 showed that this would have a larger 

impact in a low labour rate, high EI electrical grid like China. The sensitivity is not repeated for 

SPIF as it potentially would yield similar trends given that the other trends in milling have 

already been observed and there is no optimization to be performed. 

9.4 Chapter Conclusion 

In this chapter, the bowl study was used to improve the process parameters for a more complex 

SPIF part, a Hat. The general relationships observed were used to show how faster rates mean 

lower time, energy, process CO2 and therefore cost for constant spindle speed. Once again, the 

kPSF gave a relative indication of the rate with the new parameters. In addition, the environmental 

costs showed a small measurable effect, but could increase in significance with burdens beyond 

CO2.Tool life, other SPIF parameters and more appropriate LCA data remain for future studies.  
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Chapter 10 

General Discussion and Future Work 

10.1 The Economic Model 

After a comprehensive review of machining microeconomic models, it was found that explicit 

accounting for energy and carbon dioxide (CO2) was lacking. Given that economic models form a 

method for optimization of machining parameters, a simple new model was developed, including 

the broader view of energy and environmental costs. Although CO2 emissions were primarily 

focused on, the model framework allows for easy extension into other environmental burden 

costs. A major contribution was the consideration of a life cycle analysis (LCA) based method of 

determining the CO2 emissions of the process and part being manufactured. This method 

recognizes that the life cycle of indirect inputs contribute to the life cycle of the product. The 

model allowed for the investigation of the effect of energy price and carbon price on the final part 

price and the prescribed process parameters. In certain cases where a single parameter is changed 

in a specific range whilst others are kept constant, such as in the milling straight cuts and SPIF 

bowls, the prescribed parameters for energy, time and CO2 minimization corresponded with those 

for minimum cost. Thus, in those cases, one could be a proxy for the other. However, in the 

sprocket case study where both the feed rate and spindle speed were changed for a larger range, 

there was a range of possible optimum parameters depending on the objective of the optimization. 

Therefore, a minimum cost scenario did not necessarily mean minimum energy use or CO2 

produced. In all cases, the maximum tool life did not correspond with the other optimum 

conditions since it required the lowest speeds. In general, the energy and carbon prices had a 

small measurable effect on the final cost and prescribed parameters. However, its significance 
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would increase considering a larger batch and entire products made of multiple components. 

Other important conclusions were drawn from the sprocket studies concerning the sensitivity to 

user conditions. Recognizing that cost rates, such as labour rate, in the economic model act like 

weighting factors for the various costs components, the relative difference in these would change 

the focus of the optimization. Several terms depended on the labour rate, such that it dominated in 

the final cost and prescribed parameters sought to reduce its impact. However, in the case of 

lower labour costs, the energy and carbon costs increased in significance, making the optimum 

cost parameters approach their optimum parameters. Therefore, even when the relative cost of the 

part is lower between countries, for a low labour rate country or for higher automation, the energy 

and carbon cost increase in proportion of the manufacturing cost (potential profit). In an extreme 

case (China), the labour cost was so low that the tool related costs became more dominant such 

that much lower than expected speeds were prescribed in order to extend the tool lives. In 

addition, even though the part was much cheaper due to the labour rate, it still represented a part 

made with the highest amount of CO2 emissions of the countries shown which was largely due to 

the electricity grid. Thus, a holistic approach is required in considering manufacturing strategy 

beyond immediate economics. 

The sensitivity analysis also outlines the consideration of validity of results against a time 

dimension. As mentioned before, a sensitivity analysis should be considered to foresee how 

changes in certain inputs will impact optimum levels. This would not only be important in 

comparing countries at a given point in time, but also the potential issues for a given country over 

a temporal scale. For example, after a certain labour rate ($30/hr) in the sprocket single variable 

sensitivity analysis, the change in the prescribed parameters changed very little. Thus, there is 

little change for many of the G8 countries. However, before it, there is a much sharper change. 
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Therefore, the emerging markets, like China, that are seeing increases in their labour rates, need 

to incorporate projections in process planning to potentially understand how the rates of increase 

might direct their investments. This could also be done for other user conditions like carbon 

pricing which might be variable as dictated by a carbon market. Finally, ranges of acceptable 

operating levels could be known by user scenario. 

Even though milling and SPIF are two different physical processes, the results of the energy and 

economic analyses yielded similar results that could be used for more general strategy. Especially 

in SPIF, more aggressive than usual parameters could be used to improve productivity and reduce 

environmental burden. The energy and CO2 breakdown showed similar results in terms of the 

dominant sources. As per the literature, the ancillary energy dominated the energy usage. Thus, 

the reduction in process time through faster process rates led to its minimization. Even though the 

direct energy increases with more aggressive parameters, its smaller contribution means that there 

is an overall decrease with the exception of higher speeds (> 6000 RPM) in the sprocket case. 

The increase in energy after a certain speed in the sprocket study can be described by the limits of 

the machine. Each milling machine has a maximum cornering acceleration for a certain path size. 

The sprocket represented a small part that required many accelerations and decelerations in the 

tool path as it was cut in a ‘zig zag’ and radial fashion. Thus, even though the feed rates were 

increasing, it was found that the time did not decrease by much after a certain point, such that the 

ancillary energy almost attained a constant value. Therefore, the time for the ‘cut’ might decrease, 

but the time to accelerate and decelerate the axes for positioning would reach a steady state. The 

influence of tool path was also seen in the case of the pockets that all removed the same volume, 

but had considerable difference in time and energy use. It is recommended that machine 

manufacturers and CNC code producers collaborate on machine specifications that provide 
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optimal tool path strategies that reduce time and energy consumed. In addition, the limits of the 

machine should also be clear along with the consequences and incorporated into CAM software, 

so that these losses are minimized in the preparation stage. Finally, given the dominance of the 

ancillary energy, machine manufacturers need to consider ways of improving the energy 

efficiency of the supporting equipment inside and outside of operating schedules. 

For the CO2 breakdown, the workpiece material dominated in all cases but the sprocket. The 

energy was the next (if not the highest) contributor to CO2 emissions. In the case of milling on the 

HAAS, the coolant had a higher impact than energy at lower speeds due to the splashing losses. 

The lack of an enclosure and proper positioning of the coolant nozzle on the HAAS meant wasted 

coolant which could be reduced with better design and machining practice. After energy and the 

coolant (no coolant in SPIF), the tool was the next contributor. Concerning the use of more 

aggressive parameters, the tool life is important as it is greatly reduced with increased speed 

which would increase its cost and CO2 contribution. Therefore, tool life prediction will play a key 

role in process planning concerning sustainability. 

The studies shown were simple examples to demonstrate how the economic model could be used 

and modified for different cases. However, there are several considerations for improvement 

when considering a commercial or industrial example.  

The tool does play an important part in the part production economics. A simple tool life equation 

was used with assumed parameters given that full characterization of a tool could be a thesis in 

itself. However, a more realistic model is needed to understand the true influence of the tool over 

a range of parameters and materials. In a commercial example, the actual tool life prediction data 

should be used that is either from the tool manufacturer or from in house experiments. 
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Furthermore, the economic model with better tool life prediction could be combined with 

analyses that explore the cost and environmental impacts of new coolant strategies like cryogenic 

cooling, dry machining and minimum quantity lubricant. In the case of SPIF, the lacking 

literature in tool life and the influence of lubrication outlines another possible area for 

investigation. A beneficial attribute of the SPIF tool as compared to cutting tools is the simplicity 

of its geometry, despite the need for a smooth surface for part finish. Thus, the life cycle of the 

tool should be explored concerning its potential ability to be reused more often than a cutting 

tool, where the surface usually only requires polishing for reuse. Finally, similar to milling, this 

research can be expanded for alternative SPIF considerations like using dry lubricant, better 

lubricant application and electro-SPIF. 

This work was concerned with considering the manufacturing process on a microeconomic level. 

However, in reality, macroeconomic considerations are important and the two scopes can affect 

each other. For example, the case studies in this thesis assumed an optimization considering only 

one batch. The number of parts that could be made in the one batch was dictated by the tool life, 

which is affected by the process conditions. This would cause the set up cost, tool cost and tool 

carbon cost to vary. A future alternative consideration would be considering a fixed output 

volume or number of parts (variable number of batches), such that the set up cost would be equal 

per part, but the tool and carbon cost would change, since the number of tool changes/ tool 

regenerations (re-grinding) would change depending on the tool life. An illustrative comparison is 

shown in Figure 10-1. This would probably yield slightly different results as the emphasis is 

transferred to tool related cost components and less to the set up. Any cost components affected 

by the change would be modified to accurately represent the process. The optimum process 

within the batch and optimum size of the batch could then be determined depending on the 
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requirements for the production line. In terms of the optimum batch size macroeconomics, higher 

level facility consideration would come into play. The prospective implication of the higher level 

macroeconomic study, with microeconomic considerations made, would be to improve the 

overall sustainability of a company and its specific products. 

 

Figure 10-1. Batch sizing illustration. 

Other improvements to the model include expanding the energy and environmental accounting. 

Only the energy related to the process was considered. The heating, ventilation, lighting and 

cooling systems are also significant users, although these would be targeted in macroeconomic 

analysis on the facility level. It can be argued that the aggressiveness of the settings at which the 

machines are run at could affect the requirements for climate control. Air quality is also affected 

by the type of coolants used and if they are burnt off in the process. Future work could tie process 

parameters to these higher level attributes. Regarding environmental accounting, other aspects to 

be considered include the impact of the machine LCA itself, other burdens like toxic substances 

and water processing, and other emissions. There is the potential to tie in the full LCA of a 

process with its cost and planning analysis. 
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10.2 Input Acquisition 

The economic model requires a plethora of data for a given operation which is one limitation of 

the approach if dynamic and timely results are required. To reduce the error in the model, efforts 

must be made to improve input accuracy and availability.  

In the country comparison analysis in Chapter 7, certain inputs were changes whilst others were 

assumed constant. In actuality, costs, including those ties to shipping, would vary for inputs by 

country. These relative differences could impact the overall conclusions and should be 

incorporated for more in-depth analysis. 

The lubricant and coolant usage rates could be improved. Rough rates had to be determined due 

to limited data available, although in practice, maintenance logs and more sophisticated 

replenishing equipment might have better data for the actual usage or loss rates. In addition, the 

machine wear and tear needs to be incorporated. For example, the machine lubrication 

assumption is that there is a fixed rate of use so that as the machine is used less per part, its 

contribution is reduced. This is okay for the machine used considering that in the machine shop, 

the machines are not run constantly and potentially have the same usage over different process 

rates on average over a year. Thus, the maintenance cycle is roughly predictable. However, in 

reality and considering a production line, how ‘hard’ the machine is run and how often would 

affect the maintenance and life of the machine. This would need to be factored into the overhead 

burden rate and respective lubricant usage rates if they differ. It would be beneficial to consider 

the optimization using actual industry data and maintenance logs to include all lubricant and 

coolant quantities, as well as other indirect inputs. 
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A number of inputs like cost rates and emission intensities (EIs) were taken as given. Most costs 

were easily determined from the machine shop. However, in an actual facility, accounting logs 

would allow more accurate data to be used throughout, especially in the case of the burden rate. 

In the case of EI data, this is widely available for common materials and can easily be determined 

for a specific electrical grid. However, it was difficult to find EI data for specific tools, lubricants 

and coolants. Given the potential impact already outlined in some studies including this one, 

manufacturers of these products need to make this data available to life cycle inventories or 

consumers. In addition, effectiveness data related to their life span under certain conditions could 

be provided. 

For the energy measurements, the degree of accuracy required would affect the type of meters 

and level at which metering is done. In this work, the entire machine was metered and 

characterized by turning on and off certain sub-components. In addition, the metering sampling 

rate was 1 Hz. It was found that for transient portions of the signal, like acceleration peaks, there 

was difficulty in capturing the entire signal which introduces an aliasing error. Whilst the highest 

energy error was just under 4%, if the energy analysis is required for peak loading analysis or 

determining the theoretical energy used, a greater resolution would be needed. For example, in 

scenario 2 of the hat study, the deformation energy value was the same value as the error, such 

that it was inconclusive beyond simply showing that the deformation energy represents a small 

amount of the total energy required for the process. Therefore, better metering is recommended 

for more detailed and in depth investigations. This is especially beneficial if the energy data are to 

be correlated with physical models of the process through methods like finite element analysis. 

The goal moving forward would be to reduce the experiments through improved simulation 

techniques which need to relate the physics of the manufacturing process and the ancillary 
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operations to required outputs like energy usage, process environmental burden and costs. In 

machines, there is an opportunity to extract required data from the control system that has load, 

velocity, time and position data at all times.  

10.3 Additional Areas for Future Work 

Apart from the improvements in the model, input acquisition and available databases that can be 

made, additional future work include experimentation and modeling development of process 

(especially in SPIF), development of software and simulations and industrial case studies. 

The parameter space that was explored could be expanded with more experimentation and 

modelling. In SPIF, it was shown that there was limited data on tool life and a specific process 

rate. Further tests and modelling are required to develop these as they are important to the study. 

Past work is available that consider the forces for given parameters. However, additional studies 

could consider forces, direct energy and ancillary energy and a better relative process rate metric. 

The process speed factor that was proposed by the author for SPIF, gave an indication of overall 

rate. However, it needs to be improved to give a better physical and relative understanding 

through empirical calibration. For example, factors/ constants should be introduced to reduce the 

tool size dependence, which gave a large increase in kPSF but a very small change in actual 

process time. Tool path with time correlation may be one way to investigate the physical meaning 

and parameter dependence for such a metric. In general, the development of physical models that 

can be related to parameters and higher level output data for a given machine are important for 

future simulation and software development. It is recommended that greater exploration of 

energy, environmental burden and process parameters be done for milling and SPIF (and other 

processes) and related to costs and physical models. 
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A larger range and combination of user inputs could be investigated with the economic model to 

provide a better process map for changes under a specific situation. Perhaps such analysis may 

change manufacturing strategy in terms of prime locations for manufacturing based on energy 

and environmental burden as opposed to simply labour cost. The further addition of transportation 

to the consideration could mean more domestic manufacturing for specific items. This would 

driven by the proposed carbon tax on aviation and shipping for G20 countries. 

Finally, the true significance of this model would be demonstrated with an industrial or 

commercial case study. Although the impacts of energy and CO2 emissions in the studies were 

small, they would become more significant for more realistic production lines, more complex 

parts, larger batches or parts and would finally add up in a final product with multiple 

components. Production lines that have more automation and less labour would see an increase in 

the significance of the energy and environmental burden and reduction in the labour dominance 

of the cost components. Lastly, the burden of the analysis presented must be minimized in order 

to reap the potential benefits in manufacturing strategy improvement. 
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Chapter 11 

Conclusions 

In this thesis, a simple new model for the economics of machining was developed which included 

explicit accounting for energy and environmental costs. Particularly, an LCA method is used for 

the carbon dioxide (CO2) accounting where previous work primarily focussed on CO2 associated 

with energy. This is a timely analysis in the current discussion in many governments on the 

proposals for either a carbon tax or a carbon cap and trade regime and greater energy 

performance. The model proposed has been accepted and published in the highly respected and 

cited journal, Annals of CIRP. Although CO2 emissions were primarily focused on for 

environmental costs, the model framework allows for easy extension into other environmental 

burden costs. The thesis provided both theory and experimental investigation to demonstrate how 

the model proposed can be used as a tool to assist in developing more sustainable manufacturing 

strategy.  

An initial simple case using data from the literature, and comparing the effect of carbon price, 

electricity price and grid emission intensity (assuming everything else was the same), showed that 

the cheapest electrical grid should not be chosen, if it also has the highest carbon dioxide 

emission intensity - an intuitive result. In the quest for sustainability, this work recommends a 

more holistic approach when considering geographic planning of manufacturing. The importance 

of determining accurate prices was also highlighted, because the product that is more expensive is 

highly dependent on the carbon price used. In terms of reducing financial risk to manufacturers, 

greater certainty in costs like carbon pricing is needed globally.  
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Subsequently, more in-depth milling and single point incremental forming (SPIF) studies were 

performed to demonstrate how to apply the model for part costing and parameter selection, as 

well as useful aspects of the energy and CO2 composition. In all cases, the energy and CO2 had a 

small, yet measurable impact on the final cost, with increasing significance for lower labour rate 

scenarios (such as greater automation or in emerging markets). Both the milling and SPIF studies 

showed similar trends despite being two different physical processes. This can be understood by 

having the same machine able to perform both operations. Therefore, the impact of feed rate or 

any parameter to reduce the time of the process would show an overall improvement in 

efficiency, with the exception of tool life which requires lower process rates. However, the SPIF 

analysis was different in terms of having lubricant instead of coolant and having no clear process 

rate or tool life prediction literature. Thus, a process speed factor was proposed and is an area for 

further development along with tool life prediction in SPIF. In all the cases, except for the milled 

sprockets, there was agreement in the parameters predicted for minimum time, energy use, 

process CO2 and therefore cost. However, in the case of the sprockets, even though the machining 

time had a downward trend with increased process rates, there was a U-shaped trend for the 

energy and related process CO2. Thus, the optimum parameters for minimum energy, time and 

process CO2 differed, in addition to the tool life maximum recommendation, such that the overall 

minimum cost parameters were a balance of the various underlying trade-offs. This demonstrated 

that a minimum energy, process CO2 or time objective alone cannot be used as a proxy for 

minimum cost. The reverse is also true. The physics of the process along with the relative 

weighting of the different cost components are important in the optimum parameter selection. 

This was demonstrated in the single and multivariable sensitivity where the specific user 

conditions or geographical location could predict different optimum parameters for the same 
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process. Consequently, there is a potential for different manufacturing strategy by geographical 

location/ geopolitical tradition. Considering the need for more sustainable manufacturing, this is a 

significant implication when compared to traditional process planning. The labour rate was 

shown to heavily impact the relative final cost of the product which skews the focus of 

optimization towards greater productivity, instead of energy efficiency and reduced 

environmental burden. In a location, like China, where there is also a ‘dirtier’ electrical grid, this 

results in cheaper, environmentally harmful goods, especially in the absence of environmental 

regulations. In addition, given a much lower relative wage, the issue of social equity arises. In 

terms of a given location, it was demonstrated that as the labour rate decreased (lower rate or 

increased automation) or efficiency increased, the significance of the indirect material, energy 

and carbon cost increased. Therefore, outside of the absolute product price, these cost terms 

represent a larger portion of the manufacturing cost (which impacts profit), so that these should 

be targeted for improvement outside the relative economics. Apart from process improvements as 

demonstrated with the model, this would include changing inputs, such as using more eco-benign 

lubricants (e.g. the hat study), materials and cleaner electrical grids.  

Finally, the limitations of this work and future investigations were outlined, including better input 

acquisition, using a commercial case study, combining machine data and physical models of 

processes for simulation, and, expansion of the environmental inputs to include burdens beyond 

CO2 emissions. Furthermore, the model can be used as a tool to compare existing and emerging 

manufacturing techniques exploiting the attributes of life cycle databases being developed. 
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Appendix A 

Machine Characterization 

A.1 Current and Voltage Meters/ Data Loggers 

OMEGA current and voltage meters were used to get power measurements the mills. For 

characterization tests, the machine was run to isolate specific items for 5 to 10 minutes to allow 

for steady state unless otherwise specified. Each machine has 3 loggers, one for each phase since 

they were on three phase power supply. The equipment information is as follows [1]: 

 OM-PLCV AC Current and Voltage Loggers (POWER LOGGERS) with AC current 
transducer clamps 

 12 data cables 

 OM-PL Series Logger Interface software (OMEGA SOFTWARE) 

 OM-PL-USBS USB to serial adapter 

 OM-PLINT Logger-Computer Interface and cable (RJ12) 

Each logger has two channels: one for current and one for voltage. The current channel had a 

range of 0 to 300 Aac, with accuracy ±5% and resolution 0.1Aac. The voltage channel had a 

range of 0 to 500 Vac, with accuracy ±1Vac and resolution 0.1Vac. The highest sampling 

frequency is 1 Hz. The reason these were chosen were because of availability, low cost, ease of 

use, low power requirements, low error in measurements and real time internal clock independent 

of a computer clock. 

 

A.2 HAAS TM1Vertical Mill 

The HAAS TM1 used is one of 4 milling machines in the McLaughlin Hall Machine Shop, 

Kingston, Ontario. The electricity usage by the HAAS TM1 was monitored after working hours 

from 4:30 pm to 12:00 midnight to gain an understanding of idle power and lost energy and is 

shown in Figure A-1. The average power usage was found to be 428.04 W with a standard 
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deviation of 14.64 W. Given that the shop is not run between 4:30 pm and 8:30 am (16 hours) and 

during lunch (1 hour), the minimum energy lost at a power usage of 428 W is estimated at 7.28 

kWh per day (26 196 kJ per day).  

 

Figure A-1. Power consumption from HAAS TM1 outside business hours. 

 

The spindle power curve was also generated to gain an understanding of increase in power 

consumption with increasing spindle speed and is shown in Figure A-2. The standby power at the 

time of the test was 534.40 W. The standby power was subtracted to gain an idea of the actual 

spindle power usage. The power curve steady increases until 3000 RPM where it begins to taper 

off.  
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Figure A-2. Steady State Spindle power consumption curve for entire RPM range. 

 

Positioning is used to describe the movement of the 3 axes of the machine and the start up/shut 

off of the spindle to commence/stop cutting. Basically it is the movements required for approach 

and retraction from the workpiece. In approach, the actions that occur are: (1) Table moves from 

origin to desired position (X and Y axes), (2) Spindle starts (N) and (3) Tool moves to start 

position (Z axis). The reverse occurs for retraction. All movements include accelerations and 

decelerations. The limited 1 Hz frequency of sampling made this action difficult to capture, so it 

presents and area of variability in the data acquired. For the sprocket tests where 36 sprockets 

were made, the average position is given in Table A-1. The total power includes the standby and 

idling power levels which can be removed to determine the additional power usage for this 

operation. The large standard deviation occurs due to difficulty in capturing certain data points 

due to the 1 Hz resolution of the meters and the fact that the power profile is not flat (many peaks 

of different heights). For example, the spike in power when the spindle motor starts or when the 

motors of the axes accelerate or decelerate happens for a few seconds, with the maximum not 

always being captured. The actual data rather than this averaged data are used for positioning 
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when the spindle or feed rates are changed since higher speeds would require more energy for 

acceleration and deceleration. 

Table A-1: Positioning Data for HAAS TM1 from average of sprocket data 

 Average Standard Deviation 
Total Power [W] 930.79 130.79 
Run Time [s] 18.57 2.79 

 

The coolant pump was characterized by turning it on and off for two tests and was found to have 

an average power of 43.55W as shown in Table A-2. 

Table A-2: Coolant Pump power usage 

 Test 1 Test 2 Average 
Coolant Pump on [W] 568.68 899.98 - 
Coolant Pump off [W] 524.80 856.76 - 
Coolant Pump Power [W] 43.88 43.22 43.55 

 

A.3 Bridgeport GX 480 VMC Mill 

The Bridgeport GX480 is a laboratory mill that was used for more in depth characterization. In 

order to understand the power requirements of the Bridgeport Mill, various experiments were 

conducted to provide a breakdown of the energy profiles of each component as best as possible. 

This was not done with the HAAS TM1 since the degree of control of the different components 

and access for this test was unavailable.  

 

In this laboratory, the sequence for turning on the mill is (1) turning on the breaker, (2) turning on 

and booting up the computer and control system, (3) removing the emergency stop break (usually 

applied at the end of work for safety) and then (4) turning on the light in the enclosure. Since the 

breaker is turned off after any work, the loss of energy when not in use is less than the resolution 
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of the meters. After each stage, the power profile reaches a steady state which can be estimated 

from the power profile. Note that when the mill breaker is turned on, the cooling fans turn on and 

remain on constantly. The total power level and relative power level are given, where the total 

power level is the actual height for that power profile as shown on the graph from the zero axis 

and the relative level is considered the power consumed for that level alone (shaded) as shown in 

Figure A-3 and Table A-3. 

 

 

Figure A-3. Power signature when turning on the mill. 

Table A-3: Power Breakdown for Mill when turning on 

 Total Power Level  
(Average Steady 

State) [W] 

Relative Power 
Level [W] 

Mill is Off (Breaker is Off) 36 36 
Breaker turned on (Fans turn on and equipment on standby 
except servo motors) 

206 170 
(206-36) 

Computer and Control system is turned on and booted 300 94 
(300-206) 

Emergency Stop (E-stop) is disabled (Motors now on 
standby) 

568 268 
(568-300) 

Light in Enclosure is turned on 607 39 
(607-568) 

Final Standby Energy 607 - 
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This was repeated for turning off the machine as shown in Figure A-4 and summarized in Table 

A-4. The different components show reasonable agreement. 

 

 

Figure A-4. Power signature when turning off the mill. 

Table A-4: Power Breakdown when turning off the mill. 

 Total Power Level (Average 
Steady State) [W] 

Relative Power 
Level [W] 

Standby 609 - 
Light in Enclosure is turned off 574 35 

(609-574) 
Emergency Stop (E-Stop) is enables (Motors no 
longer on standby) 

305 270 
(574-305) 

Computer and control system turned off 201 103 
(305-201) 

Breaker turned off 36 - 

 

Similar to the HAAS, the spindle power curve was determined for the Bridgeport summarized in 

Table A-5 and shown in Figure A-5. 
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Table A-5: Spindle Power for Different Speeds on Bridgeport 

Run # Spindle Speed (RPM) Average Steady 
State Power (W) 

Relative Power (W)  
–less standby 

1 500 749 137 

2 1000 843 231 

3 2000 1050 438 

4 3000 1030 418 

5 4000 1081 469 

6 5000 1217 605 

7 6000 1409 797 

8 7000 1582 970 

9 8000 1763 1151 

10 9000 2088 1476 

11 10000 2265 1653 

Standby 0 
612 

(611.81) 
 

 

 

Figure A-5. Power curve for Spindle for full range. 

Given the data in Table A-5 and the fit in Figure A-5, there might be a possible change in how the 

drive is powered as there is an anomaly in the data between 2000 and 4000 RPM. The fit is 

reconsidered in Figure A-6. 
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Figure A-6. Power curve for spindle showing possible change in curve relationship. 

 

In the Bridgeport, there are two coolant systems termed “coolant” and “flush”. The “coolant” 

system flows out at the tool head flooding the area where the workpiece and tool are in contact. 

This is the coolant pump considered in the studies in the thesis. The “flush” system instead floods 

the lower parts of the enclosure to wash away chips and debris from the cutting process. The 

systems can be run separately or together for a given machining job. Table A-6 summarizes the 

power results. 

Table A-6: Coolant and Flush pump power 

 Total Power Level (Average Steady State) [W] Relative Power Level [W] 
Standby before test  620 - 
Coolant 1260 640 

(1260-620) 
Flush 1297 677 

(1297-620) 
Coolant and Flush 1906 1286 

(1906-620) 
(640+677 =1317, 2% difference) 

 

Pavg(H) = 0.2017 N + 217.28
R² = 0.987

Pavg(L) = 0.2019 N + 645
R² = 0.999
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One additional feature that the Bridgeport has is an automatic tool change. Figure A-7 shows 5 

tool changes. Similar to the HAAS positioning, the 1 Hz frequency means that the entire signal is 

not captured every time. None the less, they have a distinct signature that can be looked for when 

analyzing the energy data for the studies.  

 

Figure A-7. Tool change power signature in the Bridgeport. 

A.4 Air Compressor 

One area of difficulty to determine is the compressed air system contribution to the given milling 

machine as this would add to the ancillary energy contribution. Since the compressor serves many 

machines including the design team space, it was difficult to relate a volume of compressed air 

use to the power required which would require accounting for all the usage streams. Furthermore, 

compressors are intermittent energy users, replenishing their tanks to maintain the internal air 

pressure. To determine a simple effective compressor power requirement, two cases were 

compared for the machine shop for the same amount of time, without the design teams or other 

machine using compressed air. The first case involved running all the machines in the machine 

shop, including the mills for the sprocket job, and the second case involved running all the 
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machines for the same jobs, but not running any of the three mills. The difference in the energy 

consumed in both cases for the given time was then used to estimate the effective power 

requirement when the compressor contributes to one mill. The effective power use was estimated 

as being 46.5 W, as shown in Table A-7. Finally, for interest, the compressor was metered 

overnight when it is not being used to understand the energy losses due to leakage. Figure A-8 

shows a portion of the power versus time profile for the compressor overnight. Note that it 

intermittently turns on and off. The power spike indicates when the compressor turns on and 

maximum power found was 125.2 kW. The compressor then remains on for approximately 96 s at 

an average of 18.0 kW. The overnight effective power, averaged from the power data is 2.42 kW. 

Thus, when running overnight, due to leakage, the energy wasted over 16 hours is 38.72 kWh or 

1.39 x 108 J. Although the power peaks would be important in considering peak energy loading in 

power management, the effective power usage is useful to understand the average energy used 

over a given time. Further studies will be needed to get a more accurate characterization of the 

compressor, but this is considered reasonable to provide a value for the analysis. 

Table A-7: Effective compressor power 

 Energy Used by Compressor (J) Effective Power (W) 
Case 1 (entire shop) 1.96 x 107 2694 

Case 2 (entire shop less mills) 1.85 x 107 2554 
Difference for 3 mills 1.01 x 106 139.6 

Average for 1 mill 3.38 x 105 46.5 
Note: Cases were run for 7259 s and the same number of sprockets were the test part on the HAAS TM1 
mills 
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Figure A-8. Graph showing a portion of the power versus time profile for the compressor 

overnight. 

A.5 Other measurements 

A.5.1 Coolant and machine lubricant 

In the economic model, the amount of coolant and lubricant used must be quantified to determine 

their cost and environmental burden contribution. In milling, coolant is used during the cutting 

process. The vertical mill machining center itself requires lubricant for the spindle and slide way. 

[2,3]. This lubricant is not to be confused with the lubricant used on the tool-sheet interface in 

SPIF. In general, depending on the type of lubricant and coolant, the rate of use can be 

approximated considering the amount used over a specific interval of time [2,3]. In this thesis, the 

coolant is water miscible such that the amount of coolant and water in the coolant mixture should 

be estimated. In addition, only grease lubricant for the machine will be considered. Considering 

the work of Narita et al. [Narita 2,3], Eqn A-1 generalizes the method of determining the amount 

of fluid used, 
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UIused Vol
UI

RT
Vol 

         
A-1 

where: 

Volused is the volume of fluid being determined [L] 
RT is the machine run time in which the fluid is used [s] (e.g. cutting time in the case of coolant) 
UI is the update interval for the fluid [s]. This can be the interval over which a certain volume, 
VolUI, is used, changed, discharged or replenished.  
 

Rearranging Eqn A-1 result in the volume used being determined by multiplying the RT by the 

fluid usage rate, 
dt

Vold )(
 (L/s) as shown in Eqn A-2. 

dt

Vold
RT

UI

Vol
RTVol UI

used

)(


       
A-2 

In this thesis, the coolant is water miscible such that the amount of coolant and water in the 

coolant mixture should be estimated. This can be done using either the individual amount used of 

water and coolant, or the coolant mixture usage and the coolant mix ratio. In addition, only grease 

lubricant for the machine will be considered. Using available data [4,5], the fluid usage rates are 

estimated and summarized in Table A for the milling machines. The coolant brands for the HAAS 

and Bridgeport mills are Shell Dromus B (15:1 water to coolant) and Blasocut 2000 Universal 

(9:1) respectively.  
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Table A-8: Effective fluid usage rates and raw data for HAAS and Bridgeport machines. 

Machine Fluid 
Time, UI 

[s] 

Initial 
Amount 

[L] 

Replenished 
Amount [L] 

Total 
Amount, 

usedVol  [L] dt

Vold )(
 [L/s] 

Bridgeport 
GX480 

Coolant 3.16 x 107 
(1 year) 

10 4 14 4.44 x 10-7 
Water 90 83 173 5.48 x 10-6 

HAAS TM1 

Coolant 
Mix* 

7.78 x 106 
(3 months) 

19 
0.33L lost 
over 1000s 
operation 

- 3.32 x 10-4 

Coolant - - - - 2.08 x 10-5 
Water - - - - 3.13 x 10-4 

Both 
Lubricant 
(grease) 

1.21 x 106 
(2 weeks) 

- - 0.005 4.13 x 10-9 

* For the Bridgeport, the amounts of water and coolant used are logged. However, only the full amount of 
coolant mix is noted when the coolant is changed. The coolant mix ratio is used to estimate the water and 
coolant rates separately. In addition, the replenished amount between changes is not logged such that a 
replenishing rate was estimated by measuring the amount of coolant lost over a specific run time. 
 

Although the milling machines have recirculation systems for the coolant mixture, coolant is lost 

due to splashing (when the nozzle is not correctly positioned), spillage (when accumulated fluid 

on the table spills when the table is positioned outside the base), burning (if improper machining 

settings) and residual on the workpiece and machine. Furthermore, the coolant batch is changed 

when there is an accumulation of machining debris or microbial growth [4]. The water in the 

coolant mixture is also lost via evaporation and is replenished more often to maintain the coolant 

mix ratio of 15:1 in the HAAS and 9:1 in the Bridgeport.  

It is clear in Table A-8 that the HAAS usage rate is greater than the Bridgeport. Firstly, the 

coolant used in the Bridgeport has better anti-microbial properties reducing the number of times 

an entire batch is changed [4]. Secondly, the HAAS machine used does not have an enclosure like 

the Bridgeport to minimize the fluid lost due to splashing and spillage, which accounts for a large 

amount of the losses [4,5]. In addition, the Bridgeport mill is not part of the machine shop and is 
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also used for single point incremental forming (SPIF) such that it potentially has less cutting run 

time which relates to less coolant use over a year.  

Finally, the lubricant grease usage rate is quite small since a small amount is added monthly to a 

sealed gear box in the machine. This analysis does not consider a complete grease/lubricant 

change during machine servicing as the data was not available. 

Whilst the method used was reported by Narita et al. [2,3] and was used for its obvious 

simplicity, there are limitations to the approach. Apart from incomplete data on the lubricant 

usage in the machine, the actual usage would be highly dependent on how the machine is 

operated and worn. In the case of the coolant mixture, taking the interval as a year may produce 

an underestimate in terms of the amount used per part. Although water evaporation occurs 

throughout the year, the coolant mixture is only used during machining which may vary in 

amount over the year and between years for specific parts. Depending on the person operating the 

machine and the amount of machine supervision, more or less coolant may be lost due to NC 

programming, improper nozzle position, part geometry and degree of cutting aggressiveness, to 

name a few. Despite these considerations, the method used provides a useful benchmark for the 

study.  

A.5.2 Volume Removed Displacement Technique 

For the sprockets, it was difficult to mathematically determine the volume of material removed 

from the workpiece. Instead, a simple displacement technique was used to determine the volume 

removed after each cut as shown in Figure A-9. The container was filled until it overflowed and 

stabilized. Then the part was immersed with a weight. The volume of the weight was also 

separately determined. The simple change in the volume of water in the measuring cylinder, less 
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the volume of the weight, would be the volume of the sprocket at different stages. This was 

repeated three times and it was found that the profile volume removed was 1.5 ± 0.5 cm3 and the 

teeth cut removed was 12 ± 0.5 cm3. 

 

Figure A-9. Displacement Technique Apparatus for Volume determination 

A.6 Recommended Tool Settings 

Recommended Settings by Niagara Cutter are used with help of Machine Shop Staff [4]. Machine 

shop staff recommend 70% of maximum speeds to be conservative. There assistance used to 

interpret what settings were best and the values in Table A-9 are simply guidelines.  
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Table A-9: Recommended Milling Settings 

Tool Material Cutting Speed 
(V)[m/min] 

Feed per tooth 
(f)[mm/tooth/rev] 

Spindle Speeda 

Max. 
(N)[RPM] 

Feed Rateb at 
conditions 
(FD)[mm/min] 

Carbide 
(TiCN) ½” 

Al 6061 T 341-853 0.102 8556-10695 306-918 

HSS (TiN) 
3/8”  

Thermoplastic 158-211 0.038 – 0.135 5280 - 7040 91. -2692* 

a For tool diameter and generic geometry 
b For RPM of 1000 to 3000 for Carbide and 1200 to 10000 for HSS. 
In the case of the sprocket, the maximum engagement is considered as it would be most aggressive.  
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Appendix B 

Additional Information for Straight Cuts 

B.1 Simple Cutting Investigation Details 

Two simple cutting investigations are covered. The first involves assessing the impact of speed 

and feed rate combination, as well as cutting direction (climb versus conventional) on energy 

consumption when making a straight cut. The second involves assessing the effect of tool path for 

cutting out a pocket on energy consumption. Both were done on the HAAS TM1, using a carbide 

tool with a workpiece made of Al 6061. Figure B-1 shows the dimensions of the simple straight 

cut to be performed, where the depth of cut, d, is 2.540 mm, the width of cut, w, is 3.175 mm and 

the length of cut is 203.2 mm. The resulting volume removed is 1638.71 mm3. 

 

Figure B-1. Simulated Straight Cut Dimensions 

For the simple end milling cut, the sections of the energy profile can be broken down into 

standby, start position, end positioning, coolant pump and loaded servos etc. for cutting as shown 

in Figure B-2. In addition, the contribution of the compressor can be added. Thus the direct 

energy is the cutting ‘block’ and the ancillary energy is the summation of the rest. Greater detail 

on the block method for energy estimation can be found in Appendix C. 
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Figure B-2. Energy Breakdown for Straight Cut 

B.2 Model Input Data 

Table B-1: Model Input Data 

Description Matlab 1000 2000 3000 

machining time[s] tm 93 24 16 93 24 16 93 25 16 

setup time[s] ts_tot 5400 5400 5400 5400 5400 5400 5400 5400 5400 

idling time [s] tl 98.80 98.8 98.8 98.8 98.8 98.8 98.8 98.8 98.8 

tool change per batch [s] tc 360 360 360 360 360 360 360 360 360 

labour [$/hr] Lm 50 50 50 50 50 50 50 50 50 

burden rate [$/hr] Bm 8 8 8 8 8 8 8 8 8 

constant [m/min] C 914.4 914.4 914.4 914.4 914.4 914.4 914.4 914.4 914.4 

tool diameter [m] D 0.0127 0.0127 0.0127 0.0127 0.0127 0.0127 0.0127 0.0127 0.0127

spindle speed [rpm] N 1000 1000 1000 2000 2000 2000 3000 3000 3000 

constant n 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 

Chip load [mm/rev/tooth] f 0.042 0.127 0.212 0.021 0.064 0.106 0.014 0.042 0.071 

Constant -y/n z -1 -1 -1 -1 -1 -1 -1 -1 -1 

depth of cut d 2.54 2.54 2.54 2.54 2.54 2.54 2.54 2.54 2.54 

constant -x/n w -1 -1 -1 -1 -1 -1 -1 -1 -1 

tool cost [$/kg] KTL 943 943 943 943 943 943 943 943 943 

electricity cost [$/kWh] KE 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 

material removal [mm3/s] MRR 17.07 51.21 85.35 17.07 51.21 85.35 17.07 51.21 85.35 

direct energy [J] DEJ 22777 9761 7145 39487 14367 9322 49347 17115 10955

ancillary energy [J] AEJ 113992 74793 67929 118417 78585 72393 118595 79635 77935
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Table B-1 cont’d: Model Input Data 

Description Matlab 1000 2000 3000 

material cost [$/kg] KML 13.39 13.39 13.39 13.39 13.39 13.39 13.39 13.39 13.39 

lubricant cost [$/L] KLO 12.68 12.68 12.68 12.68 12.68 12.68 12.68 12.68 12.68 

coolant cost [$/L] Kcool 3.13 3.13 3.13 3.13 3.13 3.13 3.13 3.13 3.13 

water cost [$/L] Kwater 
5.00E-

06 
5.00E-

06 
5.00E-

06 
5.00E-

06 
5.00E-

06 
5.00E-

06 
5.00E-

06 
5.00E-

06 
5.00E-

06 

material used [kg] ML 0.128 0.128 0.128 0.128 0.128 0.128 0.128 0.128 0.128 

coolant loss rate (L/s) cool_rate 
2.08E-

05 
2.08E-

05 
2.08E-

05 
2.08E-

05 
2.08E-

05 
2.08E-

05 
2.08E-

05 
2.08E-

05 
2.08E-

05 

water loss rate(L/s) 
water_rat

e 
3.12E-

04 
3.12E-

04 
3.12E-

04 
3.12E-

04 
3.12E-

04 
3.12E-

04 
3.12E-

04 
3.12E-

04 
3.12E-

04 

lubricant use rate (L/s) lube_rate 
4.63E-

08 
4.63E-

08 
4.63E-

08 
4.63E-

08 
4.63E-

08 
4.63E-

08 
4.63E-

08 
4.63E-

08 
4.63E-

08 

tool weight [kg] TL 0.106 0.106 0.106 0.106 0.106 0.106 0.106 0.106 0.106 

carbon price [$/kgCO2] Kcarbon 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 

electricity EI [kgCO2/kWh] EI_E 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 
water for CO _EI 
[kgCO2/L] EI_WC 0.189 0.189 0.189 0.189 0.189 0.189 0.189 0.189 0.189 

coolant EI [kgCO2/L] EI_CO 5.612 5.612 5.612 5.612 5.612 5.612 5.612 5.612 5.612 

LO EI [kgCO2/L] EI_LO 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719

tool EI [kgCO2/kg] EI_TL 6.4 6.4 6.4 6.4 6.4 6.4 6.4 6.4 6.4 

material EI [kgCO2/kg] EI_ML 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 

 

B.3 Model Output Data 

The economic model was run for the data for climb milling of the straight cuts. Additional data 

for 1000 RPM (Table B-2 to B-4), 2000RPM (Table B-5 to B-7) and 3000 RPM (Table B-8 to B-

10) are presented. 

Table B-2. Cost per part breakdown: 1000 RPM 

MRR 
[mm3/s] 

Cost per part [$] 

Cp Cm Cs Cl Ct Cmd Cmid Ced Cea Cenv 

17.07 4.89 1.50 0.019 1.59 0.023 1.72 0.00637 0.00070 0.00348 0.02855 

51.21 3.76 0.39 0.014 1.59 0.017 1.72 0.00184 0.00030 0.00229 0.02818 

85.35 3.64 0.26 0.016 1.59 0.019 1.72 0.00132 0.00022 0.00208 0.02813 
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Table B-3. Energy, time, process CO2, and tool life: 1000 RPM 

MRR 
[mm3/s] 

Ep [kWh] tp [s] 
PCO2  

[kg CO2] 
T [min] 

17.07 0.0380 553 1.142 7286 

51.21 0.0235 484 1.127 2429 

85.35 0.0209 476 1.125 1457 

 

Table B-4. Energy and CO2 Breakdown: 1000 RPM 

MRR 
[mm3/s] 

Carbon Contribution [kg CO2e] Energy [kWh] 

E CO LO TL ML ED EA 

17.07 6.46E-03 1.63E-02 1.21E-05 1.44E-04 1.12 0.0063 0.0317 

51.21 3.99E-03 4.21E-03 1.05E-05 1.12E-04 1.12 0.0027 0.0208 

85.35 3.55E-03 2.81E-03 1.04E-05 1.24E-04 1.12 0.0020 0.0189 

Table B-5. Cost per part breakdown: 2000 RPM 

MRR 
[mm3/s] 

Cost per part [$] 

Cpart Cm Cs Cl Ct Cmd Cmid Ced Cea Cenv 

17.07 4.94 1.50 0.040 1.59 0.049 1.72 0.00637 0.00121 0.00362 0.02857 

51.21 3.80 0.39 0.031 1.59 0.038 1.72 0.00184 0.00044 0.00240 0.02819 

85.35 3.68 0.26 0.035 1.59 0.042 1.72 0.00132 0.00028 0.00221 0.02815 

 

Table B-6. Energy, time, process CO2, and tool life: 2000 RPM 

MRR 
[mm3/s] 

Ep [kWh] tp [s] 
PCO2  

[kg CO2] 
T [min] 

17.07 0.0439 554 1.143 3334 

51.21 0.0258 485 1.128 1111 

85.35 0.0227 477 1.126 667 
 

Table B-7. Energy and CO2 Breakdown: 2000 RPM 

MRR 
[mm3/s] 

Carbon Contribution [kg CO2e] Energy [kWh] 

E CO LO TL ML ED EA 

17.07 7.46E-03 1.63E-02 1.21E-05 3.15E-04 1.12 0.0110 0.0329 

51.21 4.39E-03 4.21E-03 1.05E-05 2.44E-04 1.12 0.0040 0.0218 

85.35 3.86E-03 2.81E-03 1.04E-05 2.71E-04 1.12 0.0026 0.0201 
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Table B-8. Cost per part breakdown: 3000 RPM 

MRR 
[mm3/s] 

Cost per part [$] 

Cpart Cm Cs Cl Ct Cmd Cmid Ced Cea Cenv 

17.07 4.99 1.50 0.064 1.59 0.078 1.72 0.00637 0.00151 0.00362 0.02859 

51.21 3.86 0.40 0.052 1.59 0.063 1.72 0.00191 0.00052 0.00243 0.02821 

85.35 3.72 0.26 0.055 1.59 0.067 1.72 0.00132 0.00033 0.00238 0.02816 

Table B-9. Energy, time, process CO2, and tool life: 3000 RPM 

MRR 
[mm3/s] 

Ep 

 [kWh] 
tp  
[s] 

PCO2  

[kg CO2] 
T [min] 

17.07 0.0467 556 1.144 2111 

51.21 0.0269 487 1.128 704 

85.35 0.0247 478 1.126 422 

 

Table B-10. Energy and CO2 Breakdown: 3000 RPM 

MRR 
[mm3/s] 

Carbon Contribution [kg CO2e] Energy [kWh] 

E CO LO TL ML ED EA 

17.07 7.93E-03 1.63E-02 1.21E-05 4.98E-04 1.12 0.0137 0.0329 

51.21 4.57E-03 4.39E-03 1.06E-05 4.02E-04 1.12 0.0048 0.0221 

85.35 4.20E-03 2.81E-03 1.04E-05 4.29E-04 1.12 0.0030 0.0216 

 

The data for the effect of carbon price on cost per part is summarized in Table B-11. 

Table B-11: Summary of effect of carbon price on cost per part for straight cuts 

N [RPM] 
MRR 

[mm3/s] 
Cost per Part [$] 

kCO2 $0/ tonne CO2 kCO2 $25/ tonne CO2 kCO2 $150/ tonne CO2

1000 
17.07 4.86 4.89 5.03 
51.21 3.73 3.76 3.90 
85.35 3.61 3.64 3.78 

2000 
17.07 4.91 4.94 5.08 
51.21 3.77 3.80 3.94 
85.35 3.65 3.68 3.82 

3000 
17.07 4.96 4.99 5.13 
51.21 3.83 3.86 4.00 
85.35 3.69 3.72 3.86 
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Appendix C 

Additional Sprocket Study Details 

C.1 Raw Data and Analysis 

C.1.1 Energy Breakdown and block estimation method 

Table C-1 displays the parameters for the sprocket on the HAAS TM1. Figure C-1 shows the 

power profile for a sprocket cut on the HAAS TM1. In order to breakdown the energy used in 

direct and ancillary energy, the profile was broken down as shown in Figure C-2. 

Table C-1: HAAS Sprocket Parameters 

Profile 1 Teeth Cut Profile 2 
Speed,  

N [RPM] 
Feedrate,  

FD [mm/min] 
Speed,  

N[RPM] 
Feedrate,  

FD [mm/min] 
Speed,  

N[RPM] 
Feedrate,  

FD [mm/min] 

2500 
635  

(25 in./min) 
2000 

635  
(25 in./min) 

2500 
635  

(25 in./min) 

 

 

Figure C-1. Power profile when machining a sprocket on the HAAS TM1 
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Figure C-2. Power profile when machining a sprocket on the HAAS TM1 showing initial 
data breakdown 

The “blocks” are named based on the highest power user for the time period or part of the profile. 

Furthermore, the time breakdown is named after the highest power user in the portion of the 

profile. The energy breakdown as shown by the “blocks” in Figure C-2 allows the energy use for 

the process to be estimated by determining and summing the area of the blocks (average power 

multiplied by time). This is compared to finding the exact area under the power-time profile using 

the trapezoidal rule. On average, the difference between the total energy use for the sprockets is 

found to be -0.40% (slight overestimation), with the average actual being 1.21 x 106 J and the 

average estimate being 1.22 x 106 J (Table C-2). Figure C-3 compares the actual data and the 

estimates. Thus, it is considered reasonable to use the block estimation technique to breakdown 

the areas and build a case example that is more ideal than the actual data. 
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Table C-2: Total energy use (area) for the sprockets found by trapezoidal rule and 
summation of energy “blocks” estimation. 

 Sprocket 
# 

Total Energy Used [J] %  
Difference Trapezoidal Rule/ Exact Block Estimation 

1 1.20E+06 1.21E+06 -0.34% 
2 1.24E+06 1.24E+06 -0.01% 
3 1.19E+06 1.19E+06 -0.01% 
4 1.19E+06 1.19E+06 0.04% 
5 1.11E+06 1.11E+06 -0.79% 
6 1.09E+06 1.11E+06 -1.82% 
7 9.12E+05 9.21E+05 -0.99% 
8 1.05E+06 1.05E+06 -0.36% 
9 1.11E+06 1.11E+06 0.02% 

10 1.23E+06 1.23E+06 -0.09% 
11 1.24E+06 1.24E+06 -0.13% 
12 1.22E+06 1.23E+06 -0.09% 
13 1.22E+06 1.22E+06 0.10% 
14 1.17E+06 1.17E+06 -0.12% 
15 1.20E+06 1.20E+06 0.14% 
16 1.20E+06 1.20E+06 0.00% 
17 1.22E+06 1.22E+06 -0.05% 
18 1.15E+06 1.15E+06 -0.04% 
19 1.29E+06 1.29E+06 0.08% 
20 1.22E+06 1.29E+06 -5.82% 
21 1.17E+06 1.16E+06 0.16% 
22 1.13E+06 1.16E+06 -2.68% 
23 1.21E+06 1.20E+06 0.42% 
24 1.10E+06 1.11E+06 -0.19% 
25 1.42E+06 1.42E+06 0.23% 
26 1.45E+06 1.45E+06 -0.06% 
27 1.46E+06 1.46E+06 -0.03% 
28 1.46E+06 1.48E+06 -1.45% 
29 1.38E+06 1.38E+06 0.39% 
30 1.42E+06 1.42E+06 -0.02% 
31 1.08E+06 1.08E+06 0.01% 
32 1.01E+06 1.01E+06 -0.03% 
33 1.28E+06 1.28E+06 -0.01% 
34 1.29E+06 1.29E+06 -0.32% 
35 1.16E+06 1.16E+06 -0.20% 
36 1.17E+06 1.18E+06 -0.39% 

Average 1.21E+06 1.22E+06 -0.40% 
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Figure C-3. Comparison of actual data and block estimated data 

 

The energy use data obtained on the sprockets is useful for a case study. However Figure C-4 

shows great variability in the energy use. Apart from natural variability in the supply and machine 

readiness, the time for standby and idle is quite variable which is unlike an efficient 

manufacturing line. Figure C-4 clearly shows that the variable energy use can be correlated to the 

varying times of the process. 

 

Figure C-4. Actual Time and Energy Data for 36 sprockets on HAAS TM1 
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The reason these times are variable is because the data set is derived from a teaching laboratory 

where the instructors must attend to students, let students partake in the process and explain what 

is happening. In a commercial setting, the standby and idle times would be less and more fixed. 

Since the block technique, using the average power and time, was found to be very close to the 

actual result, the standby time at the beginning and end of the process were set to 150s total and 

the idle time between the cuts set to 60s total. The time sections were broken down into sections 

as shown in Figure C-5. 

 

Figure C-5. Time section breakdown for sprocket on HAAS TM1 

Table C-3 and C-4 shows the comparison between the original data and standardized data. The 

highest standard deviation is in the standby and idle times, leading to an overall high standard 

deviation in the final times. With the standardized times for the standby and idle portions, actual 

times for the cutting profiles and average time for the positioning passes, the energy profile is 

recreated. Figure C-6 shows the improvement in energy data with reduction of the time variance. 

Although the time variance is greatly reduced by the method, there is still inherent variability in 

the energy data, possibly due to instability in the power supply to the machine shop, differences 
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in energy draw depending on machine readiness and the aliasing error of the meters. Note that the 

sprockets were made as part of a teaching laboratory such that every set is done on a different day 

and time. None-the-less, the averaged data provide useful information on improving the data 

preparation for modeling. 

Table C-3: Comparison of actual versus standardized times for sprocket. 

Actual Time [s] Standardized Time 
[s] Section Abbrev. Average StDev Notes 

Standby 1 SB1 239 53 75 

Based on actual ability (faster 
times possible) 

Standby 2 SB2 247 65 75 

Idle 1 ID1 105 67 30 

Idle 2 ID2 167 64 30 

Profile 1 PR1 308 2 308 

keep same as raw data Profile 2 PR2 307 2 307 

Teeth Cut TC 54 2 54 

Positioning 1 PO1 19 3 19 

average of positioning 

Positioning 2 PO2 19 3 19 

Positioning 3 PO3 18 3 19 

Positioning 4 PO4 18 3 19 

Positioning 5 PO5 18 3 19 

Positioning 6 PO6 20 3 19 

Total  ttot 1539 95 993   
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Figure C-6. Comparison of sprocket energy data with actual versus standardized time. 

 

Table C-4: Actual versus standardized data with standard error (no compressor energy 
included) 

 Energy [J] Time [s] 

 Average St.Dev. Standard  
Error 

Average St.Dev. Standard 
Error 

Actual Data 1.21 x 106 1.26 x 105 2.10 x 104 (1.7%) 1539 95 15.8 

Standardized Time Data* 9.40 x 105 8.15 x 104 1.36 x 104 (1.4%) 993 3 0.5 

*Estimated using block technique and standardized time.  

 

The final step to determining the direct energy is subtracting the energy used by the coolant pump 

from the cutting blocks (profile 1, teeth cut, profile 2) as shown in Figure C-7. The ancillary 

energy is therefore the sum of the energy used in the non- cutting blocks (coolant, standby, idle, 

positioning) and the effective compressor use. 
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Figure C-7. Final energy breakdown for HAAS TM1 sprocket 

For the sprockets made on the Bridgeport GX480, the idle block was not observed as things like 

fans were running constantly and not only when the machine was on. In addition, the Bridgeport 

has a tool changer which needed to be factored in. In comparison, the Bridgeport had faster 

positioning than the HAAS. Figure C-8 shows a magnification on the teeth cut for the Bridgeport 

showing the peripheral operations. Table C-5 shows an example breakdown of the sprocket data 

for the 635 mm/min settings (same settings as the HAAS sprocket). 

 

Figure C-8: Zoom in on teeth cut showing peripheral operations in Bridgeport 
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Table C-5: Example data for Sprocket on Bridgeport at 635 mm/min 

Averaged 

Section Time [s] Power [W] Energy [J] Type 

Standby 1430 651.58 9.32 x 105 Ancillary 

Profile 1 (less coolant) 540 152.44 8.23 x 104 Direct 

Profile 2 (less coolant) 542 145.52 7.89 x 104 Direct 

Teeth Cut (less coolant) 98 97.11 9.52 x 103 Direct 

Tool change and spindle 
positioning (2 segments) 

20 1288.20 2.58 x 104 Ancillary 

Positioning (4 segments) 20 1369.74 2.74 x 104 Ancillary 

Coolant Pump (PR1) 540 640 3.46 x 105 Ancillary 

Coolant Pump (PR2) 542 640 3.47 x 105 Ancillary 

Coolant Pump (TC) 98 640 6.27 x 104 Ancillary 

Total Coolant Pump 1180 640 7.55 x 105 Ancillary 

Compressor 1430 93.00 1.33 x 105 Ancillary 

Energy Breakdown for the Model 

Total Ancillary - - 1.87 x 106 - 

Total Direct - - 1.71 x 105 - 

Total 1039 - 2.04 x 106 
* tool change and spindle positioning has more power variability than the positioning only 

segments such that the average power is lower 
 

The positioning values change since the acceleration and decelerations of the servo motors is 

included and would be increasing with feed rate and spindle increase. 

C.2 Model Input Data 

For the sprocket, the depth of cut and width of cut is constantly changing as the percentage of tool 

engagement changes. Thus the total material removed was divided by the machining time for the 

profile and teeth cut respectively to produce and effective material removal rate, MRR. The MRR 

was used as the single parameter to perform data analysis against in the economic model. Figure 

C-9 and Table C-6 shows the relationship between feed rate and MRR for profile (1) and teeth cut 
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(2). Table C-7 and C-8 show the input data for the economic model for the profiles and teeth cut 

respectively. 

 

Figure C-9. Correlation between MRRs and Feed Rate, FD for Sprockets for Profile (1) and 
Teeth cut (2) 

Table C-6: Summary of feed rate, spindle rate, MRR correlation. 

Sprocket # FD1 
[m/min] 

N1 
[RPM] 

MRR1  
[mm3/s] 

FD2 
[m/min] 

N2 
[RPM] 

MRR2 
[mm3/s] 

1 381 1500 1.39 381 1200 122.45 
2 635 2500 2.06 635 2000 200.00 
3 1016 4000 2.78 1016 3200 324.32 
4 1270 5000 3.27 1270 4000 375.00 
5 1524 6000 3.56 1524 4800 480.00 
6 1905 7500 3.86 1905 6000 545.45 
7 2032 8000 3.94 2032 6400 571.45 
8 2540 10000 4.36 2540 8000 666.67 
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Table C-7: Profile input data for the sprockets for the economic model 

Description Matlab 1 2 3 4 5 6 7 8 

machining time[s] tm 1082 729 539 459 421 389 381 344 

setup time[s] ts_tot 5400 5400 5400 5400 5400 5400 5400 5400 

idling time [s] tl 175 175 175 175 175 175 175 175 

tool change per batch [s] tc 360 360 360 360 360 360 360 360 

share factor (tm1/tm2) rsu 11 12 15 14 17 18 18 19 

labour [$/hr] Lm 50 50 50 50 50 50 50 50 

burden rate [$/hr] Bm 8 8 8 8 8 8 8 8 

constant [m/min] C 182.88 182.88 182.88 182.88 182.88 182.88 182.88 182.88

tool diameter [m] D 0.00513 0.00513 0.00513 0.00513 0.00513 0.00513 0.00513 0.00513

spindle speed [rpm] N 1500 2500 4000 5000 6000 7500 8000 10000 

constant n 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

Chip load [mm/rev/tooth] f 0.127 0.127 0.127 0.127 0.127 0.127 0.127 0.127 

Constant -y/n z -2 -2 -2 -2 -2 -2 -2 -2 

depth of cut d 0.75057 0.75057 0.75057 0.75057 0.75057 0.75057 0.75057 0.75057

constant -x/n w -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 

tool cost [$/kg] KTL 1256.56 1256.56 1256.56 1256.56 1256.56 1256.56 1256.56 1256.56

electricity cost [$/kWh] KE 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 

material removal [mm3/s] MRR 1.39 2.06 2.78 3.27 3.56 3.86 3.94 4.36 

direct energy [J] DEJ 161190 253263 125027 146674 209385 367206 356719 581905

ancillary energy [J] AEJ 1661850 1186523 922661 805711 783243 759197 744813 728841

material cost [$/kg] KML 28.43 28.43 28.43 28.43 28.43 28.43 28.43 28.43 

lubricant cost [$/L] KLO 12.68 12.68 12.68 12.68 12.68 12.68 12.68 12.68 

coolant cost [$/L] Kcool 16 16 16 16 16 16 16 16 

water cost [$/L] Kwater 5.00E-065.00E-065.00E-065.00E-065.00E-065.00E-06 5.00E-06 5.00E-06

material used [kg] ML 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012 

coolant loss rate (L/s) cool_rate 4.44E-074.44E-074.44E-074.44E-074.44E-074.44E-07 4.44E-07 4.44E-07

water loss rate(L/s) water_rate5.48E-065.48E-065.48E-065.48E-065.48E-065.48E-06 5.48E-06 5.48E-06

lubricant use rate (L/s) lube_rate 4.13E-094.13E-094.13E-094.13E-094.13E-094.13E-09 4.13E-09 4.13E-09

tool weight [kg] TL 0.032 0.032 0.032 0.032 0.032 0.032 0.032 0.032 

carbon price [$/kgCO2] Kcarbon 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 

electricity EI [kgCO2/kWh] EI_E 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 

water for CO _EI [kgCO2/L] EI_WC 0.189 0.189 0.189 0.189 0.189 0.189 0.189 0.189 

coolant EI [kgCO2/L] EI_CO 5.612 5.612 5.612 5.612 5.612 5.612 5.612 5.612 

LO EI [kgCO2/L] EI_LO 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719

tool EI [kgCO2/kg] EI_TL 6.4 6.4 6.4 6.4 6.4 6.4 6.4 6.4 

material EI [kgCO2/kg] EI_ML 4.02 4.02 4.02 4.02 4.02 4.02 4.02 4.02 
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Table C-8: Cut input data for the sprockets for the economic model 

Description Matlab 1 2 3 4 5 6 7 8 

machining time[s] tm 98 60 37 32 25 22 21 18 

setup time[s] ts_tot 5400 5400 5400 5400 5400 5400 5400 5400 

idling time [s] tl 75 75 75 75 75 75 75 75 

tool change per batch [s] tc 360 360 360 360 360 360 360 360 

share factor (tm2/tm1) rsu 0.09 0.08 0.07 0.07 0.06 0.06 0.06 0.05 

labour [$/hr] Lm 50 50 50 50 50 50 50 50 

burden rate [$/hr] Bm 8 8 8 8 8 8 8 8 

constant [m/min] C 182.88 182.88 182.88 182.88 182.88 182.88 182.88 182.88

tool diameter [m] D 0.00513 0.00513 0.00513 0.00513 0.00513 0.00513 0.00513 0.00513

spindle speed [rpm] N 1200 2000 3200 4000 4800 6000 6400 8000 

constant n 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

Chip load [mm/rev/tooth] f 0.159 0.159 0.159 0.159 0.159 0.159 0.159 0.159 

Constant -y/n z -2 -2 -2 -2 -2 -2 -2 -2 

depth of cut d 8.89 8.89 8.89 8.89 8.89 8.89 8.89 8.89 

constant -x/n w -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 

tool cost [$/kg] KTL 639.38 639.38 639.38 639.38 639.38 639.38 639.38 639.38

electricity cost [$/kWh] KE 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 

material removal [mm3/s] MRR 122.45 200.00 324.32 375.00 480.00 545.45 571.43 666.67

direct energy [J] DEJ 9516 18830 12116 14665 12375 16209 16379 23185 

ancillary energy [J] AEJ 211264 164894 130537 120263 127093 136125 131195 142467

material cost [$/kg] KML 28.43 28.43 28.43 28.43 28.43 28.43 28.43 28.43 

lubricant cost [$/L] KLO 12.68 12.68 12.68 12.68 12.68 12.68 12.68 12.68 

coolant cost [$/L] Kcool 16 16 16 16 16 16 16 16 

water cost [$/L] Kwater 5.00E-065.00E-065.00E-065.00E-065.00E-065.00E-06 5.00E-06 5.00E-06

material used [kg] ML 5.92E-035.92E-035.92E-035.92E-035.92E-035.92E-03 5.92E-03 5.92E-03

coolant loss rate (L/s) cool_rate 4.44E-074.44E-074.44E-074.44E-074.44E-074.44E-07 4.44E-07 4.44E-07

water loss rate(L/s) water_rate5.48E-065.48E-065.48E-065.48E-065.48E-065.48E-06 5.48E-06 5.48E-06

lubricant use rate (L/s) lube_rate 4.13E-094.13E-094.13E-094.13E-094.13E-094.13E-09 4.13E-09 4.13E-09

tool weight [kg] TL 0.032 0.032 0.032 0.032 0.032 0.032 0.032 0.032 

carbon price [$/kgCO2] Kcarbon 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 

electricity EI [kgCO2/kWh] EI_E 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 

water for CO _EI [kgCO2/L] EI_WC 0.189 0.189 0.189 0.189 0.189 0.189 0.189 0.189 

coolant EI [kgCO2/L] EI_CO 5.612 5.612 5.612 5.612 5.612 5.612 5.612 5.612 

LO EI [kgCO2/L] EI_LO 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719

tool EI [kgCO2/kg] EI_TL 6.4 6.4 6.4 6.4 6.4 6.4 6.4 6.4 

material EI [kgCO2/kg] EI_ML 4.02 4.02 4.02 4.02 4.02 4.02 4.02 4.02 
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C.3 Model Output Data 

This section provides additional model output data referred to in the main thesis for the sprockets. 

C.3.1 Base case scenario sprocket data 

The bases case scenario sprocket data are found in TablesC-9 and C-10. 

Table C-9: Model Output Raw Data Summary for Profile cut (1) 

MRR 
[mm3/s] 

Cost per part [$] 

Cp Cm Cs Cl Ct Cmd Cmid Ced Cea Cenv 

1.39 20.67 17.43 0.03 2.82 0.01 0.31 0.0078 0.00493 0.05078 0.00334 

2.06 15.07 11.75 0.10 2.82 0.05 0.31 0.0052 0.00774 0.03625 0.00287 

2.78 12.37 8.68 0.34 2.82 0.18 0.31 0.0039 0.00382 0.02819 0.00242 

3.27 11.49 7.40 0.61 2.82 0.32 0.31 0.0033 0.00448 0.02462 0.00231 

3.56 11.52 6.78 1.02 2.82 0.54 0.32 0.0030 0.00640 0.02393 0.00239 

3.86 12.48 6.27 1.99 2.82 1.05 0.32 0.0028 0.01122 0.02320 0.00261 

3.94 13.00 6.14 2.41 2.82 1.28 0.32 0.0028 0.01090 0.02276 0.00260 

4.36 15.73 5.54 4.58 2.82 2.42 0.32 0.0025 0.01778 0.02227 0.00298 
 

Table C-10: Model Output Raw Data Summary for Teeth cut (2) 

MRR 
[mm3/s] 

Cost per part [$] 

Cp Cm Cs Cl Ct Cmd Cmid Ced Cea Cenv 

122.45 2.82 1.58 0.01 1.21 0.0018 0.014 0.0007 0.00029 0.00646 0.00032 

200.00 2.22 0.97 0.02 1.21 0.0061 0.013 0.0005 0.00058 0.00504 0.00027 

324.32 1.90 0.60 0.06 1.21 0.0179 0.011 0.0003 0.00037 0.00399 0.00021 

375.00 1.88 0.52 0.11 1.21 0.0326 0.011 0.0003 0.00045 0.00367 0.00021 

480.00 1.83 0.40 0.16 1.21 0.0468 0.009 0.0002 0.00038 0.00388 0.00021 

545.45 1.95 0.35 0.29 1.21 0.0866 0.009 0.0002 0.00050 0.00416 0.00023 

571.43 2.00 0.34 0.34 1.21 0.1025 0.009 0.0002 0.00050 0.00401 0.00023 

666.67 2.31 0.29 0.61 1.21 0.1849 0.008 0.0002 0.00071 0.00435 0.00026 
 

C.3.2 Single Variable Sensitivity Analysis 

Labour Rate, Lm: Tables C-11 to C-13. 
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Table C-11: Model Output Data Summary for Profile cut (1) 
Lm 

[$/ hr]  Cpmin1 [$] MRRmin1 [mm3/s] 
Corresponding Values 

Ep [kWh] tp [s] PCO2 [kgCO2] T [min] 

2 2.49 2.98 0.2729 1062 0.09361 1686 

10 4.03 3.17 0.2677 1042 0.09310 1207 

15 4.98 3.24 0.2677 1036 0.09328 1058 

20 5.92 3.29 0.2685 1032 0.09354 958 

30 7.79 3.37 0.2705 1028 0.09408 835 

40 9.65 3.39 0.2712 1027 0.09427 802 

50 11.51 3.40 0.2718 1026 0.09440 782 

60 13.37 3.41 0.2722 1026 0.09450 766 

70 15.23 3.42 0.2725 1025 0.09459 754 

80 17.08 3.42 0.2728 1025 0.09466 744 

Table C-12: Model Output Data Summary for Teeth cut (2) 

Lm 
[$/ hr]  Cpmin2 [$] MRRmin2 [mm3/s] 

Corresponding Values 

Ep [kWh] tp [s] PCO2 [kgCO2] T [min] 

2 0.35 342 0.0389 474 0.00845 686 

10 0.60 373 0.0377 473 0.00824 516 

15 0.76 385 0.0374 473 0.00819 465 

20 0.92 394 0.0373 473 0.00817 430 

30 1.23 407 0.0372 472 0.00815 386 

40 1.54 415 0.0371 472 0.00815 359 

50 1.86 421 0.0372 472 0.00815 341 

60 2.17 425 0.0372 472 0.00815 328 

70 2.48 429 0.0372 472 0.00816 318 

80 2.80 431 0.0372 472 0.00817 311 

Table C-13: Summary Model Output Data Summary for chapter figure 
Lm 

[$/ hr] 
Cpmin1 

[$] 
CPmin2 

[$] 
Cpmin 

[$] 
MRR1 
[mm3/s] 

MRR2 
[mm3/s] 

MRR1 x100 
[mm3/s] 

2 2.492516 0.35058 2.843095 2.984337 342.0351 298.4337 

10 4.031534 0.603735 4.635269 3.171214 373.0174 317.1214 

15 4.977741 0.761147 5.738889 3.24183 385.074 324.183 

20 5.917619 0.91822 6.835839 3.293802 394.0744 329.3802 

30 7.786318 1.231761 9.018079 3.365182 406.6148 336.5182 

40 9.648378 1.544834 11.19321 3.385181 414.9363 338.5181 

50 11.50857 1.857642 13.36621 3.398326 420.8614 339.8326 

60 13.36752 2.170284 15.5378 3.408556 425.295 340.8556 

70 15.2256 2.482816 17.70841 3.416744 428.7372 341.6744 

80 17.08304 2.795271 19.87832 3.423445 431.4872 342.3445 



 

242 

 

Carbon Price, kCO2: Tables C-14 to C-16. 

Table C-14: Model Output Data Summary for Profile cut (1) 
kCO2  

[$/ tonne CO2e] 
Cpmin1 

[$] 
MRRmin1 

[mm3/s]
Corresponding Values 

Ep [kWh] tp [s] PCO2 [kgCO2] T [min]
0 11.51 3.39835 0.272 1026 0.094 782 

10 11.51 3.39834 0.272 1026 0.094 782 
25 11.51 3.39833 0.272 1026 0.094 782 
50 11.51 3.39830 0.272 1026 0.094 782 
75 11.51 3.39827 0.272 1026 0.094 782 
100 11.52 3.39824 0.272 1026 0.094 782 
125 11.52 3.39822 0.272 1026 0.094 782 
150 11.52 3.39819 0.272 1026 0.094 782 
175 11.52 3.39816 0.272 1026 0.094 782 
200 11.53 3.39813 0.272 1026 0.094 782 

 

Table C-15: Model Output Data Summary for Teeth cut (2) 
kCO2  

[$/ tonne CO2e] 
Cpmin2 

[$] 
MRRmin2 

[mm3/s]
Corresponding Values 

Ep [kWh] tp [s] PCO2 [kgCO2] T [min]
0 1.8574 420.86 0.037 472 0.008 341 

10 1.8575 420.86 0.037 472 0.008 341 
25 1.8576 420.86 0.037 472 0.008 341 
50 1.8578 420.86 0.037 472 0.008 341 
75 1.8580 420.85 0.037 472 0.008 341 
100 1.8583 420.85 0.037 472 0.008 341 
125 1.8585 420.85 0.037 472 0.008 341 
150 1.8587 420.84 0.037 472 0.008 341 
175 1.8589 420.84 0.037 472 0.008 341 
200 1.8591 420.84 0.037 472 0.008 341 

 

Table C-16: Summary Model Output Data Summary for chapter figure 
kCO2  

[$/ tonne CO2e] 
Cpmin1 

[$] 
CPmin2 

[$] 
Cpmin 

[$] 
MRR1 
[mm3/s]

MRR2 
[mm3/s] 

MRR1 x124 
[mm3/s]

0 11.50621 1.857438 13.36365 3.398354 420.8648 421.3959 
10 11.50715 1.85752 13.36467 3.398343 420.8635 421.3945 
25 11.50857 1.857642 13.36621 3.398326 420.8614 421.3924 
50 11.51093 1.857846 13.36877 3.398299 420.8581 421.389 
75 11.51329 1.858049 13.37134 3.398271 420.8547 421.3856 
100 11.51565 1.858253 13.3739 3.398243 420.8513 421.3822 
125 11.51801 1.858457 13.37646 3.398216 420.8479 421.3788 
150 11.52037 1.85866 13.37903 3.398188 420.8445 421.3754 
175 11.52273 1.858864 13.38159 3.398161 420.8412 421.3719 
200 11.52509 1.859068 13.38416 3.398133 420.8378 421.3685 
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Electricity Rate, KE: Tables C-17 to C-19.  

Table C-17: Model Output Data Summary for Profile cut (1) 
KE  

[$/ kWh] 
Cpmin1 

[$] 
MRRmin1 

[mm3/s]
Corresponding Values 

Ep [kWh] tp [s] PCO2 [kgCO2] T [min]
0.05 11.49 3.3986 0.272 1026 0.094 782 
0.10 11.51 3.3984 0.272 1026 0.094 782 
0.11 11.51 3.3983 0.272 1026 0.094 782 
0.15 11.52 3.3982 0.272 1026 0.094 782 
0.20 11.53 3.3979 0.272 1026 0.094 783 
0.25 11.55 3.3977 0.272 1026 0.094 783 
0.30 11.56 3.3975 0.272 1026 0.094 783 
0.35 11.57 3.3973 0.272 1026 0.094 784 
0.40 11.59 3.3971 0.272 1026 0.094 784 

 

Table C-18: Model Output Data Summary for Teeth cut (2) 
KE  

[$/ kWh] 
Cpmin2 

[$] 
MRRmin2 

[mm3/s]
Corresponding Values 

Ep [kWh] tp [s] PCO2 [kgCO2] T [min]
0.05 1.855 420.89 0.037 472 0.008 341 
0.10 1.857 420.87 0.037 472 0.008 341 
0.11 1.858 420.86 0.037 472 0.008 341 
0.15 1.859 420.84 0.037 472 0.008 341 
0.20 1.861 420.81 0.037 472 0.008 341 
0.25 1.863 420.79 0.037 472 0.008 341 
0.30 1.865 420.76 0.037 472 0.008 341 
0.35 1.867 420.73 0.037 472 0.008 341 
0.40 1.868 420.71 0.037 472 0.008 341 

 

Table C-19: Summary Model Output Data Summary for chapter figure 
KE  

[$/ kWh] 
Cpmin1 

[$] 
CPmin2 

[$] 
Cpmin 

[$] 
MRR1 
[mm3/s]

MRR2 
[mm3/s] 

MRR1 x125 
[mm3/s]

0.05 11.49 1.855 13.34767 3.39859 420.8941 424.8238 
0.10 11.51 1.857 13.36312 3.39837 420.8669 424.7963 
0.11 11.51 1.858 13.36621 3.398326 420.8614 424.7908 
0.15 11.52 1.859 13.37857 3.39815 420.8399 424.7688 
0.20 11.53 1.861 13.39401 3.397931 420.8133 424.7414 
0.25 11.55 1.863 13.40946 3.397712 420.7869 424.714 
0.30 11.56 1.865 13.4249 3.397493 420.7607 424.6866 
0.35 11.57 1.867 13.44034 3.397274 420.7348 424.6593 
0.40 11.58 1.868 13.45579 3.397056 420.7092 424.6320 
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Emission Intensity of electricity, EIE: Tables C-20 to C-22. 

Table C-20: Model Output Data Summary for Profile cut (1) 

EIE 
[kgCO2e/kWh] 

Cpmin1 
[$] 

MRRmin1 
[mm3/s]

Corresponding Values 

Ep [kWh] tp [s] PCO2 [kgCO2] T [min]

0 11.5074 3.39834 0.272 1026 0.0482 782 

0.1 11.5081 3.39833 0.272 1026 0.0754 782 

0.169 11.5086 3.39833 0.272 1026 0.0941 782 

0.2 11.5088 3.39832 0.272 1026 0.1026 782 

0.3 11.5095 3.39831 0.272 1026 0.1297 782 

0.4 11.5101 3.39830 0.272 1026 0.1569 782 

0.5 11.5108 3.39829 0.272 1026 0.1841 782 

0.6 11.5115 3.39828 0.272 1026 0.2113 782 

0.7 11.5122 3.39827 0.272 1026 0.2384 782 

0.8 11.5128 3.39826 0.272 1026 0.2656 782 

0.9 11.5135 3.39825 0.272 1026 0.2928 782 

1 11.5142 3.39823 0.272 1026 0.3200 782 
 

Table C-21 Model Output Data Summary for Teeth cut (2) 

EIE 
[kgCO2e/kWh] 

Cpmin2 
[$] 

MRRmin2 
[mm3/s]

Corresponding Values 

Ep [kWh] tp [s] PCO2 [kgCO2] T [min]

0 1.8575 420.86 0.037 472 0.0018 341 

0.1 1.8576 420.86 0.037 472 0.0055 341 

0.169 1.8576 420.86 0.037 472 0.0081 341 

0.2 1.8577 420.86 0.037 472 0.0093 341 

0.3 1.8578 420.86 0.037 472 0.0130 341 

0.4 1.8579 420.86 0.037 472 0.0167 341 

0.5 1.8579 420.86 0.037 472 0.0204 341 

0.6 1.8580 420.86 0.037 472 0.0241 341 

0.7 1.8581 420.85 0.037 472 0.0278 341 

0.8 1.8582 420.85 0.037 472 0.0316 341 

0.9 1.8583 420.85 0.037 472 0.0353 341 

1 1.8584 420.85 0.037 472 0.0390 341 
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Table C-22: Summary Model Output Data Summary for chapter figure 
EIE 

[kgCO2e/kWh] 
Cpmin1 

[$] 
CPmin2 

[$] 
Cpmin 

[$] 
MRR1 
[mm3/s]

MRR2 
[mm3/s] 

MRR1 x100 
[mm3/s]

0 11.51 1.86 13.36 3.398345 420.8637 339.834 

0.1 11.51 1.86 13.37 3.398334 420.8624 339.833 

0.17 11.51 1.86 13.37 3.398326 420.8615 339.833 

0.2 11.51 1.86 13.37 3.398323 420.861 339.832 

0.3 11.51 1.86 13.37 3.398312 420.8597 339.831 

0.4 11.51 1.86 13.37 3.398301 420.8583 339.830 

0.5 11.51 1.86 13.37 3.39829 420.857 339.829 

0.6 11.51 1.86 13.37 3.398279 420.8556 339.828 

0.7 11.51 1.86 13.37 3.398268 420.8543 339.827 

0.8 11.51 1.86 13.37 3.398257 420.8529 339.826 

0.9 11.51 1.86 13.37 3.398246 420.8516 339.825 

1 11.51 1.86 13.37 3.398235 420.8503 339.823 

C.3.3 Multivariable Sensitivity Analysis 

Tables C-23 to C-28 summarize the optimization results for Canada, Germany, Japan, China, 

Brazil and France. 

Table C-23: Optimization Data for Canada 

 Objective Optimum

value 

MRR 

[mm3/s] 

Corresponding Values 

Cp 

[$] 
Ep 

[kWh] 
tp [s] PCO2 

[kgCO2e] 
T 

[min] 

Profile  

(1) 

Min. Cost [$] 11.50 3.40 - 0.272 1026 0.115 782 

Min. Energy [kWh] 0.268 3.20 11.60 - 1039 0.114 1137 

Min. Time [s] 1024 3.51 11.56 0.277 - 0.117 626 

Min. Carbon [kgCO2e] 0.114 3.16 11.63 0.268 1043 - 1228 

Max. Tool life [min] 6.07E+04 1.39 20.64 0.506 1619 0.173 - 

Cut  

(2) 

Min. Cost [$] 1.86 420.88 - 0.037 472 0.011 341 

Min. Energy [kWh] 0.037 415.49 1.86 - 472 0.011 357 

Min. Time [s] 472 469.14 1.86 0.038 - 0.011 224 

Min. Carbon [kgCO2e] 0.011 414.15 1.86 0.037 472 - 361 

Max. Tool life [min] 2.38E+04 122.45 2.81 0.061 533 0.017 - 

Total Min. Cost [$] 13.35 N/A - 0.309 1498 0.126 N/A 

Min. Energy [kWh] 0.30 N/A 13.45 - 1511 0.125 N/A 

Min. Time [s] 1495 N/A 13.42 0.315 - 0.128 N/A 

Min. Carbon [kgCO2e] 0.12 N/A 13.49 0.305 1515 - N/A 

Note: No meaning to summing tool life for total terms since two different tools. 
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Table C-24: Optimization Data for Germany 

 Objective Optimum

value 

MRR 

[mm3/s] 

Corresponding Values 

Cp 

[$] 
Ep 

[kWh] 
tp [s] PCO2 

[kgCO2e] 
T 

[min] 

Profile  

(1) 

Min. Cost [$] 16.82 3.42 - 0.273 1025 0.218 745 

Min. Energy [kWh] 0.268 3.20 17.02 - 1039 0.214 1137 

Min. Time [s] 1024 3.51 16.87 0.277 - 0.221 626 

Min. Carbon [kgCO2e] 0.214 3.19 17.05 0.268 1041 - 1174 

Max. Tool life [min] 6.07E+04 1.39 30.66 0.506 1619 0.362 - 

Cut  

(2) 

Min. Cost [$] 2.75 431.12 - 0.037 472 0.025 312 

Min. Energy [kWh] 0.037 415.49 2.75 - 472 0.025 357 

Min. Time [s] 472 469.14 2.76 0.038 - 0.026 224 

Min. Carbon [kgCO2e] 0.025 414.94 2.75 0.037 472 - 359 

Max. Tool life [min] 2.38E+04 122.45 4.19 0.061 533 0.041 - 

Total Min. Cost [$] 19.57 N/A - 0.310 1497 0.243 N/A 

Min. Energy [kWh] 0.30 N/A 19.77 - 1511 0.239 N/A 

Min. Time [s] 1495 N/A 19.63 0.315 - 0.246 N/A 

Min. Carbon [kgCO2e] 0.24 N/A 19.80 0.305 1513 - N/A 

Note: No meaning to summing tool life for total terms since two different tools. 

Table C-25 : Optimization Data for Japan 

 Objective Optimum

value 

MRR 

[mm3/s] 

Corresponding Values 

Cp 

[$] 
Ep 

[kWh] 
tp [s] PCO2 

[kgCO2e] 
T 

[min] 

Profile  

(1) 

Min. Cost [$] 11.76 3.40 - 0.272 1026 0.195 780 

Min. Energy [kWh] 0.268 3.20 11.86 - 1039 0.192 1137 

Min. Time [s] 1024 3.51 11.82 0.277 - 0.199 626 

Min. Carbon [kgCO2e] 0.192 3.18 11.88 0.268 1041 - 1179 

Max. Tool life [min] 6.07E+04 1.39 21.14 0.506 1619 0.321 - 

Cut  

(2) 

Min. Cost [$] 1.90 421.47 - 0.037 472 0.022 339 

Min. Energy [kWh] 0.037 415.49 1.90 - 472 0.022 357 

Min. Time [s] 472 469.14 1.91 0.038 - 0.022 224 

Min. Carbon [kgCO2e] 0.022 414.86 1.90 0.037 472 - 359 

Max. Tool life [min] 2.38E+04 122.45 2.88 0.061 533 0.036 - 

Total Min. Cost [$] 13.66 N/A - 0.309 1498 0.217 N/A 

Min. Energy [kWh] 0.30 N/A 13.76 - 1511 0.214 N/A 

Min. Time [s] 1495 N/A 13.72 0.315 - 0.221 N/A 

Min. Carbon [kgCO2e] 0.21 N/A 13.78 0.305 1513 - N/A 

Note: No meaning to summing tool life for total terms since two different tools. 
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Table C-26: Optimization Data for China 

 Objective Optimum

value 

MRR 

[mm3/s] 

Corresponding Values 

Cp 

[$] 
Ep 

[kWh] 
tp [s] PCO2 

[kgCO2e] 
T 

[min] 

Profile  

(1) 

Min. Cost [$] 2.55 2.99 - 0.272 1061 0.305 1660 

Min. Energy [kWh] 0.268 3.20 2.57 - 1039 0.301 1137 

Min. Time [s] 1024 3.51 2.71 0.277 - 0.311 626 

Min. Carbon [kgCO2e] 0.301 3.19 2.57 0.268 1040 - 1161 

Max. Tool life [min] 6.07E+04 1.39 3.98 0.506 1619 0.526 - 

Cut  

(2) 

Min. Cost [$] 0.36 343.26 - 0.039 474 0.039 678 

Min. Energy [kWh] 0.037 415.49 0.36 - 472 0.037 357 

Min. Time [s] 472 469.14 0.38 0.038 - 0.038 224 

Min. Carbon [kgCO2e] 0.037 415.12 0.36 0.037 472 - 358 

Max. Tool life [min] 2.38E+04 122.45 0.52 0.061 533 0.060 - 

Total Min. Cost [$] 2.91 N/A - 0.311 1535 0.344 N/A 

Min. Energy [kWh] 0.30 N/A 2.93 - 1511 0.338 N/A 

Min. Time [s] 1495 N/A 3.09 0.315 - 0.349 N/A 

Min. Carbon [kgCO2e] 0.34 N/A 2.93 0.305 1512 - N/A 

Note: No meaning to summing tool life for total terms since two different tools. 

Table C-27: Optimization Data for Brazil 

 Objective Optimum

value 

MRR 

[mm3/s] 

Corresponding Values 

Cp 

[$] 
Ep 

[kWh] 
tp [s] PCO2 

[kgCO2e] 
T 

[min] 

Profile  

(1) 

Min. Cost [$] 4.81 3.23 - 0.268 1037 0.072 1082 

Min. Energy [kWh] 0.268 3.20 4.81 - 1039 0.072 1137 

Min. Time [s] 1024 3.51 4.91 0.277 - 0.074 626 

Min. Carbon [kgCO2e] 0.072 3.10 4.83 0.269 1049 - 1373 

Max. Tool life [min] 6.07E+04 1.39 8.12 0.506 1619 0.094 - 

Cut  

(2) 

Min. Cost [$] 0.73 383.38 - 0.037 473 0.005 472 

Min. Energy [kWh] 0.037 415.49 0.73 - 472 0.005 357 

Min. Time [s] 472 469.14 0.74 0.038 - 0.005 224 

Min. Carbon [kgCO2e] 0.005 412.18 0.73 0.037 472 - 367 

Max. Tool life [min] 2.38E+04 122.45 1.09 0.061 533 0.008 - 

Total Min. Cost [$] 5.54 N/A - 0.305 1510 0.077 N/A 

Min. Energy [kWh] 0.30 N/A 5.18 - 1511 0.077 N/A 

Min. Time [s] 1495 N/A 5.66 0.315 - 0.079 N/A 

Min. Carbon [kgCO2e] 0.08 N/A 5.56 0.306 1521 - N/A 

Note: No meaning to summing tool life for total terms since two different tools. 
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Table C-28: Optimization Data for France 

 Objective Optimum

value 

MRR 

[mm3/s] 

Corresponding Values 

Cp 

[$] 
Ep 

[kWh] 
tp [s] PCO2 

[kgCO2e] 
T 

[min] 

Profile  

(1) 

Min. Cost [$] 14.80 3.42 - 0.272 1025 0.071 757 

Min. Energy [kWh] 0.268 3.20 14.96 - 1039 0.070 1137 

Min. Time [s] 1024 3.51 14.85 0.277 - 0.072 626 

Min. Carbon [kgCO2e] 0.070 3.09 15.12 0.269 1050 - 1394 

Max. Tool life [min] 6.07E+04 1.39 26.85 0.506 1619 0.090 - 

Cut  

(2) 

Min. Cost [$] 2.41 428.02 - 0.037 472 0.005 320 

Min. Energy [kWh] 0.037 415.49 2.41 - 472 0.005 357 

Min. Time [s] 472 469.14 2.42 0.038 - 0.005 224 

Min. Carbon [kgCO2e] 0.005 411.91 2.41 0.037 472 - 368 

Max. Tool life [min] 2.38E+04 122.45 3.66 0.061 533 0.007 - 

Total Min. Cost [$] 17.21 N/A - 0.310 1497 0.076 N/A 

Min. Energy [kWh] 0.30 N/A 17.37 - 1511 0.075 N/A 

Min. Time [s] 1495 N/A 17.26 0.315 - 0.077 N/A 

Min. Carbon [kgCO2e] 0.07 N/A 17.54 0.306 1522 - N/A 

Note: No meaning to summing tool life for total terms since two different tools. 
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Appendix D 

Additional SPIF Information 

D.1 Energy Breakdown 

D.1.1 Bowl 

Figure D-1 displays the energy breakdown using the block method describes in Appendix C for 

the bowls made with SPIF. The forming block is the direct energy while the rest is the ancillary 

energy. Table D-1 summarizes the power, time and energy data for the base scenario settings of 

the bowl in Chapter 8.  

 

Figure D-1. Illustration of energy breakdown for the bowls 

Table D-1: Example Breakdown of bowl data with base scenario 

Section Time [s] 
Power 
[W]* Energy [J] 

Standby 1970 590.57 1.16 x 106 

Start Positioning 13 157.36 2.05 x 103 

End Positioning 12 135.81 1.63 x 103 

SPIF - Forming 1795 141.27 2.54 x 105 

Summary 

Ancillary Energy     1.17 x 106 

Direct Energy     2.54 x 105 

Total 1970   1.42 x 106 
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D.1.2 Hat 

Table D-2 summarizes the key parameters and settings used for the scenarios. The first modified 

scenario using the highest tool size, step down and feed rate from the bowl case study resulted in 

either a failure of the tool or rupture of the workpiece. To reduce the aggressiveness of the 

forming and understanding that the slope of the hat is steeper than the bowls, a smaller tool and 

step down were used which resulted in the successful completion of the hat with no noticeable 

change in finish. 

Table D-2: Parameters for the hat study showing failed scenario 

Parameter/ Input Base Scenario 
Modified Scenario (1) - 

Failed 
Modified Scenario (2)-

Success 
Tool Size [mm] 
(in.) 

6.35 
(0.25) 

12.70 
(0.50) 

9.525 
(0.375) 

Feed Rate [mm/min] 
(in./min) 

2032 
(80) 

4064 
(160) 

4064 
(160) 

Spindle Speed [RPM] 600 600 600 
Step Down [mm]  
(in.) 

0.254 
(0.010) 

0.635 
(0.025) 

0.508 
(0.020) 

Lubricant Type 
Quaker State 

Synthetic 
75W-140 

Used Cooking Oil 
(Eco-benign E) 

Used Cooking Oil 
(Eco-benign E) 

Lubricant Quantity [ml] 20.5 9 8.5 
Emission Intensity of 
lubricants [kgCO2/L] 

3.295 0.512 0.512 

 

The energy analysis is performed similar to the milling data noting that SPIF occurs on a milling 

machine. Thus start and end positioning steps are present and the direct and ancillary energy can 

be derived. Note again that there no coolant system operating for SPIF, but lubricant is applied to 

the workpiece-tool interface. Table D-3 summarizes the energy breakdown for the hats. 
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Table D-3: Summary of energy breakdown for hats. 

Base Modified 

Section 
Time 

[s] 
Power 
[W]* 

Energy [J] 
Time 

[s] 
Power 
[W]* 

Energy [J] 

Standby 5454 577.44 3.15 x 106 1640 612.32 1.00 x 106 

Start Positioning 17 417.03 7.09 x 103 17 379.87 6.46 x 103 

End Positioning 12 366.23 4.40 x 103 12 375.11 450 x 103 

SPIF - Forming 5275 154.79 8.17 x 105 1461 225.87 3.30 x 105 

Ancillary Energy - - 3.16 x 106 - - 1.02 x 106 

Direct Energy - - 8.17 x 105 - - 3.30 x 105 

Total 5454 - 3.98 x 106 1640 - 1.35 x 106 

Ratio of total energy (Base/Modified) = 2.96 

 

D.2 Model Input Data 

The model input data is summarized in Table D-4 and D-5 for the bowls and Table D-6 for the 

hats. 

D.2.1 Bowls 

Table D-4: Model input data for bowls 

  
feed rate step size 

Description Matlab 60 80 100 120 160 10 15 20 25 

forming time [s] tf 2402 1795 1428 1219 913 1795 1182 874 717 

setup time[s] ts_tot 5400 5400 5400 5400 5400 5400 5400 5400 5400 

idling time [s] tl 171 175 176 173 176 175 175 175 175 

tool change per 
batch [s] 

tc 360 360 360 360 360 360 360 360 360 

labour [$/hr] Lm 50 50 50 50 50 50 50 50 50 

burden rate [$/hr] Bm 8 8 8 8 8 8 8 8 8 

constant [m/min] C 60.96 60.96 60.96 60.96 60.96 60.96 60.96 60.96 60.96 

tool diameter [m] D 0.0064 0.0064 0.0064 0.0064 0.0064 0.0064 0.0064 0.0064 0.0064

spindle speed [rpm] N 600 600 600 600 600 600 600 600 600 

constant n 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 

tool cost [$/kg] KTL 183.82 183.82 183.82 183.82 183.82 183.82 183.82 183.82 183.82
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Table D-4 cont’d: Model input data for bowls 

  
Feed rate Step Size 

electricity cost 
[$/kWh] 

KE 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 

feed rate [mm/min] FD 1524 2032 2540 3048 4064 2032 2032 2032 2032 

step size [mm] ST 0.254 0.254 0.254 0.254 0.254 0.254 0.381 0.508 0.635 

direct energy [J] DEJ 247721 253574 225533 217158 229208 253574 154773 156711 115795

ancillary energy [J] AEJ 1549754 1167105 964827 832424 660305 1167105 809602 643867 527822

material cost [$/kg] KML 9.18 9.18 9.18 9.18 9.18 9.18 9.18 9.18 9.18 

lubricant cost [$/L] KLO 12.68 12.68 12.68 12.68 12.68 12.68 12.68 12.68 12.68 

forming lubricant 
cost [$/L] 

KLO f 20 20 20 20 20 20 20 20 20 

lubricant used [L] LO f 0.004 0.006 0.0055 0.004 0.006 0.006 0.005 0.006 0.007 

material used [kg] ML 0.198 0.198 0.198 0.198 0.198 0.198 0.198 0.198 0.198 

machine lubricant 
use rate (L/s) 

lube_rate_mach 4.63E-08 4.63E-08
4.63E-

08 
4.63E-

08 
4.63E-

08 
4.63E-

08 
4.63E-

08 
4.63E-

08 
4.63E-

08 

tool weight [kg] TL 0.136 0.136 0.136 0.136 0.136 0.136 0.136 0.136 0.136 

carbon price 
[$/kgCO2] 

Kcarbon 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 

elecricity EI 
[kgCO2/kWh] 

EI_E 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 

LO EI [kgCO2/L] EI_LO f 3.295 3.295 3.295 3.295 3.295 3.295 3.295 3.295 3.295 

LOmach EI 
[kgCO2/L] 

EI_LO 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719

tool EI [kgCO2/kg] EI_TL 6.4 6.4 6.4 6.4 6.4 6.4 6.4 6.4 6.4 

material EI 
[kdCO2/kg] 

EI_ML 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 

speed factor 
[mm3/s] 

kpsf 2458 3277 4097 4916 6555 3277 4916 6555 8194 
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Table D-5: Model input data for bowls continued 

  lubricants tool size 

Description Matlab 75w140 75w90 80w90 mineral cooking 0.25 0.38 0.50 

forming time [s] tf 1795 1796 1791 1793 1792 1795 1763 1752 

setup time[s] ts_tot 5400 5400 5400 5400 5400 5400 5400 5400 

idling time [s] tl 175 172 173 173 176 175 175 174 

tool change per batch 
[s] 

tc 360 360 360 360 360 360 360 360 

labour [$/hr] Lm 50 50 50 50 50 50 50 50 

burden rate [$/hr] Bm 8 8 8 8 8 8 8 8 

constant [m/min] C 60.96 60.96 60.96 60.96 60.96 60.96 60.96 60.96 

tool diameter [m] D 0.0064 0.0064 0.0064 0.0064 0.0064 0.0064 0.0095 0.0127 

spindle speed [rpm] N 600 600 600 600 600 600 600 600 

constant n 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 

tool cost [$/kg] KTL 183.82 183.82 183.82 183.82 183.82 183.82 229.36 219.30 

electricity cost [$/kWh] KE 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 

feed rate [mm/min] FD 2032 2032 2032 2032 2032 2032 2032 2032 

step size [mm] ST 0.254 0.254 0.254 0.254 0.254 0.254 0.254 0.254 

direct energy [J] DEJ 253574 228085 231186 220750 261596 253574 227719 204497

ancillary energy [J] AEJ 1167105 1205326 1204936 1219491 1192946 1167105 1182603 1158194

material cost [$/kg] KML 9.18 9.18 9.18 9.18 9.18 9.18 9.18 9.18 

lubricant cost [$/L] KLO 12.68 12.68 12.68 12.68 12.68 12.68 12.68 12.68 

forming lubricant cost 
[$/L] 

KLO f 20 15 12 2 2.8 20 20 20 

lubricant used [L] LO f 0.006 0.006 0.007 0.007 0.0095 0.006 0.004 0.0055 

material used [kg] ML 0.198 0.198 0.198 0.198 0.198 0.198 0.198 0.198 

machine lubricant use 
rate (L/s) 

lube_rate_mach 4.63E-08 4.63E-08 4.63E-08 4.63E-08 4.63E-08 4.63E-08 4.63E-08 4.63E-08

tool weight [kg] TL 0.136 0.136 0.136 0.136 0.136 0.136 0.109 0.114 

carbon price 
[$/kgCO2] 

Kcarbon 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 

elecricity EI 
[kgCO2/kWh] 

EI_E 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 

LO EI [kgCO2/L] EI_LO f 3.295 3.295 3.295 3.295 0.512 3.295 3.295 3.295 

LOmach EI [kgCO2/L] EI_LO 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719 0.4719 

tool EI [kgCO2/kg] EI_TL 6.4 6.4 6.4 6.4 6.4 6.4 6.4 6.4 

material EI [kdCO2/kg] EI_ML 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 

speed factor [mm3/s] kpsf 3277 3277 3277 3277 3277 3277 4916 6555 
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D.2.2 Hats 

Table D-6: Model input data for hats 

  
hat 1 hat 2 

Description Matlab 80 160 

forming time [s] tf 5720 1636 

setup time[s] ts_tot 5400 5400 

idling time [s] tl 182 180 

tool change per batch [s] tc 360 360 

labour [$/hr] Lm 50 50 

burden rate [$/hr] Bm 8 8 

constant [m/min] C 60.96 60.96 

tool diameter [m] D 0.00635 0.009525 

spindle speed [rpm] N 600 600 

constant n 0.13 0.13 

tool cost [$/kg] KTL 183.82 229.36 

electricity cost [$/kWh] KE 0.11 0.11 

feed rate [mm/min] FD 2032 4064 

step size [mm] ST 0.254 0.508 

direct energy [J] DEJ 746289 385141 

ancillary energy [J] AEJ 3833887 1032346 

material cost [$/kg] KML 9.18 9.18 

lubricant cost [$/L] KLO 12.68 12.68 

forming lubricant cost [$/L] KLO f 20 2.8 

lubricant used [L] LO f 0.0168 0.0105 

material used [kg] ML 0.346 0.346 

machine lubricant use rate (L/s) lube_rate_mach 4.63E-08 4.63E-08 

tool weight [kg] TL 0.136 0.109 

carbon price [$/kgCO2] Kcarbon 0.025 0.025 

elecricity EI [kgCO2/kWh] EI_E 0.17 0.17 

LO EI [kgCO2/L] EI_LO f 3.295 0.512 

LOmach EI [kgCO2/L] EI_LO 0.4719 0.4719 

tool EI [kgCO2/kg] EI_TL 6.4 6.4 

material EI [kdCO2/kg] EI_ML 8.72 8.72 

speed factor [mm3/s] kpsf 3277 19664 

 



 

255 

 

D.3 Model Output Data 

This section summarizes the output from the model for the bowls and hats.  

D.3.1 Bowls 

Table D-7 and D-8 are the outputs for the bowl with tool life of 100 hours and Table D-9 and D-

10 are the outputs for the bowl assuming a Taylor tool life model. 

Table D-7: Economic model output data for the Bowls with T = 100 hours 

  FD ST kPSF Cp Cm Cs Cl Ct Cmd Cmid Ced Cea Cenv Ep tp P CO2 Tmin
FD 60 1524 0.254 2458 44.24 38.70 0.58 2.76 0.21 1.82 0.0817 0.0076 0.0474 0.0458 0.499 2969 1.834 6000
FD 80 2032 0.254 3277 34.36 28.92 0.43 2.82 0.15 1.82 0.1214 0.0077 0.0357 0.0455 0.395 2357 1.821 6000
FD 100 2540 0.254 4097 28.32 23.01 0.35 2.84 0.12 1.82 0.1112 0.0069 0.0295 0.0452 0.331 1985 1.807 6000
FD 120 3048 0.254 4916 24.80 19.64 0.29 2.79 0.10 1.82 0.0810 0.0066 0.0254 0.0449 0.292 1770 1.795 6000
FD 160 4064 0.254 6555 19.86 14.71 0.22 2.84 0.08 1.82 0.1209 0.0070 0.0202 0.0448 0.247 1463 1.794 6000
ST 10 2032 0.254 3277 34.36 28.92 0.43 2.82 0.15 1.82 0.1214 0.0077 0.0357 0.0455 0.395 2357 1.821 6000
ST 15 2032 0.381 4916 24.24 19.04 0.29 2.82 0.10 1.82 0.1010 0.0047 0.0247 0.0449 0.268 1735 1.795 6000
ST 20 2032 0.508 6555 19.20 14.08 0.21 2.82 0.07 1.82 0.1208 0.0048 0.0197 0.0447 0.222 1422 1.789 6000
ST 25 2032 0.635 8194 16.63 11.55 0.17 2.82 0.06 1.82 0.1407 0.0035 0.0161 0.0446 0.179 1263 1.785 6000
75W140 2032 0.254 3277 34.36 28.92 0.43 2.82 0.15 1.82 0.1214 0.0077 0.0357 0.0455 0.395 2357 1.821 6000
75W90 2032 0.254 3277 34.30 28.94 0.43 2.77 0.15 1.82 0.0914 0.0070 0.0368 0.0455 0.398 2355 1.821 6000
80W90 2032 0.254 3277 34.22 28.86 0.43 2.79 0.15 1.82 0.0854 0.0071 0.0368 0.0456 0.399 2351 1.825 6000
Mineral  2032 0.254 3277 34.19 28.89 0.43 2.79 0.15 1.82 0.0154 0.0067 0.0373 0.0456 0.400 2353 1.825 6000
Cooking 2032 0.254 3277 34.23 28.87 0.43 2.84 0.15 1.82 0.0280 0.0080 0.0365 0.0452 0.404 2355 1.808 6000
TL 1/4 2032 0.254 3277 34.36 28.92 0.43 2.82 0.15 1.82 0.1214 0.0077 0.0357 0.0455 0.395 2357 1.821 6000
TL 3/8 2032 0.254 4916 33.79 28.40 0.43 2.82 0.15 1.82 0.0813 0.0070 0.0361 0.0453 0.392 2324 1.813 6000
TL 1/2 2032 0.254 6555 33.62 28.23 0.42 2.80 0.15 1.82 0.1113 0.0062 0.0354 0.0454 0.379 2312 1.816 6000

Table D-8: Energy and carbon breakdown data for the Bowls with T=100 hours 

Carbon Dioxide Emissions [kg CO2e] Energy [kWh] 
  E LOf LO TL ML ED EA 

FD 60 0.085 0.013 5.09E-05 5.81E-03 1.73 0.069 0.43 
FD 80 0.067 0.020 3.75E-05 4.34E-03 1.73 0.07 0.324 

FD 100 0.056 0.018 3.08E-05 3.45E-03 1.73 0.063 0.268 
FD 120 0.050 0.013 2.74E-05 2.95E-03 1.73 0.06 0.231 
FD 160 0.042 0.020 5.09E-05 2.21E-03 1.73 0.064 0.183 
ST 10 0.067 0.020 5.09E-05 4.34E-03 1.73 0.07 0.324 
ST 15 0.046 0.016 5.09E-05 2.86E-03 1.73 0.043 0.225 
ST 20 0.038 0.020 5.02E-05 2.11E-03 1.73 0.044 0.179 
ST 25 0.030 0.023 4.99E-05 1.73E-03 1.73 0.032 0.147 

75W140 0.067 0.020 6.41E-05 4.34E-03 1.73 0.07 0.324 
75W90 0.068 0.020 5.09E-05 4.34E-03 1.73 0.063 0.335 
80W90 0.068 0.023 4.29E-05 4.33E-03 1.73 0.064 0.335 
Mineral 0.068 0.023 3.83E-05 4.16E-03 1.73 0.061 0.339 
Cooking 0.069 0.005 3.17E-05 4.16E-03 1.73 0.073 0.331 
TL 1/4 0.067 0.020 5.09E-05 4.34E-03 1.73 0.07 0.324 
TL 3/8 0.067 0.013 5.08E-05 4.26E-03 1.73 0.063 0.329 
TL 1/2 0.064 0.018 5.08E-05 4.24E-03 1.73 0.057 0.322 
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Table D-9: Economic model output data for the Bowls with Taylor tool life 

  FD ST kPSF Cp Cm Cs Cl Ct Cmd Cmid Ced Cea Cenv Ep tp P CO2 Tmin 
FD 60 1524 0.254 2458 43.47 38.70 0.013 2.76 0.004 1.82 0.082 0.0076 0.0474 0.0457 0.499 2934 1.828 2.74E+05
FD 80 2032 0.254 3277 33.78 28.92 0.009 2.82 0.003 1.82 0.121 0.0077 0.0357 0.0454 0.395 2331 1.817 2.74E+05
FD 100 2540 0.254 4097 27.87 23.01 0.008 2.84 0.003 1.82 0.111 0.0069 0.0295 0.0451 0.331 1964 1.804 2.74E+05
FD 120 3048 0.254 4916 24.41 19.64 0.006 2.79 0.002 1.82 0.081 0.0066 0.0254 0.0448 0.292 1752 1.792 2.74E+05
FD 160 4064 0.254 6555 19.56 14.71 0.005 2.84 0.002 1.82 0.121 0.0070 0.0202 0.0448 0.247 1449 1.791 2.74E+05
ST 10 2032 0.254 3277 33.78 28.92 0.009 2.82 0.003 1.82 0.121 0.0077 0.0357 0.0454 0.395 2331 1.817 2.74E+05
ST 15 2032 0.381 4916 23.87 19.04 0.006 2.82 0.002 1.82 0.101 0.0047 0.0247 0.0448 0.268 1717 1.792 2.74E+05
ST 20 2032 0.508 6555 18.92 14.08 0.005 2.82 0.002 1.82 0.121 0.0048 0.0197 0.0447 0.222 1409 1.787 2.74E+05
ST 25 2032 0.635 8194 16.40 11.55 0.004 2.82 0.001 1.82 0.141 0.0035 0.0161 0.0446 0.179 1252 1.783 2.74E+05
75W140 2032 0.254 3277 33.78 28.92 0.009 2.82 0.003 1.82 0.121 0.0077 0.0357 0.0454 0.395 2331 1.817 2.74E+05
75W90 2032 0.254 3277 33.72 28.94 0.009 2.77 0.003 1.82 0.091 0.0070 0.0368 0.0454 0.398 2329 1.817 2.74E+05
80W90 2032 0.254 3277 33.65 28.86 0.009 2.79 0.003 1.82 0.085 0.0071 0.0368 0.0455 0.399 2325 1.821 2.74E+05
Mineral  2032 0.254 3277 33.61 28.89 0.009 2.79 0.003 1.82 0.015 0.0067 0.0373 0.0455 0.400 2327 1.821 2.74E+05
Cooking 2032 0.254 3277 33.66 28.87 0.009 2.84 0.003 1.82 0.028 0.0080 0.0365 0.0451 0.404 2329 1.803 2.74E+05
TL 1/4 2032 0.254 3277 33.78 28.92 0.009 2.82 0.003 1.82 0.121 0.0077 0.0357 0.0454 0.395 2331 1.817 2.74E+05
TL 3/8 2032 0.254 4916 33.50 28.40 0.211 2.82 0.075 1.82 0.081 0.0070 0.0361 0.0453 0.392 2311 1.811 1.21E+04
TL 1/2 2032 0.254 6555 35.64 28.23 1.916 2.80 0.678 1.82 0.111 0.0062 0.0354 0.0457 0.379 2405 1.828 1.33E+03

 

Table D-10: Energy and carbon breakdown data for the Bowls with Taylor tool life 

 
 

 
FD 

[mm/min] 

 
ST 

[mm]

 
kPSF 

[mm3/s]

Carbon Dioxide Emissions [kg CO2e] Energy [kWh] 

E LOf LO TL ML ED EA 

FD 60 1524 0.254 2458 0.085 0.013 6.41E-05 1.27E-04 1.73 0.069 0.430 
FD 80 2032 0.254 3277 0.067 0.020 5.09E-05 9.49E-05 1.73 0.070 0.324 
FD 100 2540 0.254 4097 0.056 0.018 4.29E-05 7.55E-05 1.73 0.063 0.268 
FD 120 3048 0.254 4916 0.050 0.013 3.83E-05 6.45E-05 1.73 0.060 0.231 
FD 160 4064 0.254 6555 0.042 0.020 3.17E-05 4.83E-05 1.73 0.064 0.183 
ST 10 2032 0.254 3277 0.067 0.020 5.09E-05 9.49E-05 1.73 0.070 0.324 
ST 15 2032 0.381 4916 0.046 0.016 3.75E-05 6.25E-05 1.73 0.043 0.225 
ST 20 2032 0.508 6555 0.038 0.020 3.08E-05 4.62E-05 1.73 0.044 0.179 
ST 25 2032 0.635 8194 0.030 0.023 2.74E-05 3.79E-05 1.73 0.032 0.147 

75W140 2032 0.254 3277 0.067 0.020 5.09E-05 9.49E-05 1.73 0.070 0.324 
75W90 2032 0.254 3277 0.068 0.020 5.09E-05 9.50E-05 1.73 0.063 0.335 
80W90 2032 0.254 3277 0.068 0.023 5.08E-05 9.47E-05 1.73 0.064 0.335 
Mineral 2032 0.254 3277 0.068 0.023 5.08E-05 9.48E-05 1.73 0.061 0.339 
Cooking 2032 0.254 3277 0.069 0.005 5.09E-05 9.48E-05 1.73 0.073 0.331 
TL 1/4 2032 0.254 3277 0.067 0.020 5.09E-05 9.49E-05 1.73 0.070 0.324 
TL 3/8 2032 0.254 4916 0.067 0.013 5.02E-05 1.69E-03 1.73 0.063 0.329 
TL 1/2 2032 0.254 6555 0.064 0.018 4.99E-05 1.61E-02 1.73 0.057 0.322 

 

Figure D-2 displays the plots for the bowls assuming a Taylor tool life for (a) cost per part, (b) 

process time, (c) process energy, (d) process CO2 and (e) tool life against the process speed 

factor. Figure D-3 shows the cost breakdown of the maximum and minimum cost scenarios. 



 

257 

 

(a) (b) 

(c) 

 

(d)  

(e) 

Figure D-2. Economic model results for SPIF bowls showing (a) cost per part, (b) process 
time, (c) process energy and (d) process CO2 against kPSF with Taylor tool life. 
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(a) (b) 

Figure D-3. Cost breakdown for SPIF bowls showing (a) minimum cost and (b) maximum 
cost cases. 

D.3.2 Hats 

Table D-11 summarizes the model output for the two hat scenarios. 

Table D-11: Economic model output data for the Hats with Taylor tool life 

FD ST kPSF Cp Cm Cs Cl Ct Cmd Cmid Ced Cea Cenv Ep tp P CO2 Tmin 

2032 0.254 3277 98.86 92.15 0.030 2.93 0.011 3.17 0.340 0.023 0.117 0.082 1.27 6264 3.289 2.74E+05

4064 0.508 19664 32.85 26.36 0.196 2.90 0.069 3.17 0.031 0.012 0.032 0.077 0.39 2188 3.091 1.21E+04
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Appendix E 

MATLAB® Example Code for Sprockets 

The three sections in this Appendix display the MATLAB ® used for the sprocket analysis with 

the economic model: mainly cost_new.m, organizer.m and plotopt.m as described in Chapter 3. 

E.1 cost_new.m 

% This codes uses the economic model in Branker et al., Greenhouse  
% gases emitted in manufacturing a product, CIRP Annals - Manufacturing 
% Technology 60 (2011) 53-56 
  
%Code for Sprocket tests on Bridgeport 
function [MRR,C_part,Cm,Cs,Cl,Ct,Cmd,Cmid,Ced,Cea,Cenv,Np,E_tot,tp,... 

Pcarbon,Tsec,Ecarb,COcarb,LOcarb,TLcarb,MLcarb, DE, AE]=... 
cost_new(T1,T2,T3,T4,T5,C1,C2,N1,N2,N3,N4,N5,N6,N7, N8,      
N9,E1,E2,E3,E4,M1,M2,M3,M4,M5,M6,M7,M8,M9,G1,G2,G3,G4,G5,G6,G7) 

  
%Inputs, Constants and Variables 
tm =T1;         %machining time  [secs]changes with feed rate etc 
ts_tot=T2;      %total design and set up time [secs] 
tl=T3;          %loading, unloading, handling time[secs] 
tc=T4;          %tool change time at end of batch [secs] 
rsu=T5;         %share factor in machining time bet. tools 
Lm=C1;          %machining labour cost [CAN$/hr] 
Bm=C2;          %machining burden cost [CAN$/hr] 
  
%Tool inputs 
C=N1;           %tool life constant 
D=N2;           %tool diameter, [m] 
N=N3;           %spindle speed [RPM]  
n=N4;           %tool life constant 
f=N5;           %chip load/ feed per tooth [mm/rev/tooth] 
z=N6;           %constant -y/n 
d=N7;           %average depth of cut 
w=N8;           %constant -x/n 
KTL=N9;         %cost of tool [CAN$/kg] 
  
% Energy inputs 
KE =E1;         %cost of electricity ($/kWh) 
MRR=E2;         %Material processing rate (mm3/s) 
DEJ=E3;         %direct energy [J] 
AEJ=E4;         %ancillary energy [J] 
  
%Materials 
KML =M1;        %cost of workpiece materials [$/kg] 
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KLO=M2;         %cost of lubricant [$/L] 
    %KCO=0;      %cost of coolant mix [$] if not separate 
Kcool=M3;       %cost of coolant only per litre [$/L] 
Kwater=M4;      %cost of water per litre 
ML=M5;          %material used in part [kg] 
    tot_cool=0; %total coolant used 
    tot_water=0;%total water for coolant mix 
cool_rate=M6;   %coolant use rate [L/s] 
water_rate=M7 ; %water use rate 
lube_rate=M8;  %lubricant usage rate [L/s] 
    LO=0;      %lubricant used per part 
TL=M9;         %tool weight 
  
% Carbon inputs 
Kcarbon = G1;   %carbon price ($ / kg CO2) 
EI_E =G2;       %ELECTRICITY carbon emission intensity (kg CO2/ kWh) 
EI_WC=G3;       %COOLANT WATER carbon emission intensity (kg CO2/ L) 
EI_CO =G4;      %COOLANT carbon emission intensity (kg CO2/ L) 
EI_LO =G5;      %LUBRICANT carbon emission intensity (kg CO2/ kg) 
EI_TL =G6;      %TOOL carbon emission intensity (kg CO2/ kg) 
EI_ML =G7;      %STOCK MATERIAL carbon emission intensity (kg CO2/ kg) 
  
%Outputs initialized 
    C_part= 0; %Cost per part 
    Cm= 0;          %Machining cost 
    Cs= 0;          %Set up cost 
    Cl= 0;          %handling and loading cost 
    Ct= 0;          %Tool cost 
    Cmd= 0;         %Direct material cost 
    Cmid= 0;        %Indirect material cost 
    Ced= 0;         %Direct energy cost 
    Cea= 0;         %Ancillary energy cost 
    Cenv= 0;        %Environmental cost 
    Cco2= 0;        %Carbon dioxide cost 
  
% Calculation 
% Tool life 
    V = pi*D*N;     %cutting speed [m/min] 
    T = ((C/V)^(1/n))*(f^z)*(d^w);%tool life [min] 
    Tsec =T*60;     %tool life [secs] 
    Np = Tsec/tm;   %number of parts before tool should be changed 
  
    Km = (Lm +Bm)/3600; %cost of machining per second 
  
% Equation Sub-components 
%Machining Cost 
Cm=tm*Km; 
%Set up cost 
    ts= ts_tot/Np; 
Cs=ts*Km; 
%Handling,loading and idling cost 
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Cl =tl*Km; 
% Tool cost 
Ct = ((KTL*TL)/Np)+ ((Km*tc)/Np); 
  
%Direct and Indirect Material Cost 
Cmd=(rsu/(rsu+1))*ML*KML; 
  
    tot_cool=tm*cool_rate; 
    tot_water=tm*water_rate; 
    tp=tm+ts+tl+tc; 
    LO=lube_rate*(tp-ts); %when machine is running 
Cmid=(tot_cool*Kcool)+(Kwater*tot_water)+(LO*KLO); 
%Energy  
    DE=DEJ*2.77777778*10^-7; 
    AE=AEJ*2.77777778*10^-7; 
    E_tot=DE+AE; 
  
Ced=DE*KE; 
Cea=AE*KE; 
% Environmental Cost 
    DEcarb=DE*EI_E; 
    AEcarb=AE*EI_E; 
    Ecarb= DEcarb + AEcarb; 
    COcarb=(tot_cool*EI_CO)+(tot_water*EI_WC); 
    LOcarb=LO*EI_LO; 
    TLcarb=(TL/Np)*EI_TL; 
    MLcarb=(rsu/(rsu+1))*ML*EI_ML; 
    
    Pcarbon = Ecarb+COcarb+LOcarb+TLcarb+MLcarb; 
    Cco2 = Pcarbon*Kcarbon; 
Cenv = Cco2; 
 
% Full Equation 
C_part=Cm + Cs + Cl + Ct + Cmd + Cmid + Ced + Cea + Cenv; 
end 

E.2 organizer.m 

%function to perform tasks with economic model in cost_new.m 
  
%Read in inputs array 
Case = ' C'; 
filein ='Case Inputs Spr.xls'; 
sheetin1 = strcat('Prof Spr',Case); 
sheetin2 = strcat('Cut Spr',Case); 
rangein ='E6:L41'; 
inputs1= xlsread(filein,sheetin1,rangein); 
inputs2= xlsread(filein,sheetin2,rangein); 
%input range in excel 
%A E6:F41 HAAS 
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%B E6:G41 Bridgeport constant speed 
%C E6:L41 Bridgeport constant chipload 
  
%Output file details 
fileout = strcat('Output Spr ',Case,'_3.xls'); 
sheetout1 = strcat('Spr Profile ',Case); 
sheetout2 = strcat('Spr Cut ',Case); 
sheetout = strcat('Spr Total ',Case); 
sheetout3 = strcat('Spr Prof CE ',Case); 
sheetout4 = strcat('Spr Cut CE ',Case); 
sheetout5 = strcat('Spr Total CE ',Case); 
  
[r,c]= size(inputs1); 
[m,n]= size(inputs2); 
  
%Create output arrays 
                    MRR1=zeros(c,1);    MRR2=zeros(n,1); 
C_part= zeros(c,1); Cp1=zeros(c,1);     Cp2=zeros(n,1); 
Cm = zeros(c,1);    Cm1=zeros(c,1);     Cm2=zeros(n,1); 
Cs = zeros(c,1);    Cs1=zeros(c,1);     Cs2=zeros(n,1); 
Cl = zeros(c,1);    Cl1=zeros(c,1);     Cl2=zeros(n,1); 
Ct = zeros(c,1);    Ct1=zeros(c,1);     Ct2=zeros(n,1); 
Cmd = zeros(c,1);   Cmd1=zeros(c,1);    Cmd2=zeros(n,1); 
Cmid = zeros(c,1);  Cmid1=zeros(c,1);   Cmid2=zeros(n,1); 
Ced = zeros(c,1);   Ced1=zeros(c,1);    Ced2=zeros(n,1); 
Cea  = zeros(c,1);  Cea1=zeros(c,1);    Cea2=zeros(n,1); 
Cenv  = zeros(c,1); Cenv1=zeros(c,1);   Cenv2=zeros(n,1); 
  
Np =zeros(c,1);     Np1=zeros(c,1);     Np2=zeros(n,1); 
E_tot=zeros(c,1);   E_tot1=zeros(c,1);  E_tot2=zeros(n,1); 
tp=zeros(c,1);      tp1=zeros(c,1);     tp2=zeros(n,1); 
Pcarbon=zeros(c,1); Pcarbon1=zeros(c,1);Pcarbon2=zeros(n,1); 
Tsec=zeros(c,1);    Tsec1=zeros(c,1);   Tsec2=zeros(n,1); 
  
E=zeros(c,1);    E1=zeros(c,1);   E2=zeros(n,1); 
CO=zeros(c,1);    CO1=zeros(c,1);   CO2=zeros(n,1); 
LO=zeros(c,1);    LO1=zeros(c,1);   LO2=zeros(n,1); 
TL=zeros(c,1);    TL1=zeros(c,1);   TL2=zeros(n,1); 
ML=zeros(c,1);    ML1=zeros(c,1);   ML2=zeros(n,1); 
DE=zeros(c,1);    DE1=zeros(c,1);   DE2=zeros(n,1); 
AE=zeros(c,1);    AE1=zeros(c,1);   AE2=zeros(n,1); 
  
for i = 1:c 
%Calculations for the sprocket profile cuts (1) 
    [MRR1(i),Cp1(i),Cm1(i),Cs1(i),Cl1(i),Ct1(i),Cmd1(i),Cmid1(i), ... 
Ced1(i),Cea1(i),Cenv1(i), Np1(i), E_tot1(i),tp1(i), Pcarbon1(i), ... 
Tsec1(i),E1(i),CO1(i), LO1(i), TL1(i), ML1(i),DE1(i), AE1(i)]=... 
cost_new(inputs1(1,i),inputs1(2,i),inputs1(3,i),inputs1(4,i),... 
inputs1(5,i),inputs1(6,i),inputs1(7,i),inputs1(8,i),inputs1(9,i),... 
        inputs1(10,i),inputs1(11,i),inputs1(12,i),inputs1(13,i),... 
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        inputs1(14,i),inputs1(15,i),inputs1(16,i),inputs1(17,i),... 
        inputs1(18,i),inputs1(19,i),inputs1(20,i),inputs1(21,i),... 
        inputs1(22,i),inputs1(23,i),inputs1(24,i),inputs1(25,i),... 
        inputs1(26,i),inputs1(27,i),inputs1(28,i),inputs1(29,i),... 
        inputs1(30,i),inputs1(31,i),inputs1(32,i),inputs1(33,i),... 
        inputs1(34,i),inputs1(35,i), inputs1(36,i)); 
          
%Calculations for the sprocket teeth cuts (2) 
   [MRR2(i),Cp2(i),Cm2(i),Cs2(i),Cl2(i),Ct2(i),Cmd2(i),Cmid2(i), ... 
Ced2(i), Cea2(i),Cenv2(i), Np2(i), E_tot2(i),tp2(i), Pcarbon2(i), ... 
Tsec2(i),E2(i), CO2(i), LO2(i), TL2(i), ML2(i),DE2(i), AE2(i)]=...        
cost_new(inputs2(1,i),inputs2(2,i),inputs2(3,i),inputs2(4,i),... 
        
inputs2(5,i),inputs2(6,i),inputs2(7,i),inputs2(8,i),inputs2(9,i),... 
        inputs2(10,i),inputs2(11,i),inputs2(12,i),inputs2(13,i),... 
        inputs2(14,i),inputs2(15,i),inputs2(16,i),inputs2(17,i),... 
        inputs2(18,i),inputs2(19,i),inputs2(20,i),inputs2(21,i),... 
        inputs2(22,i),inputs2(23,i),inputs2(24,i),inputs2(25,i),... 
        inputs2(26,i),inputs2(27,i),inputs2(28,i),inputs2(29,i),... 
        inputs2(30,i),inputs2(31,i),inputs2(32,i),inputs2(33,i),... 
        inputs2(34,i),inputs2(35,i), inputs2(36,i)); 
            
%Calculations for the total sprocket process 
    C_part(i)=Cp1(i)+Cp2(i); 
    Cm(i)=Cm1(i)+Cm2(i); 
    Cs(i)=Cs1(i)+Cs2(i); 
    Cl(i)=Cl1(i)+Cl2(i); 
    Ct(i)=Ct1(i)+Ct2(i); 
    Cmd(i)=Cmd1(i)+Cmd2(i); 
    Cmid(i)=Cmid1(i)+Cmid2(i); 
    Ced(i)=Ced1(i)+Ced2(i);  
    Cea(i)=Cea1(i)+Cea2(i); 
    Cenv(i)=Cenv1(i)+Cenv2(i); 
    Np(i) =min(Np1(i),Np2(i));%check 
    E_tot(i)=E_tot1(i)+E_tot2(i); 
    tp(i)=tp1(i)+tp2(i); 
    Pcarbon(i)=Pcarbon1(i)+Pcarbon2(i); 
    Tsec(i)=min(Tsec1(i),Tsec2(i));%check 
     
    E(i)=E1(i)+E2(i); 
    CO(i)=CO1(i)+CO2(i); 
    LO(i)=LO1(i)+LO2(i); 
    TL(i)=TL1(i)+TL2(i); 
    ML(i)=ML1(i)+ML2(i); 
     
    DE(i)=DE1(i)+DE2(i); 
    AE(i)=AE1(i)+AE2(i); 
     
end 
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%costs output 
out1=[MRR1,Cp1,Cm1,Cs1,Cl1,Ct1,Cmd1,Cmid1,Ced1,Cea1,Cenv1,... 
    Np1,E_tot1,tp1,Pcarbon1,Tsec1]; 
out2=[MRR2,Cp2,Cm2,Cs2,Cl2,Ct2,Cmd2,Cmid2,Ced2,Cea2,Cenv2,Np2,...    
 E_tot2, tp2,Pcarbon2,Tsec2]; 
out=[C_part,Cm,Cs,Cl,Ct,Cmd,Cmid,Ced,Cea,Cenv,Np,E_tot,tp,... 
    Pcarbon,Tsec]; 
  
% carbon breakdown and energy breakdown output 
CEout1=[E1, CO1, LO1, TL1, ML1,DE1,AE1]; 
CEout2=[E2, CO2, LO2, TL2, ML2,DE2,AE2]; 
CEout=[E,CO, LO, TL, ML,DE,AE]; 
  
%Write outputs to Excel 
xlswrite(fileout,out1,sheetout1, 'D7'); 
xlswrite(fileout,out2,sheetout2, 'D7'); 
xlswrite(fileout,out,sheetout, 'D7'); 
  
xlswrite(fileout,CEout1,sheetout3, 'D7'); 
xlswrite(fileout,CEout2,sheetout4, 'D7'); 
xlswrite(fileout,CEout,sheetout5, 'D7'); 
  
% Run optimization function 
plotopt2(fileout, sheetout1); 
plotopt2(fileout, sheetout2); 
  
beep % audio sign to signify finish 

E.3 plotopt.m 

% This file finds specified optimum in the data 
  
function plotopt2(filename, sheetname) 
filein =filename; 
sheetin1 =sheetname; 
rangein1 ='D7:D14'; %MRR is D 
rangein2 ='E7:E14'; %Cp is E 
rangein3 ='P7:P14'; %Ep is P 
rangein4 ='Q7:Q14'; %tp is Q 
rangein5 ='R7:R14'; %Pcarbon is R 
rangein6 ='S7:S14'; %tool life, T is S 
 
%output files 
fileout = filein; 
sheetout1 = sheetin1; 
  
MRR= xlsread(filein,sheetin1,rangein1);%xx 
Cp= xlsread(filein,sheetin1,rangein2); 
Ep= xlsread(filein,sheetin1,rangein3); 
tp= xlsread(filein,sheetin1,rangein4); 
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PC= xlsread(filein,sheetin1,rangein5); 
S= xlsread(filein,sheetin1,rangein6); T=S./60; 
 
% Finding Min Value 
%Cost 
k=3;%must be real positive integer 
unif = linspace(MRR(1), MRR(end), 2+fix(length(MRR)/4)); 
sp1 = spap2(augknt(unif, k), k, MRR, Cp); 
[minval1,place1]=fnmin(sp1); 
Cpmin = minval1; 
MRRCpmin = place1; 
predCp=fnval(sp1,MRR); 
mu1=mean(Cp); 
J1=sum((predCp-Cp).^2); 
S1=sum((Cp-mu1).^2); 
Rsq1=1-(J1/S1);  
xlswrite(fileout,MRRCpmin,sheetout1, 'F43'); 
xlswrite(fileout,Cpmin,sheetout1, 'F44'); 
xlswrite(fileout,Rsq1,sheetout1, 'F45'); 
xlswrite(fileout,predCp,sheetout1, 'G43'); 
  
%Energy 
k=3;%must be real positive integer 
unif = linspace(MRR(1), MRR(end), 2+fix(length(MRR)/4)); 
sp2 = spap2(augknt(unif, k), k, MRR, Ep); 
[minval2,place2]=fnmin(sp2); 
Epmin = minval2; 
MRREpmin = place2; 
predEp=fnval(sp2,MRR); 
mu2=mean(Ep); 
J2=sum((predEp-Ep).^2); 
S2=sum((Ep-mu2).^2); 
Rsq2=1-(J2/S2); 
xlswrite(fileout,MRREpmin,sheetout1, 'I43'); 
xlswrite(fileout,Epmin,sheetout1, 'I44'); 
xlswrite(fileout,Rsq2,sheetout1, 'I45'); 
xlswrite(fileout,predEp,sheetout1, 'J43'); 
  
%Time 
k=3;%must be real positive integer 
unif = linspace(MRR(1), MRR(end), 2+fix(length(MRR)/4)); 
sp3 = spap2(augknt(unif, k), k, MRR, tp); 
[minval3,place3]=fnmin(sp3); 
tpmin = minval3; 
MRRtpmin = place3; 
predtp=fnval(sp3,MRR); 
mu3=mean(tp); 
J3=sum((predtp-tp).^2); 
S3=sum((tp-mu3).^2); 
Rsq3=1-(J3/S3); 
xlswrite(fileout,MRRtpmin,sheetout1, 'L43'); 
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xlswrite(fileout,tpmin,sheetout1, 'L44'); 
xlswrite(fileout,Rsq3,sheetout1, 'L45'); 
xlswrite(fileout,predtp,sheetout1, 'M43'); 
  
%Carbon 
k=3;%must be real positive integer 
unif = linspace(MRR(1), MRR(end), 2+fix(length(MRR)/4)); 
sp4 = spap2(augknt(unif, k), k, MRR, PC); 
[minval4,place4]=fnmin(sp4); 
PCmin = minval4; 
MRRPCmin = place4; 
predPC=fnval(sp4,MRR); 
mu4=mean(PC); 
J4=sum((predPC-PC).^2); 
S4=sum((PC-mu4).^2); 
Rsq4=1-(J4/S4); 
xlswrite(fileout,MRRPCmin,sheetout1, 'O43'); 
xlswrite(fileout,PCmin,sheetout1, 'O44'); 
xlswrite(fileout,Rsq4,sheetout1, 'O45'); 
xlswrite(fileout,predPC,sheetout1, 'P43'); 
  
  
%Tool life 
k=3;%must be real positive integer 
Tlog=log10(T); 
Mlog=log10(MRR); 
unif = linspace(Mlog(1), Mlog(end), 2+fix(length(Mlog)/4)); 
sp5 = spap2(augknt(unif, k), k, Mlog, Tlog); 
[minval5,place5]=fnmin(fncmb(sp5, -1)); 
Tmax = 10.^-minval5; 
MRRTmax = 10.^place5; 
predTlog=fnval(sp5,Mlog); 
predT=10.^predTlog; 
mu5=mean(Tlog); 
J5=sum((predTlog-Tlog).^2); 
S5=sum((Tlog-mu5).^2); 
Rsq5=1-(J5/S5); 
xlswrite(fileout,MRRTmax,sheetout1, 'R43'); 
xlswrite(fileout,Tmax,sheetout1, 'R44'); 
xlswrite(fileout,Rsq5,sheetout1, 'R45'); 
xlswrite(fileout,predT,sheetout1, 'S43'); 
  
%Other values 
%Cost 
Ec=fnval(sp2,MRRCpmin); xlswrite(fileout,Ec,sheetout1, 'F47'); 
tc=fnval(sp3,MRRCpmin); xlswrite(fileout,tc,sheetout1, 'F48'); 
Pc=fnval(sp4,MRRCpmin); xlswrite(fileout,Pc,sheetout1, 'F49'); 
Tc=10^(fnval(sp5,log10(MRRCpmin))); xlswrite(fileout,Tc,sheetout1, 
'F50'); 
%Energy 
Ce=fnval(sp1,MRREpmin); xlswrite(fileout,Ce,sheetout1, 'I47'); 



 

267 

 

te=fnval(sp3,MRREpmin); xlswrite(fileout,te,sheetout1, 'I48'); 
Pe=fnval(sp4,MRREpmin); xlswrite(fileout,Pe,sheetout1, 'I49'); 
Te=10^(fnval(sp5,log10(MRREpmin))); xlswrite(fileout,Te,sheetout1, 
'I50'); 
%Time 
Ct=fnval(sp1,MRRtpmin); xlswrite(fileout,Ct,sheetout1, 'L47'); 
Et=fnval(sp2,MRRtpmin); xlswrite(fileout,Et,sheetout1, 'L48'); 
Pt=fnval(sp4,MRRtpmin); xlswrite(fileout,Pt,sheetout1, 'L49'); 
Tt=10^(fnval(sp5,log10(MRRtpmin))); xlswrite(fileout,Tt,sheetout1, 
'L50'); 
%Carbon 
Cpc=fnval(sp1,MRRPCmin); xlswrite(fileout,Cpc,sheetout1, 'O47'); 
Epc=fnval(sp2,MRRPCmin); xlswrite(fileout,Epc,sheetout1, 'O48'); 
tpc=fnval(sp3,MRRPCmin); xlswrite(fileout,tpc,sheetout1, 'O49'); 
Tpc=10^(fnval(sp5,log10(MRRPCmin))); 
xlswrite(fileout,Tpc,sheetout1,'O50'); 
%Tool life 
Ctl=fnval(sp1,MRRTmax); xlswrite(fileout,Ctl,sheetout1, 'R47'); 
Etl=fnval(sp2,MRRTmax); xlswrite(fileout,Etl,sheetout1, 'R48'); 
ttl=fnval(sp3,MRRTmax); xlswrite(fileout,ttl,sheetout1, 'R49'); 
Ptl=fnval(sp4,MRRTmax); xlswrite(fileout,Ptl,sheetout1, 'R50'); 
  
beep % audio sign to signify finish 
end 
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Appendix F 

Error Analysis 

This appendix covers the error calculations and considerations. Many assumed values have 

unknown uncertainties, but will be discussed. 

F.1 Power, Time and Energy Error 

In general, power is a function of current and voltage and energy is a function of power and time 

in electrical measurements. The current, I and voltage, V were known to have metering errors of 

±5% and ±1 V respectively. Given that the voltage values ranged from 200 V to 245 V, the 

maximum percentage error in voltage is considered to be 0.5%. The time error in internal clock of 

the meters was considered to be negligible because absolute time is not relevant, although the 

resolution is 1s. Only the random error will be reported for time.  

For one phase, recall that the power is found by Eqn F-1. 

32111 PFVIP   F-1 

Given that the PF and square root of three are taken as given, they have no uncertainty. Thus the 

percentage error in P is approximately ±5% as shown in Eqn F-2. 
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The overall power of three phases was given as Eqn F3: 

3
321 PPP

Ptotal




 F-3 

Thus, the percentage error in Ptotal is approximately ±3% as shown in Eqn F-4. 
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The energy as a function of power and time was found by the trapezoidal rule (Egn F-5), with the 

increment Δt being the time increment, 1s, of the meter. Given that the energy is essentially the 

multiplication of power by time, with the time having negligible measurement error, the error in 

energy due to measurements is taken as the error in the power of approximately ±3%. 
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The errors discussed above are the measurement error. However, there is a statistical error in the 

data called the standard error x  as shown in Eqn F-6, where x is the standard deviation and N 

is the number of measurements of x. 

N
x

x

            F-6 

The sprockets in the HAAS and hats on the SPIF are given as examples for the level of error in 

the studies. 

In the case of the sprocket test on the HAAS, there were 36 measurements and the standard error 

in the energy was found to be ±13587J for a mean of 940277J and in the time was ±0.5s for a 

mean of 993s. The percentage standard error would be ±1.44% and ±0.05% respectively. The 

total percentage error in the case of the energy would then be the summation of measurement and 

standard error by quadrature as shown in Eqn F-7. The time standard error does add to the error in 

energy in this case. 
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Thus, for the energy: 

      %3%24.305.044.190.2 222 totale  

 

In the case of the hat experiments, 3 hats were made for each setting and their errors are 

summarized in Table F-1. 

Table F-1: Statistical, measurement and total error for Energy and Time for Hats 

Hat 
Energy 

(J) 
Statistical 
Error (%)

Measurement 
Error (%) 

Total 
Error 
(%) 

Time (s) 

Statistical 
Error 

=Total 
Error (%) 

Setting1 
(Stock) 

4580176 0.92 2.90 3.04 5902 0.03 

Setting1 
(No 

Stock) 
4462991 2.53 2.90 3.85 5905 0.04 

Setting2 
(Stock) 

1417487 2.23 2.90 3.66 1636 0.12 

Setting2 
(No 

Stock) 
1384919 1.10 2.90 3.10 1640 0.04 

 
The variability in total error could be due to the machine and power supply variability as well as 

the effect of the aliasing error due to the resolution of meters, in addition to the 5% measurement 

error in the current meter. Better resolution and accuracy in the meters is recommended for future 

energy measurements. 

F.2 Volume and Weight Error 

The measurement error for different instruments is summarized in Table F-2. 
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Table F-2: Summary of instrument error in measuring cylinder and digital scale. 

Instrument Error Use 
Measuring Cylinder ±0.5 ml (±5 x 10-4 L) Lubricant in SPIF 
Digital Scale ±1 g (±1 x 10-3 kg) Tool and material (workpiece) 

weights 

 
The statistical error is considered to be more significant than the measurement error where human 

error is greater. For example, the lubricant for the SPIF operation is applied manually. Previously, 

this was an unmeasured value, as it is used as needed. The variability in the amounts would 

therefore be subjective and include human error if it is not applied where needed. This is an area 

for improvement in improving the SPIF operation efficiency. Table F-3 summarizes the error in 

applying the lubricant for the hats. 

Table F-3: Summary of Statistical Error for the SPIF Hat Lubricant. 

Hat Average Amount[ml] Standard Deviation[ml] 
Statistical Error (%) 

N=3 
Setting1(Stock) 16.8 3.18 6.29 
Setting1(Stock) 10.5 1.32 4.20 

 

Another area of error is in the determination of the volume removed from the sprockets which 

was done with a displacement method. The original and final volumes of the sprockets are 

determined at different stages. Measurements were done three times and the error results are 

shown in TableF-4. 

Table F-4: Summary of Statistical Error for Sprocket Volume Removed. 

Hat 
Average Amount 

[ml] 
Standard Deviation 

[ml] 
Statistical Error (%) 

N=3 

Original 25.0 0.76 1.76 

Profile final (1)-1 (Pf1) 24.0 0.29 0.71 
Profile final (1)-2 (Pf2) 12.5 0.29 1.33 

Cut Final (2) (Cf) 12.0 0.29 1.39 
Cut removed 12.0 - 1.56 

Profile (1) removed 
(total-Pf1)+(Cf-P2) 

1.5 - 2.91 
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Assuming the error in machining time for the sprockets is as before at ±0.05%, the error in the 

effective material removal rate (MRR) in Eqn F-8 for the profiling cut is in Eqn F-9 and for the 

teeth cut is in Eqn F-10. 
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F.3 Economic Model Error 

The economic model required various referenced inputs like unit costs/ cost rates, tool life 

prediction constants, and LCA emission intensity data. These are treated as given or the 

uncertainty between the assumed value and the actual value is unknown. Thus it is difficult to 

describe an overall error in the equation and any predicted optimization values. However, the 

following equations will outline how the error could be determined using the economic model for 

milling as in Eqn F-11 when more complete data are available. 

 

envEAEDMIDMDtlsmp CCCCCCCCCC 
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The error in the cost per part, Cp, is given by Eqn F-12. Thus, the error in all the cost components 

needs to be considered. 
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The error in the machining cost is given by Eqn F-13. If the machining cost rate, Km, is known 

and given, then it has no uncertainty and can be removed. This goes for all cost rates applied 

throughout. 

 

    mmmmmmm KtKttKC   22      F-13 

The set up cost depends on the total set up time for the batch, the machining time, tool life and the 

machining cost rate. Thus the error is given by Eqn F-14. 
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The error in the idling cost is given by Eqn F-15. 
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The error in tool cost for a single constitution tool without re-grinding considerations is given by 

Eqn F-16. 
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The error in the direct material cost is given by Eqn F-17. 

    MDMDMDMD KMDKMDMDKC   22
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The error in the indirect material cost is given by Eqn F-18 and is a function of the error 

associated with each indirect material and its usage rates. 



 

274 

 

   
   
   22

22

22

LOLO

WW

coolcool

MID

KLOLOK

KCWCWK

KCCCCK

C















       F-18 

The error in the direct and ancillary energy are similar and are given by Eqn F-19 and F-20 

respectively. This might be the same as the total energy error as they are derived from it. 
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Finally, the error in the environmental costs will be a function of the specific amounts of certain 

activities and their respective burden costs. Eqn F-21 gives the cost for carbon dioxide emissions 

(CO2) only. Eqn F-22 demonstrates the error in the process CO2. 
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In addition, the optimization error depends on truncation error in MATLAB® as well as the error 

from the fit. Since the spline fit uses a least squares approach to reduce the error of the fit, it is 

considered reasonable. The fits were visually inspected to ensure the general trend was followed. 
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