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Abstract
In this paper we use a thermodynamic framework to characterize the material and energy resources used in manufacturing processes. The analysis and data span a wide range of processes from “conventional” processes such as machining, casting and injection molding, to the so-called “advanced machining” processes such as electrical discharge machining (EDM) and abrasive waterjet machining, up to the vapor phase processes used in semiconductor and nano-materials fabrication. In all, 20 processes are analyzed. The results show that the intensity of materials and energy used per unit of mass of material processed (measured either as specific energy or exergy) have increased by at least 6 orders of magnitude over the last several decades. The increase of material/energy intensity use has been primarily a consequence of the introduction of new manufacturing processes, rather than caused by changes in traditional technologies. This phenomenon has been driven by the desire for precise small scale devices and product features, and enabled by stable and declining material and energy prices over this period. We illustrate the relevance of Thermodynamics (including exergy analysis) for all processes in spite of the fact that long lasting focus in manufacturing has been on product quality – not necessarily energy/material conversion efficiency. We promote the use of Thermodynamics tools for analysis of manufacturing processes within the context of rapidly increasing relevance of sustainable human enterprises. We confirm that exergy analysis can be used to identify where resources are lost in these processes, which is the first step in proposing and/or redesigning new more efficient processes.
INTRODUCTION

The main purpose of manufacturing processes is to transform materials into useful products.  In the course of these operations, energy resources are consumed and the usefulness of material resources is altered.  Each of these effects can have significant consequences for the environment and for sustainability, particularly when the processes are practiced on a very large scale.  Thermodynamics is well suited to analyze the magnitude of these effects as well as the efficiency of the transformations.  The framework developed here is based upon exergy analysis (1-5)   The data for this study draws upon previous work in the area of manufacturing process characterization, but also includes numerous measurements and estimates we have conducted.  In all, we analyze 20 different manufacturing processes often in many different instances for each process.  The key process studies from the literature are: for micro-electronics, Murphy (6), Williams (7), Krishnan (8), Zhang and Dornfeld (9),
and Boyd (10);  for nano-materials processing, Isaacs (11)  and Khanna (12);  for other manufacturing processes, Morow and Skerlos (13), Boustead (14, 15), Munoz and Sheng (16), and Mattis and Sheng (17).   Our own works including Dahmus (18), Dalquist (19), Thiriez (20, 21), Baniszewski (22), Kurd (23), Cho (24), Kordonowy (25), Jones (26), Branham (27, 28), and Gutowski (29).   In addition, several texts and overviews also provide useful process data (30-35), and researchers are addressing thermodynamic reference states and alternative metrics which could be used with the models presented here (36-38). 
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thermodynamic framework 
Manufacturing can be modeled as a sequence of open thermodynamic processes as proposed by Gyftopoulos and Beretta for materials processing  (1).  Each stage in the process can have work and heat interactions, as well as materials flows. The useful output, primarily in form of material flows of products and by-products from a given stage can then be passed on to the next.  Each step inevitably involves losses due to an inherent departure from reversible processes, hence generates entropy and a stream of waste materials and exergy losses (often misinterpreted as energy losses).   

Figure 1 depicts a generalized model of a manufacturing system.  The manufacturing subsystem (ΩMF) receives work W and heat Q from an energy conversion subsystem (ΩECMF).  The upstream input materials come from the materials processing subsystem (ΩMA), which also has an energy conversion subsystem (ΩECMA). This network representation can be infinitely expanded to encompass ever more complex and detailed inputs and outputs. 


ALL FIGURES AND TABLES ARE AT THE BACK OF THIS PAPER
INSERT FIGURE 1 HERE
At each stage, the sub- systems interact with the environment (at some reference pressure p0, temperature T0 and chemical composition, which is given by mole fractions xi , i((1, n), of n chemical compounds, characterized by chemical potentials (i)  The performance of these systems can then be described in thermodynamic terms by formulating mass, energy, and  entropy balances.  Beginning with the manufacturing system ΩMF featuring the system’s mass MMF, energy EMF, and entropy SMF, we have three basic rate equations:

Mass Balance: 
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where
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is the number of moles of the ith component entering or leaving the system and 
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 is the molar mass of that component.

Energy Balance:
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Where 
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and 
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 represent energy interactions between the manufacturing subsystem (ΩMF) and its energy supplying subsystem (ΩECMF). The
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 terms signify the lumped sums of the enthalpy rates of all materials, products, and residue bulk flows into/out of the manufacturing system. Note that a heat interaction between ΩMF and the environment, denoted by the subscript “o”  is assumed to be out of the system (a loss into the surroundings) at the local temperature To.
Entropy Balance:  

      
[image: image8.wmf]MF

,

irr

res

MF

prod

MF

mat

MF

MF

k

MF

ECMF

k

MF

S

S

S

S

T

Q

T

Q

dt

dS

&

&

&

&

&

&

+

-

-

+

-

å

=

®

¬

0

0

                                             (3)
where 
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 represent the entropy flows accompanying the heat transfer rates exchanged between the subsystem ΩMF and energy supplying subsystem (ΩECMF) and environment, respectively while  
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indicate the lumped sums of the entropy rates of all material flows. The term Sirr,MF  represents the entropy production caused by irreversibilities generated within the manufacturing subsystem.
Assuming steady state, and eliminating 
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between equations (2) and (3) yields an expression for the work rate requirement for the manufacturing process:
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             (4)
The quantity H-TS appears often in thermodynamic analysis and is referred to as the Gibbs free energy.  In this case, a slightly different quantity appears, H-ToS.  The difference between this and the same quantity evaluated at the reference state (denoted by the subscript “o”) is called exergy, B = (H-ToS) - (H-ToS)o.  Exergy represents the maximum amount of work that could be extracted from a system as it is reversibly brought to equilibrium with a well-defined environmental reference state.  In general, the bulk-flow terms in (4) may include contributions that account for both the physical and chemical exergies, hence B = Bph + Bch, as well as kinetic and potential exergy (not considered in this discussion), see   (2 – 5).
The physical exergy is that portion of the exergy that can be extracted from a system by bringing a given state to the “restricted dead state” at a reference temperature and pressure (T0, p0).  The chemical exergy contribution represents the additional available energy potential that can be extracted from the system at the restricted dead state by bringing the chemical potentials μ*i of a component i ((1,n) at that state (To, po ) to the equilibrium with its surroundings  at the ultimate dead state, or just the “dead state” (T0, p0, μi,o,).  In addition to requiring an equilibrium at the reference temperature and pressure, the definition of chemical exergies also requires an equilibrium at reference state with respect to a specified chemical composition.  This reference state is typically taken to be (by convention) representative of the compounds in the earth’s upper crust, atmosphere, and oceans.  In this article, exergy values are calculated using the Szargut reference environment (5).
Substituting and writing explicit terms for the expressions for physical and chemical exergy allows us to write the work rate as,








 (5)
Using the same analysis for the system ΩECMF yields:
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(6)

Here we have purposefully separated out the physical exergies, written as extensive quantities B, and the chemical exergies, where bi,och  represent the molar chemical exergies in the “restricted dead state” (2).   We do this to emphasize the generality of this framework and the significant differences between two very important applications.  In resource accounting, as done in Life Cycle Analysis, the physical exergy terms are often ignored.  Hence the first bracketed term on the right hand side of equation (5) becomes zero because the material flows enter and exit the manufacturing process at the restricted dead state.  However many manufacturing processes involve material flows with non-zero physical exergies at system boundaries. To analyze these processes, and in particular to estimate the minimum work rate, and exergy lost, these terms must be retained.  This is typical for an engineering analysis of a thermodynamic system.  Note that very similar equations can also be derived for the systems ΩMA and  ΩECMA      Before proceeding, it is worth pointing out several important insights from these results. First, in both equations (5) and (6) we see that the magnitude of the work input is included fully while the heat inputs are modified (reduced) by a Carnot factor (1-To/Tk). Hence, in exergy analysis, work and heat are not equivalent, as they are in First Law analysis. Secondly, equation (5) provides the framework for estimating the minimum work input for any process, i.e., when irreversibilities are zero, ToSirr = 0. The analytical statement formulated by Eq. (6) features all the energy interactions (including the energy carried by material streams) in terms of exergies – i.e., the available energy equivalents of all energy interactions. Such a balance may be written in general, for an arbitrary open system ( (including the one presented in Fig. 1) as follows, see Fig. 2, 
INSERT HERE FIGURE 2
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(7)

In Eq. (7), the exergy components (i.e., exergy modes) of the balance are as follows: (i) 
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. Work required beyond the minimum work, by definition, is lost. This represents exergy destroyed (
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).  Note that equivalent work inputs from heat can be estimated from the difference between the chemical exergies of the fuels and the residues to produce the work as given by equation (6).
ELECTRICAL ENERGY (exergy) used in manufacturing processes
Manufacturing processes are made up of a series of processing steps, which for high production situations are usually automated.  For some manufacturing processes many steps can be integrated into a single piece of equipment.  A modern milling machine, for example, can include a wide variety of functions including work handling, lubrication, chip removal, tool changing, and tool break detection, all in addition to the basic function of the machine tool, which is to cut metal by plastic deformation.  The result is that these additional functions can often dominate energy requirements at the machine.  This is shown in Figure 3 for an automotive machining line (29, 30).  In this case, the maximum energy requirement for the actual machining in terms of electricity is only 14.8% of the total.  Note that this energy represents an entity that is recognized in Thermodynamics as a work interaction. At lower production rates the machining contribution is even smaller.  Other processes exhibit similar behaviour. See for example data for microelectronics fabrication processes as provided by Murphy  (6).   Thiriez shows the same effect for injection molding  (20, 21).  In general, there is a significant energy requirement to start-up and maintain the equipment in a “ready” position.  Once in the “ready” position, there is then an additional requirement which is proportional to the quantity of material being processed.  This situation is modelled in Equation 8.
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where 
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= total power used by the process equipment, in Watts
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= “idle” power for the equipment in the ready position, in Watts
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 = the rate of material processing in mass/time, and
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 = a constant, with units of Joules/mass
Note that the total power used by the process may alternately be presented as the exergy rate that corresponds to the electrical work. Hence, this equation is directly related to equation (5) for the work rate
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INSERT HERE FIGURE 3
The specific electrical work rate per unit of material processed, 
[image: image27.wmf]elect

w

, in units of Joules/mass, is then


[image: image28.wmf]k

m

W

w

o

elect

+

=

&

&






                  (9)
This corresponds to the specific or intensive work rate input (exergy rate) used by a manufacturing process. In general, the term 
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[image: image30.wmf]comes from the equipment features required to support the process, while k comes from the physics of the process.  For example, for a cutting tool 
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 comes from the coolant pump, hydraulic pump, computer console and other idling equipment, while k is the specific cutting work which is closely related to the work piece hardness, the specifics of the cutting mechanics, and the spindle motor efficiency.  For a thermal process, 
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 comes from the power required to maintain the furnace at the proper temperature, while k is related to the incremental input required to raise the temperature of a unit of product, this is proportional to the material heat capacity, temperature increment and the enthalpies of any phase changes that might take place.
We have observed that the electrical power requirements of many manufacturing processes are actually quite constrained, often in the range 5 – 50 kW. This happens for several reasons related to electrical and design standards, process portability, and efficiency. On the other hand, when looking over many different manufacturing processes, the process rates can vary by 10 orders of magnitude. This suggests that it might be possible to collapse the specific electrical work requirements for these processes versus process rate on a single log–log plot.  We have done this, and in fact the data do collapse, as shown in Figure 4 for 20 different manufacturing processes. (Note that the data for this figure are given in the supporting information.)  What we see is that the data are essentially contained between four lines.  The lower diagonal at 5kW and the upper at 50kW bound most of the data for the advanced machining processes and for the micro and nano processes.  The horizontal lines are meant to indicate useful references for the physical constant k.  The lower one at 1 MJ/kg is approximately equal to the minimum work required to melt either aluminium or iron.  The work to plastically deform these metals, as in milling and machining, would lie just below this line.  The upper horizontal line approximates the work required to vaporize these metals.  Somewhat surprisingly, nearly all of the data we have collected on a rather broad array of manufacturing processes, some of them with power requirements far exceeding 50 kW, are contained within these four lines.  In the “diagonal region”, the behavior is described by the first term on the right hand side of equation 9.  At about 10 kg/hr there is a transition to a more constant work requirement, essentially between 1 – 10 MJ/kg.  This group includes processes with very large power requirements. For example, the electric induction melters use between 0.5 to 5 MW and the cupola uses approximately 28 MW power. Note that the cupola is powered by coke combustion and not electricity, hence the power was calculated based upon the exergy difference between the fuel inputs and residue outputs at To, po according to equations (5) and (6). This difference includes any exergy losses during the process.
 The processes at the bottom, between the horizontal lines, are the older, more conventional manufacturing processes such as machining, injection molding and metal melting for casting.  At the very top of the diagram we see newer, more recently developed processes with very high values of electric work per unit of material processed.  The thermal oxidative processes (shown for two different furnace configurations) can produce very thin layers of oxidized silicon for semiconductor devices.  This process, which is carried out at elevated temperatures, is based upon oxygen diffusing through an already oxidized layer and therefore is extremely slow (6).   The other process at the top (EDM drilling) can produce very fine curved cooling channels in turbine blades by a spark discharge process (35).   Fortunately, these processes do not process large quantities of material and therefore represent only a very small fraction of electricity used in the manufacturing sector.

In the central region of the figure are many of the manufacturing processes used in semiconductor manufacturing.  These include sputtering, dry etching, and several variations on the chemical vapour deposition process (CVD).  While these are not the highest on the plot, some versions of these processes do process considerable amounts of materials.  For example, the CVD process is an important step in the production of electronic grade silicon (EGS) at about 1GJ/kg.  Worldwide production of EGS now exceeds 20,000 metric tons, resulting in the need for at least 20PJ of electricity (31).  Notice also that recent results for carbon nano-fibers are also in the same region (12).   These fibers are being proposed for large scale use in nano-fiber composites.  Furthermore, carbon nano-tubes, and single walled nano-tubes (SWNT) generally lie well above the nano-fibers – at least one order of magnitude (28), and possibility as much as two orders of magnitude or more (11). Hence it should not be thought that these very exergy intensive processes only operate on small quantities of materials and therefore their total electricity usage is small.  In fact, in several cases it is the opposite that is true.
INSERT HERE FIGURE 4
When considering the data in Figure 4, keep in mind that an individual process can move up and down the diagonal by a change in operating process rate.   This happens, for example, when a milling machine is used for finish machining versus rough machining, or when a CVD process operates on a different number of wafers at a time.

Note also that the data in Figure 4 may require further modification in order to agree with typical estimates of energy consumption by manufacturing processes given in the Life Cycle literature.  For example, the data for injection molding, given by Thiriez, averages about 3 MJ/kg.  At a grid efficiency of 30% this yields a specific energy value of 10 MJ/kg.  However, most injection molding operations include a variety of additional sub-processes such as extrusion, compounding, and drying, all of which add substantially to the energy totals.  If these additional pieces of equipment are also included, they result in a value for injection molding of about 20 MJ/kg which agrees with the Life Cycle literature (14, 15, 20).   Additionally, the data in Figure 4 do not include facility level air handling and environmental conditioning, which for semiconductors can be substantial (28).
DEGREE OF PERFECTION FOR manufacturing processes 
The exergy analysis of manufacturing processes, depending on the interactions involved, may or may not involve all or only some of the exergy modes (see Eq. 7) . Note that equations (5) through (7) show an exergy mode equivalence (as far as the additivity of this quantity is concerned) that allows us to aggregate work, heat and material exergy. One should keep in mind that the exergies of different types may not have the same non-thermodynamics value (e.g. monetary value) – but still may be aggregated. Material exergies can be viewed in two ways: 1) as a measure of the maximum work potential of the material with respect to a reference environment, and/or 2) as a measure of the minimum work required to extract the material from the reference environment. This accounting scheme applies equally to fuels as well as non-fuel materials. In fact many non-fuel materials such as metals, plastics and highly reactive gases can have very high chemical exergies. When this dimension is added to the analysis, processes that refine chemical compounds and create pure components are given a credit for creating something of value, while those that destroy chemical exergy by mixing and reacting are given a deficit. Here we will apply this analysis to two examples using the so called “degree of perfection”, Szargut (5). 
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                             (10)
The numerator represents the material exergy of the useful output product produced by the manufacturing process.  It should be mentioned that a figure of merit indicating a degree of perfection may be structured in a number of ways. Not a single representation is appropriate for all situations. In general, the most appropriate ones are characterized with the following requirements: 1) numerator and denominator are both in terms of the same physical entity (exergy) leading to a dimensionless quantity, 2) the range of values spans the range between 0 and 1, and 3) the result should signify the objective of the analysis. In the case of Eq. (10), the denominator represents the exergy of the input materials (including work exergy in form of electricity into the process). We will illustrate the magnitude of his figure of merit for two manufacturing processes at opposite ends of the material throughput spectrum.  At the high production rate end, we analyze a batch electric induction melting furnace as used in the iron foundry industry  (27).  And at the low production rate we look at plasma-enhanced chemical vapor deposition of silicon dioxide as used in the semi-conductor industry (28).    The materials and electricity exergy data and the results are given in Tables 1 and 2.  The difference in efficiencies (almost six orders of magnitude) may not seem as a big surprise given the previous results from Figure 4. But what is different is the use of very high exergy auxiliary materials in manufacturing processes which are not incorporated into the product. For example, in Table 2, one sees that the exergy of the input cleaning gases alone is more than four orders of magnitude greater than the product output. Furthermore, these gases have to be treated to reduce their reactivity and possible attendant pollution. If this is done using point of use combustion with methane, the exergy of the methane alone can exceed the electricity input (10, 29).  When still other manufacturing processes are analyzed, one finds that while the degree of perfection is generally in the range of 0.05 to 0.8 for conventional processes, the range for semiconductor processes is generally in the range of 10-4 to 10-6.  Note that this analysis uses only the direct inputs and outputs to the manufacturing system given as MF in  Figure 1. Hence, the exergy cost of extraction and purifying the inputs, which would be captured in the system MA in Figure 1, is not included in this analysis.
INSERT TABLE 1 AND 2 HERE
discussion
 In this paper we summarize trends on how energy and material resources are used in manufacturing processes. From the data in Figure 4 it is apparent that electricity use per unit of material processed has increased enormously over the last several decades. That is, the data in Figure 4 can be viewed in a chronological sense going from lower right to upper left. For example, note that processes such as machining and casting date back to the beginning of last century and before, while the semi-conductor processes were developed mostly after the invention of the transistor (1947), and the nano-materials variations have come even more recently. The more modern processes can work to finer dimensions and smaller scales, but also work at lower rates, resulting in very large specific electrical work requirements. Furthermore, these processes make more use of high exergy value materials in very inefficient ways.  These trends, of course, do not give the whole story for any given application.  New manufacturing processes can improve, and furthermore can provide benefits to society and even to the environment by providing longer life and /or lower energy required in the use phase of products.  Furthermore, they may provide any number of performance benefits, and/or valuable services that cannot be expressed only in energy/exergy terms.  Nevertheless, the seemingly extravagant use of materials and energy resources by many newer manufacturing processes is alarming and needs to be addressed alongside claims of improved sustainability from products manufactured by these means.  
At the same time this work provides a thermodynamic framework for the detailed investigation and improvement of these processes. For example, each of these processes discussed here can be analyzed component by component and compared to ideal reversible devices to identify inefficiencies and losses in the current systems.  It should be pointed out that there is also a need for completely rethinking each of these processes and exploring alterative, and probably non-vapour phase, processes. 
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 Figure 1:  Diagram of a Manufacturing System [27] (adapted from [1])

Figure 2 Diagram Showing Components of An Exergy Balance for Any Arbitrary Open Thermodynamic System


Figure 3:  Electrical work rate used as a function of production rate for an automobile production machining line [30].
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Figure 4:  Work in form of electricity used per unit of material processed for various manufacturing processes as a function of the rate of  materials processing.

	Electric Induction Melting

	Input Materials

	Inputs
	Mass (kg)
	Exergy (MJ)

	Scrap Metallics
	0.68
	5.08

	Cast Iron Remelt
	0.30
	2.51

	Additives
	0.05
	1.13

	Input Energy

	Electricity
	 
	1.72

	 
	Total In
	10.43

	Useful Output

	Gray Iron Melt
	1.0
	8.25

	 
	Total Out
	8.25

	Degree of Perfection (ηP)
	0.79


Table 1 Exergy Analysis of an Electric Induction Melting Furnace [26]

	PECVD of Silicon Dioxide

	Input Deposition Gases

	Inputs
	Mass (g)
	Moles
	Specific Chemical Exergy (kJ/mol)
	 Exergy (kJ)

	N2
	276.3
	9.86
	0.69
	6.80

	SiH4
	8.57
	0.267
	1383.7
	369.4

	N2O
	440.6
	10.01
	106.9
	1,070.2

	Input Cleaning Gases

	O2
	69.09
	2.16
	3.97
	8.57

	C2F6
	298.0
	2.16
	962.4
	2,078.1

	Input Energy

	Electricity
	 
	 
	 
	50,516

	 
	Total In
	54,049

	Output

	Undoped Silicon Dioxide Layer
	1.555
	2.59E-02
	7.9
	0.204

	 
	Total Out
	0.204

	Degree of Perfection (ηP)
	 
	3.78E-06


Table 2 Exergy Analysis of a Plasma Enhanced Chemical Vapor Deposition Process for an Undoped Oxide Layer [28] 



� EMBED Equation.3  ���
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			Injection Molding


			ENERGY vs. MASS/VOLUME INJECTION MOLDED


			SEC - MJ/kg																																																Average


																								IMM									IMM + Auxiliaries									Source:									Power Draw


						Machine Name			Source within        [Thiriez 2005]						Type			Thoughput						SEC									SEC									[Thiriez 2005]									Energy/sec      kW


																		kg/hr						MJ/kg			J/kg						J/kg


						85 ton Hydraulic			[Elsass Work]						Hyd.			13.61			3.76			2.85			2.8E+06			2.9E+03			3.4E+06			3.4E+03															10.76


						50 hp VV machine			[Elsass Work]						Hyd.			35.37			9.77			2.66			2.7E+06			2.7E+03			3.2E+06			3.2E+03															26.10


						100 hp VV machine			[Elsass Work]						Hyd.			182.77			50.45			1.41			1.4E+06			1.4E+03			1.9E+06			2.0E+03															71.40


						Magna MM550 w/ E-drive			[Elsass Work]						Hybrid			50.79			14.02			2.53			2.5E+06			2.6E+03			3.1E+06			3.1E+03															35.76


						Magna MM550 w/ E-drive			[Elsass Work]						Hybrid			97.96			27.04			1.74			1.7E+06			1.8E+03			2.3E+06			2.3E+03															47.46


						Milacron (Hybrid)			[Elsass Work]						Hybrid			163.27			45.07			1.44			1.4E+06			1.4E+03			2.0E+06			2.0E+03															65.34


						450ME			[Voisard]						Elec.			27.74			7.66			1.65			1.7E+06			1.7E+03			2.2E+06			2.2E+03															12.73


						550ME			[Voisard]						Elec.			39.5			10.90			1.20			1.2E+06			1.2E+03			1.7E+06			1.7E+03															13.17


						Powerline (Elec.)			[Elsass Paper & Work]						Elec.			154.07			42.53			1.20			1.2E+06			1.2E+03			1.7E+06			1.8E+03															51.41


			Average Density Calculation


												HDPE			LDPE			LLDPE			PP			PS			PVC															Source:


						% of Injection Molded						0.1836216109			0.0240520976			0.0481041952			0.2967023684			0.3913401928			0.0561795351															[Brydson 1999] & [N.C DENR 1998]


												0.000956			0.000923			0.000933			0.000937			0.00105			0.00133															[MatWeb]


												0.0010062597


			Overhead Average Values for Auxliary Devices


									MJ/kg																																	Source:


						Internal Transport			0.013																																	[Thiriez 2005]


						Drier			0.211


						Granulator			0.016


						Building			0.297


						Total			0.538








Casting


			Sand Casting																																							Die Casting


			ENERGY vs. MASS/VOLUME OF CASTING																																							ENERGY vs. MASS OF CASTING


			SEC																																							SEC


						Industry Data - British Units						U.S. Sand Casting Consumption																																	Industry-wide Data						U.S. Die Casting Consumption															Source:


												btu			tons			btu/ton									Source:																								GJ			kg			MJ/kg									[Dalquist & Gutowski 2004a]


						EIA 1998 Data						2.16E+14			1.48E+07			1.46E+07									[Dalquist & Gutowski 2004a]																								3.02E+07			2030000000			14.9


						EIA 1997 Data						1.54E+14			1.40E+07			1.10E+07


																																																			Cast % in the US


						Industry Data - SI Units						U.S. Sand Casting Consumption																																																						Source:


												GJ			kg			MJ/kg																											Aluminum						78%			0.0028			0.0035									[Dalquist & Gutowski 2004a] & [MatWeb]


						EIA 1998 Data						2.28E+08			1.48E+10			15.40																											Zinc						17%			0.0071


						EIA 1997 Data						1.62E+08			1.40E+10			11.61																											Magnesium						5%			0.0018


																																													Sum						100%


												Cast % in the US


																											Source:


						Iron						72%			0.00715			0.0066									[Dalquist & Gutowski 2004a] & [MatWeb]																		SEC									51,867


						Aluminum						13%			0.0028


						Steel						10%			0.0078


						Sum						95%																														Throughput																								Source:


																																													Approximated Throughput						85			tons/year												[Dalquist & Gutowski 2004a]


						SEC																																							With one 8-hour shifts/day and 250 working days a year:


						EIA 1998 Data						102,022


						EIA 1997 Data						76,866																																	ApproximatedThroughput						kg/s			0.012


																																																						3.391


			Throughput


						Find Throughput


			Alissa'a Input:


						Specfic Density of Iron									g/cm^3			7.86			(at room temp)


															kg/cm^3			0.00786


						Electric Induction Batch Melting (All metal is melted and poured out)																					Electric Induction Heel Melting (2/3 of metal melt remains to assist in the melting process)


						Unit #1 (Inductotherm)																					Data comes from Advanced Cast Products in Meadville PA


									Hertz						1/s			500												They have 3 electric induction melters, which are approximately 3750 kW and have a capacity of about 5.5 tons/hour in each.  However, they only melt 11-12 tons/hr total because of handling limitations, ie. weighing the charge, pouring into the ladles, lad


									Unit Size						kW			5000.00


									Melt Rate						lbs/hr			23100.00


									Melt Rate						kg/hr			10477.98


									Approximated Throughput						kg/s			2.911


																		370.299												Use the rated capacity


																														Approximated Throughput												tons/hr			5.50


																																										tonnes/hr			4.99


																																										kg/s			1.39


						Unit #2 (Inductotherm)																																							176.30


									Hertz									1000


									Unit Size						kW			500.00


									Melt Rate						lbs/hr			2200.00


									Melt Rate						kg/hr			997.90												Rated Power Use												kW			3,750.00


									Approximated Throughput						kg/s			0.277												SEC															2.13E+04


																		35.267												SEC												J/kg			2.71E+06


						1 kW= 1000 J/s


						Unit #1			SEC									1.35E+04


									SEC						J/kg			1.72E+06


						Unit #2			SEC									1.42E+04


									SEC						J/kg			1.80E+06








Machining


			Machining																																																			Finish Machining


			ENERGY USED vs MATERIAL REMOVED																																																			ENERGY USED vs MATERIAL REMOVED


			CASE 1:


																																																						SEC									Unit			Value															Source:


						Density			Aluminum			0.0027																														Source:															Finish Milling SEC (tool steels)						MJ/kg			600															[Morrow, Qi & Skerlos 2004]


									Steel			0.008																														[Dahmus 2004]															Material						Tool Steel type H13


																																																									Density									0.0078															[MatWeb]


			SEC vs. Throughput																																				Average


						Type of Machine						Aluminum												Steel															Power Draw																		SEC									4.7E+06


												MRR						SEC						MRR						SEC									Energy/sec kW																								J/kg			6.0E+08


															kg/hr						J/kg						kg/hr						J/kg


						Production Machining Center (2000)						20			194.4			14,200			5.3E+06			4.7			135.4			60,000			7.5E+06						194.8															Throughput																											Source:


						Automated Milling Machine (1998)						5			48.6			2,300			8.5E+05			1.2			34.6			10,000			1.3E+06						8.8																		CNC 3- Axis Finish Pass			Rate						15															[Time Estimation Booklet 1996]


						Automated Milling Machine (1988)						5			48.6			4,700			1.7E+06			1.2			34.6			20,000			2.5E+06						12.5																					Depth			in			5.00E-04															GERRY CONSULTATION


						Manual Milling Machine (1985)						1.5			14.6			4,900			1.8E+06			0.35			10.1			21,000			2.6E+06						2.8																					MMR						2.05E-03


																																																															kg/hr			0.1


			CASE 2:


			SEC									Unit			Value																											Source:


						Rough Milling SEC (tool steels)						MJ/kg			24																											[Morrow, Qi & Skerlos 2004]


						Material						Tool Steel type H13


						Density									0.0078																											[MatWeb]


						SEC									1.9E+05


												J/kg			2.4E+07


			Throughput																																							Source:


						CNC 3-Axis - 1.00" end mill									1.47																											[Time Estimation Booklet 1996]


															0.40


												kg/hr			11.3





2 Sources


2 Sources





CVD


						Note:			For machines for which just the rated power was obtained, x% of this power was assumed to be used --------->																											75%


									If both idle and run power are provided, the machine is assumed to run x% of the time------------------------------->																											100%


			Chemical Vapor Deposition


			ENERGY vs. MATERIAL DEPOSITED


															NOTE:			Throughput based on deposition rates


																		No inclusion of machines start-up, idle or change-over times except CASE 1.


																																	Source:


						Densities			Aluminum			0.0027																					[Matweb]


									Silicon			0.00233


									Silicon Dioxide			0.002648


									Silicon Nitride			0.0032


			CASE 1:


						200 mm wafers


																																	Source:


						no of functions						Throughput						cycle time (s)			Power (kW)												[Murphy et al. 2003]


						8-layer metal			6-layer metal			wafers/run			wafer/hr						process			idle


						13			11			10			15			2400			16			14


						Assuming 5000 A thickness																					Assume Metal is Al


						Vol./wafer			Vol. rate			SEC						Throughput			SEC						Throughput			SEC


																											kg/hr			J/kg


						1.57E-02			6.54E-05			244.46						6.54E-05			2.44E+08						6.36E-04			9.05E+10


			CASE 2:																														Source:


						Material Deposited:						Al with 2% Si																					[Griffin Experiment 2005]


						Thickness of Layer									1


						Wafer Diameter						in			6


												m			0.1524


						Volume Deposited on Wafer									1.82E-08


						Density									2700			assume density of aluminum


						Mass Deposited on Wafer						kg			4.93E-05


						1 wafer at a time


						Time						s			60


						Power						kW			9


						Energy Consumption						MJ			0.54


						SEC									2.96E+07			deposited on wafer


												J/kg			1.10E+10


						Throughput									3.04E-04


												kg/hr			2.96E-03


			CASE 3:


												units			low			high															Source:


						LPCVD			Deposition rates			A/min			100			500															[Wolf & Tauber 1986, p.170]


									Wafer Diameter			in			8


												cm			20.32


									# of wafers			NA			200


									Density						0.002648


																					Average


									Throughput						1.08E-03			5.40E-03			3.24E-03


												kg/hr			1.03E-02			5.15E-02			3.09E-02


						Power  ~			20			kW			estimate			Close to Novellus Concept One


									SEC						1.39E+07			2.78E+06			4.63E+06


												J/kg			5.24E+09			1.05E+09			1.75E+09


			CASE 4:


																		Typical Recipe									Density						Source:


												material						A/min			Material of Layer												[Novellus Concept One 1995b]


						PECVD			Deposition rates									5250									0.002648


												Silane Oxide (PSG/BPSG)						6500									0.002648


												Silicon Nitride						1800									0.0032


												Silicon Nitride						550									0.0032


												Silicon Oxinitride						2150									0.002924			assumed average SIO2 and SI3N4


												TEOS Oxide (TEOS)						2500			TEOS						0.002648


												TEOS Oxide (BTEOS/BPTEOS)						2700			(BTEOS/BPTEOS)						0.002648


												Wafer Diameter						cm			20


												# of wafers						NA			6


																					kg/hr


									Throughput									1.65E-03			1.57E-02


												Silane Oxide (PSG/BPSG)						2.04E-03			1.95E-02


												Silicon Nitride						5.65E-04			6.51E-03


												Silicon Nitride						1.73E-04			1.99E-03


												Silicon Oxinitride						6.75E-04			7.11E-03


												TEOS Oxide (TEOS)						7.85E-04			7.49E-03


												TEOS Oxide (BTEOS/BPTEOS)						8.48E-04			8.09E-03


												Average						9.63E-04			9.48E-03


									Facility Service Req						V			208			230


															A			90


															W			19,710


																					J/kg


									SEC (75% of Rated Power is used)									8.96E+06			3.38E+09


												Silane Oxide (PSG/BPSG)						7.24E+06			2.73E+09


												Silicon Nitride						2.61E+07			8.17E+09


												Silicon Nitride						8.56E+07			2.67E+10


												Silicon Oxinitride						2.19E+07			7.48E+09


												TEOS Oxide (TEOS)						1.88E+07			7.11E+09


												TEOS Oxide (BTEOS/BPTEOS)						1.74E+07			6.58E+09


												Average						2.66E+07			8.89E+09


			CASE 5:																														Source:


															units			Idle			Run												[Krishnan Communication 2005]


									Power Requirement						W			21,000			25,000


									Machine is runing x % of the  time									100%


																		Density			0.002648


									Thoughput from Case 4-1									1.65E-03


															kg/hr			1.57E-02


									SEC									1.52E+07


															J/kg			5.72E+09





2 Sources





Sputtering


						Note:			For machines for which just the rated power was obtained, x% of this power was assumed to be used --------->																								75%


			Sputtering


			ENERGY vs. MATERIAL DEPOSITED


												NOTE:			Throughput based on deposition rates


															No inclusion of machines' start-up, idle or change-over times.


			CASE 1:																								Source:


												Rated Power															[Wolf & Tauber 1986, p.361]


						Sputtering Equiment Power Supplies:						kW


									dc power supply			20


									rf power supply			3


									Vacuum Pump			4															[Leybold Vacuum Products]


												8


									AVG			6


						Note: dc can provide higher deposition rate than rf


															Low			High									Source:


									Deposition Rates			A/min			200			6200									[Wolf & Tauber 1986, p.345]


									Power Supply Used						rf			dc


									Material Deposited			NA			Aluminum												[Matweb]


									Density of Material						0.0027


									Wafer Diameter			cm			20


									# of Wafers Processed at once						4						Estimate


									SEC						6.45E+08			6.01E+07


												J/kg			2.39E+11			2.22E+10


									Throughput						1.05E-05			3.25E-04


												kg/hr			1.02E-04			3.16E-03


			CASE 2:


						Machines have more capacity that is normally used.  For instance:


																											Source:


									Machine Rating			A			60												[Holland Interview]


												V			220


												W			13200


						Typical Power Requirement									Typical Power Used


									4 2-in Magnetron Guns (rated 500W each)						W			1000


									Heater						W			2000


									Mechanical Pump (660-880W)						W			770


									Turbo Pump						W			770


									Misc. Electronics						W			500


									Total						W			5040


						Finding Throughput									Low			High			Average						Source:


									Deposition Rates			A/min			200			6200			3200						[Wolf & Tauber 1986, p.345]


									Material Deposited			NA			Aluminum												[Matweb]


									Density of Material						0.0027


									Wafer Diameter			cm			20


									# of Wafers (4 guns = 4 wafers at a time)						4


									SEC									7.52E+06


															J/kg			2.79E+09


									Throughput									6.70E-04


															kg/hr			6.51E-03








Grinding


						Note:			For machines for which just the rated power was obtained, x% of this power was assumed to be used																											75%


			Grinding


			ENERGY USED vs MATERIAL REMOVED


			CASE 1:


												Units			Low			High			Average									Source:


						Grinders' Rated Power						W			2,000			18,000			10000									[Baniszewski 2005, p.31]


															7,000			82,000			44,500									[Kalpakjian & Schmid 2001, pp. 714]


						Throughput									0.007			0.05			0.0285									[Chryssolouris 1991]


						SEC															3.08E+05


			CASE2:


																														Source:


						Total Power Used						W			1148															[Baniszewski 2005]


						Material Ground						low carbon steel						Assume it is AISI 1005


						Density									0.007872															[Matweb]


						Throughput									0.0166


												kg/hr			0.4704


						SEC									6.92E+04


												J/kg			8.79E+06








Waterjet


			Abrasive Waterjet


			ENERGY USED vs MATERIAL REMOVED


			CASE 1:


			The pump is dominant with regards to energy consumption


			SEC												Omax Machine 2652 w/ P2040 pump						Omax Machine 2626 w/ P2040 pump


																																	Source:


						Rated Power						W			20,000																		[Kurd 2004, p.36,39,42]


						Typical Power						W			16,000


			Throughput												Low			High			Low			High


						Assume Cut Quality									3						3


						Thickness of Sheet						in			0.5						0.5


						Kerf						in			0.03						0.021


						Cutting Spped						in/min			3			23			3			23


						Material Cut									Hardened Tool Steel			Nylon			Hardened Tool Steel			Nylon


						Denisty of Mat.									0.0078			0.001135			0.0078			0.001135									[MatWeb]


						SEC									1.30E+06			1.70E+05			1.86E+06			2.43E+05


												J/kg			1.67E+08			1.50E+08			2.38E+08			2.14E+08


						Throughput									1.23E-02			9.42E-02			8.60E-03			6.60E-02


												kg/hr			3.45E-01			3.85E-01			2.42E-01			2.70E-01


			CASE 2:


			Actual Run - Cut 1 - Square Cut


															Omax Machine 2652 w/ P2040 pump						Omax Machine 2626 w/ P2040 pump												Source:


																																	[Kurd 2004, p.69]


						Cut Quality									3						3


						Thickness of Sheet						in			0.5						0.5


						Kerf						in			0.03						0.021


						Cutting Time						min			1.21						1.416


						Material Cut									Aluminum 6061						Aluminum 6061


						Denisty of Mat.									0.0027						0.0027												[MatWeb]


						Vol.of Mat.Removed									0.06						0.048


						Energy Use						kWh			0.247						0.115


						SEC									9.04E+05						5.26E+05


												J/kg			3.35E+08						1.95E+08


						Throughput									1.35E-02						9.26E-03


												kg/hr			1.32E-01						9.00E-02


			CASE 3:


			Actual Run - Cut 2 - Circular Cut


															Omax Machine 2652 w/ P2040 pump						Omax Machine 2626 w/ P2040 pump												Source:


																																	[Kurd 2004, p.77]


						Cut Quality									3						3


						Thickness of Sheet						in			0.5						0.5


						Kerf						in			0.03						0.021


						Cutting Time						min			0.68						0.448


						Material Cut									Aluminum 6061						Aluminum 6061


						Denisty of Mat.									0.0027						0.0027												[MatWeb]


						Vol.of Mat.Removed									0.012						0.009


						Energy Use						kWh			0.247						0.115


						SEC									4.52E+06						2.81E+06


												J/kg			1.67E+09						1.04E+09


						Throughput									4.82E-03						5.49E-03


												kg/hr			4.68E-02						5.33E-02








EDM


						Note:			For machines for which just the rated power was obtained, x% of this power was assumed to be used-->																											75%


			Wire EDM																																							Drill EDM


			ENERGY USED vs MATERIAL REMOVED																																							ENERGY USED vs MATERIAL REMOVED


			CASE 1:																																							CASE 1:


			SEC												Low			High												Source:												SEC																											Source:


						Rated Power of CNC Wire EDM Machines (mark20 type)						W			10,000			28,000												[Sodick- Product Literature]															Rated Power of NC Drill EDM Machine						W			3,500															[King Edm 2005]


												Avg. W			19,000


						SEC									6.39E+06																														SEC									1.54E+10


												J/kg			1.54E+09																																				J/kg			2.38E+12


			Throughput																																							Throughput												Low			High			Avg.


						Material									tool steel			aluminum												Source:															Feed Rate						cm/min			0.01															Source:


						Density of Material									0.0078			0.0027												[MatWeb]															Material						Nickel Based alloy - Assume Hastelloy																		[McGeough, J.A. 1988. p.145]


						Thickness						cm			5			15												[Kalpakjian & Schmid 2001, pp. 758]															Density of Mat									0.00864															[MatWeb]


						Cutting Speed (X-sectional)									180			450																											Hole Diameter						cm			0.01			0.05			0.03


						Wire Diameter						cm			0.021 - 0.03


												Avg. cm			0.0255																														Throughput									1.31E-08			3.27E-07			1.70E-07


																					Avg																														kg/hr			4.07E-07			1.02E-05			5.29E-06


						Throughput									1.28E-03			3.19E-03			2.23E-03


												kg/hr			3.58E-02			3.10E-02			3.34E-02


			CASE 2:


			SUBMARINE WIRE EDM


						Machine types:			Accutex's AU-300, AU-500i, AU-700i & AU-1000i


																														Source:


						Max Cutting Speed									2.5															[AccuteX 2005]


						Average Wire Diameter						cm			0.065


						Voltage						V			220


						Amperage						A			30


						Power						W			6600


						SEC									2.44E+06						I assumed max power since max throughput


						Throughput									2.71E-03








Laser-based DMD


			Laser-based Direct Metal Deposition


			ENERGY vs. MATERIAL DEPOSITED


						From CASE A


																														Source:


						Deposition rate									g/s			0.01			low end									[Morrow, Qi & Skerlos 2004]


						Energy Consumption									GJ/kg			8


						Material									Tool Steel type H13


						Density												0.0078												[Matweb]


						SEC												6.24E+07


															J/kg			8.00E+09


						Throughput												1.28E-03


															kg/hr			3.60E-02








Oxidation


						Notes:			If both idle and run power are provided, the machine is assumed to run x% of the time----------------->																											100%


			Oxidation


			ENERGY USED vs MATERIAL REMOVED


												units			Vertical Furnace						Rapid Thermal Processor


																														Source:


						Layer Thickness						A			25						25									[Murphy et al. 2003]


						Layer Material


						Density of Layer Mat.									0.002648						0.002648									[Matweb]


						Batch #									150						1


						Completion Time						s			14400						180


						Rate						wafers/s			0.010417						0.005556


						Wafer Diameter						cm			20						20


						Throughput									8.18E-07						4.36E-07


						Power			Idle			W			16,000						45,000


									Run			W			21000						48000


						Assume Run time of									100%						100%


						SEC									2.57E+10						1.10E+11


												J/kg			9.69E+12						4.15E+13


						Effective Throughput									8.18E-07						4.36E-07


												kg/hr			7.80E-06						4.16E-06








Energy-Vol


			Assumptions/Notes:


						1) If the data for one calculation came from two sources, it was averaged before the calculation.


						2) For machines for which just the rated power was obtained, x% of this power was assumed to be used --------->												75%


						3) If both idle and run power are provided, the machine is assumed to run x% of the time------------------------------->												100%


						4) How data was averaged in the summary is specified in the table below.


			Energy Summary


						Process Name			Description			Reference			Throughput			SEC			Name Tag			Notes on Data Reporting


						Sputtering of AlCu						Matthew's Data			3.93E-04			8.17E+07			Sputtering (Matt's Data)			Data gathered at Analog Devices's Cambridge fab


															1.40E-04			1.69E+08


						Dry Etching of Silicon Nitride						Matthew's Data			1.18E-04			5.90E+07			Dry Etching of a Nitride Film (Matt's Data)			Data gathered at Analog Devices's Cambridge fab


															5.73E-05			1.07E+08


						Dry Etching of Silicon Dioxide			4,200Å Oxide Etch, dep. time only			Matthew's Data			1.24E-04			7.05E+07			Dry Etching of an Oxide Film (Matt's Data)			Data gathered at Analog Devices's Cambridge fab


									4,200Å Oxide Etch, entire process						3.93E-05			1.86E+08


						PECVD of Silicon Nitride						Matthew's Data			1.57E-04			6.73E+07			PECVD of a Nitride Film (Matt's Data)			Data gathered at Analog Devices's Cambridge fab


															7.48E-05			1.46E+08


						PECVD of Silicon Dioxide						Matthew's Data			4.21E-04			2.53E+07			PECVD of an Oxide Film (Matt's Data)			Data gathered at Analog Devices's Cambridge fab


															1.64E-04			7.14E+07


						CVD Growth of Nanotubes			10nm Carbon Nanotubes in Substrate-Heated Furnace			Matthew's Data			2.50E-06			1.11E+08			Hart Heated Substrate Nanotubes			Data gathered from John Hart's setup


									10nm Carbon Nanotubes in Small Resistance-Heated Furnace						5.00E-05			4.33E+07			Hart Radiative Furnace Nanotubes


						Electrospinning			360nm PV Butaryl Fibers, 30kV			Matthew's Data			5.16E-05			6.31E+05			Electrospinning			Data gathered from Jian Yu's setup at the Institute for Soldier Nanotechnologies


									360nm PV Butaryl Fibers, 35kV			Matthew's Data			5.11E-05			6.51E+05			Electrospinning


									320nm PV Butaryl fibers, 40kV			Matthew's Data			5.05E-05			6.73E+05			Electrospinning


			1			Electric Induction Melting			Batch Melter (2006) Case 1			[Inductotherm 2006]			3.70E+02			1.35E+04			Batch Melter


			2						Batch Melter (2006) Case 2			[Inductotherm 2006]			3.53E+01			1.42E+04			Batch Melter


			3						Heel Melter (1970's)			[Advanced Cast Products Interview 2006]			1.76E+02			2.13E+04			Heel Melter


			1			Injection Molding			Injection Molder			[Thiriez 2005]			3.76E+00			3.41E+03			Hyd.			I just used the avg. values


			2												9.77E+00			3.21E+03			Hyd.


			3												5.05E+01			1.96E+03			Hyd.


			4												1.40E+01			3.09E+03			Hybrid


			5												2.70E+01			2.30E+03			Hybrid


			6												4.51E+01			1.99E+03			Hybrid


			7												7.66E+00			2.20E+03			Elec.


			8												1.09E+01			1.75E+03			Elec.


			9												4.25E+01			1.75E+03			Elec.


			10			Machining			Production Machining Center (2000)			[Dahmus 2004]			2.00E+01			1.42E+04			Dahmus - Al			Used all available values


			11												4.70E+00			6.00E+04			Dahmus - Steel


			12						Automated Milling Machine (1998-1988)			[Dahmus 2004]			5.00E+00			3.50E+03			Dahmus - Al			Averaged different years


			13												1.20E+00			1.50E+04			Dahmus - Steel


			14						Manual Milling Machine (1985)			[Dahmus 2004]			1.50E+00			4.90E+03			Dahmus - Al			Used all available values


			15												3.50E-01			2.10E+04			Dahmus - Steel


			16						Rough Mach. (tool steel)			[Morrow, Qi & Skerlos 2004]			4.01E-01			1.87E+05			Skerlos -Tool Steel			Used all available values


			17			Finish Machining			On Tool Steel			[Morrow, Qi & Skerlos 2004]			2.05E-03			4.68E+06			Finish Mach - Tool Steel			Used all available values


			18			CVD			Murphy			[Murphy et al. 2003]			6.54E-05			2.44E+08			CVD - Murphy			Used all available values


			19						Griff Experiment			[Griffin Experiment 2005]			3.04E-04			2.96E+07			CVD - Experiment			Used all available values


			20						Wolf & Tauber Approx.			[Wolf & Tauber 1986, p.170]			3.24E-03			4.63E+06			CVD - Wolf and Tauber			Averaged throughputs


			21						MTL - Novellus Concept One			[Novellus Concept One 1995b]			9.63E-04			2.66E+07			CVD - Novellus			Average all values


			22						Krishnan Work			[Krishnan Communication 2005]			1.65E-03			1.52E+07			CVD - Krishnan			Used all available values


			23			Sputtering			rf power - low throughput			[Wolf & Tauber 1986]			1.05E-05			6.45E+08			Sputtering			Used all available values


			24						dc power - high throughput						3.25E-04			6.01E+07			Sputtering


			25						Holland Interview			[Holland Interview] & [Wolf & Tauber 1986]			6.70E-04			7.52E+06			Sputtering			Averaged Throughputs


			26			Grinding			Case 1			[Baniszewski 2005] & [Chryssolouris 1991]			0.0285			3.08E+05			Grinding			Used all available values


			27						Case 2			[Baniszewski 2005]			0.0166			6.92E+04			Grinding			Used all available values


			28			Waterjet			Case 1 - Steel			[Kurd 2004]			1.04E-02			1.58E+06			Waterjet			Average of lows and highs


			29						Case 1 - Nylon						8.01E-02			2.06E+05			Waterjet


			30						Case 2			[Kurd 2004]			1.14E-02			7.15E+05			Waterjet			Averaged


			31						Case 3			[Kurd 2004]			5.15E-03			3.66E+06			Waterjet			Averaged


			32			Wire EDM			Case 1 - Sodick & Kal			[Sodick] & [Kalpakjian & Schmid 2001]			2.23E-03			6.39E+06			Wire EDM			Averaged


			33						Case 2 - Submarine EDM			[AccuteX 2005]			2.71E-03			2.44E+06			Wire EDM			Used all available values


			34			Drill EDM			Case 1			[King Edm 2005] & [McGeough, J.A. 1988]			1.70E-07			1.54E+10			Drill EDM			Averaged


			35			Laser DMD			Case 1			[Morrow, Qi & Skerlos 2004]			1.28E-03			6.24E+07			Laser DMD			Used all available values


			36			Oxidation			Vertical Furnace			[Murphy et al. 2003]			8.18E-07			2.57E+10			Oxidation - Furnace			Used all available values


			37						RTP			[Murphy et al. 2003]			4.36E-07			1.10E+11			Oxidation - RTP


																														FOR PAPER


																																	Estimates


																														Process Name			Power Required			Process Rate			Electricity Required			Note			References


																																	kW


																														Injection Molding			10.76			3.76E+00			3.41E+03			----			[Thiriez 2005]


																																	26.10			9.77E+00			3.21E+03			----


																																	71.40			5.05E+01			1.96E+03			----


																																	35.76			1.40E+01			3.09E+03			----


																																	47.46			2.70E+01			2.30E+03			----


																																	65.34			4.51E+01			1.99E+03			----


																																	12.73			7.66E+00			2.20E+03			----


																																	13.17			1.09E+01			1.75E+03			----


																																	51.41			4.25E+01			1.75E+03			----


																														Machining			194.80			2.00E+01			1.42E+04			----			[Dahmus 2004]


																																	194.80			4.70E+00			6.00E+04			----


																																	10.65			5.00E+00			3.50E+03			----			[Dahmus 2004]


																																	10.65			1.20E+00			1.50E+04			----


																																	2.80			1.50E+00			4.90E+03			----			[Dahmus 2004]


																																	2.80			3.50E-01			2.10E+04			----


																																	75.16			4.01E-01			1.87E+05			a			[Morrow, Qi & Skerlos 2004] & [Time Estimation Booklet 1996]


																														Finish Machining			9.59			2.05E-03			4.68E+06			a			[Morrow, Qi & Skerlos 2004] & [Time Estimation Booklet 1996]


																														CVD			16.00			6.54E-05			2.44E+08			----			[Murphy et al. 2003]


																																	15.00			3.24E-03			4.63E+06			b			[Wolf & Tauber 1986, p.170]


																																	14.78			9.63E-04			2.66E+07			b			[Novellus Concept One 1995b]


																																	25.00			1.65E-03			1.52E+07			d			[Krishnan Communication 2005]


																														Sputtering			6.75			1.05E-05			6.45E+08			b			[Wolf & Tauber 1986]


																																	19.50			3.25E-04			6.01E+07			b


																																	5.04			6.70E-04			7.52E+06			----			[Holland Interview] & [Wolf & Tauber 1986]


																														Grinding			7.50			2.85E-02			3.08E+05			b			[Baniszewski 2005] & [Chryssolouris 1991]


																																	10.00			1.66E-02			6.92E+04			----			[Baniszewski 2005]


																														Waterjet			16.00			1.04E-02			1.58E+06			----			[Kurd 2004]


																																	16.00			8.01E-02			2.06E+05			----


																																	8.16			1.14E-02			7.15E+05			a			[Kurd 2004]


						Throughput			Upper Bound			Lower bound																					8.16			5.15E-03			3.66E+06			a			[Kurd 2004]


						1.00E-07			5.00E+11			5.00E+10																		Wire EDM			14.25			2.23E-03			6.39E+06			----			[Sodick] & [Kalpakjian & Schmid 2001]


						5.00E-06			1.00E+10			1.00E+09																					6.60			2.71E-03			2.44E+06			c			[AccuteX 2005]


						1.00E-06			5.00E+10			5.00E+09																		Drill EDM			2.63			1.70E-07			1.54E+10			b			[King Edm 2005] & [McGeough, J.A. 1988]


						5.00E-05			1.00E+09			1.00E+08																		Laser DMD			80.00			1.28E-03			6.24E+07			b			[Morrow, Qi & Skerlos 2004]


						1.00E-05			5.00E+09			5.00E+08																		Oxidation			21.00			8.18E-07			2.57E+10			d			[Murphy et al. 2003]


						5.00E-04			1.00E+08			1.00E+07																					48.00			4.36E-07			1.10E+11			d			[Murphy et al. 2003]


						1.00E-04			5.00E+08			5.00E+07									Value			Units


						5.00E-03			1.00E+07			1.00E+06						A			5.00E+04			W						Notes/Assumptions:


						1.00E-03			5.00E+07			5.00E+06						B			1.00E+04									a =


						5.00E-02			1.01E+06			1.01E+05						C			5.00E+03			W						b =			Power required is assumed to be 75% of rated power.


						1.00E-02			5.01E+06			5.01E+05						D			1.00E+03									c =			Power required is equal to rated power since the machine is operating at maximum throughput.


						5.00E-01			1.10E+05			1.10E+04																		d =			If both idle and run power are provided, the machine is assumed to run 100% of the time with the exception of machining.


						1.00E-01			5.10E+05			5.10E+04


						1.00E+00			6.00E+04			6.00E+03


						5.00E+00			2.00E+04			2.00E+03


						1.00E+01			1.50E+04			1.50E+03


						5.00E+01			1.10E+04			1.10E+03																					Required power is back-calculated from SEC (in MJ/kg or J/cm3) and throughput (cm3/s). sold $48.00 worth of units.


						1.00E+02			1.05E+04			1.05E+03


						5.00E+02			1.01E+04			1.01E+03


						1.00E+03			1.01E+04			1.01E+03


																																																						Estimates


																																																			Process Name			Power Required			Process Rate			Electricity Required			Note			Refe-rences						References


																																																						kW


																																																			Injection Molding			10.76			3.76			3.41E+03			----			[9]						[Thiriez 2005]


																																																						26.10			9.77			3.21E+03			----


																																																						71.40			50.45			1.96E+03			----


																																																						35.76			14.02			3.09E+03			----


																																																						47.46			27.04			2.30E+03			----


																																																						65.34			45.07			1.99E+03			----


																																																						12.73			7.66			2.20E+03			----


																																																						13.17			10.90			1.75E+03			----


																																																						51.41			42.53			1.75E+03			----


																																																			Machining			194.80			20.00			1.42E+04			----			[14]						[Dahmus 2004]


																																																						194.80			4.70			6.00E+04			----


																																																						10.65			5.00			3.50E+03			----									[Dahmus 2004]


																																																						10.65			1.20			1.50E+04			----


																																																						2.80			1.50			4.90E+03			----									[Dahmus 2004]


																																																						2.80			0.35			2.10E+04			----


																																																						75.16			0.40			1.87E+05			a			[15, 16]						[Morrow, Qi & Skerlos 2004] & [Time Estimation Booklet 1996]


																																																			Finish Machining			9.59			2.05E-03			4.68E+06			a			[15, 16]						[Morrow, Qi & Skerlos 2004] & [Time Estimation Booklet 1996]


																																																			CVD			16.00			6.54E-05			2.44E+08			----			[6]						[Murphy et al. 2003]


																																																						15.00			3.24E-03			4.63E+06			b			[17]						[Wolf & Tauber 1986, p.170]


																																																						14.78			9.63E-04			2.66E+07			b			[18]						[Novellus Concept One 1995b]


																																																						25.00			1.65E-03			1.52E+07			d			[19]						[Krishnan Communication 2005]


																																																			Sputtering			6.75			1.05E-05			6.45E+08			b			[17]						[Wolf & Tauber 1986]


																																																						19.50			3.25E-04			6.01E+07			b


																																																						5.04			6.70E-04			7.52E+06			----			[17, 20]						[Holland Interview] & [Wolf & Tauber 1986]


																																																			Grinding			7.50			2.85E-02			3.08E+05			b			[21, 22]						[Baniszewski 2005] & [Chryssolouris 1991]


																																																						10.00			1.66E-02			6.92E+04			----			[21]						[Baniszewski 2005]


																																																			Waterjet			16.00			1.04E-02			1.58E+06			----			[23]						[Kurd 2004]


																																																						16.00			8.01E-02			2.06E+05			----


																																																						8.16			1.14E-02			7.15E+05			a									[Kurd 2004]


																																																						8.16			5.15E-03			3.66E+06			a									[Kurd 2004]


																																																			Wire EDM			14.25			2.23E-03			6.39E+06			----			[12, 24]						[Sodick] & [Kalpakjian & Schmid 2001]


																																																						6.60			2.71E-03			2.44E+06			c			[25]						[AccuteX 2005]


																																																			Drill EDM			2.63			1.70E-07			1.54E+10			b			[26, 27]						[King Edm 2005] & [McGeough, J.A. 1988]


																																																			Laser DMD			80.00			1.28E-03			6.24E+07			b			[15]						[Morrow, Qi & Skerlos 2004]


																																																			Oxidation			21.00			8.18E-07			2.57E+10			d			[6]						[Murphy et al. 2003]


																																																						48.00			4.36E-07			1.10E+11			d									[Murphy et al. 2003]


																																																			Notes/Assumptions:


																																																			a =


																																																			b =			Power required is assumed to be 75% of rated power.


																																																			c =			Power required is equal to rated power since the machine is operating at maximum throughput.


																																																			d =			If idle and run power are provided without a duty cycle, the machine is assumed to run 100% of the time.





Upper Bound:   
SEC = (A / Throughput) + B

Lower Bound:
SEC = (C / Throughput) + D
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Energy-kg


			Assumptions/Notes:


						1) If the data for one calculation came from two sources, it was averaged before the calculation.


						2) For machines for which just the rated power was obtained, x% of this power was assumed to be used --------->												75%


						3) If both idle and run power are provided, the machine is assumed to run x% of the time------------------------------->												100%


						4) How data was averaged in the summary is specified in the table below.


			Energy Summary																																							FOR 2008 ES&T PAPER


																																													Estimates


						Process Name			Description			Reference			Throughput			SEC			Name Tag			Notes on Data Reporting																		Process Name			Power Required			Process Rate			Electricity Required			Note			Reference in Paper			Additional References


															kg/hr			J/kg																											kW			kg/hr			J/kg


						Sputtering of AlCu						[Branham 2008]			4.00E-03			2.89E+10			Sputtering of AlCu [28]			Data gathered at Analog Devices's Cambridge fab																		Sputtering of AlCu			32.0700000001			4.00E-03			2.89E+10			a			[28]


						Dry Etching of Silicon Nitride						[Branham 2008]			1.31E-03			1.91E+10			Dry Etching of a Nitride Film [28]			Data gathered at Analog Devices's Cambridge fab																		Dry Etching of Silicon Nitride			6.9599999997			1.31E-03			1.91E+10			a


						Dry Etching of Silicon Dioxide			4,200Å Oxide Etch, dep. time only			[Branham 2008]			1.01E-03			3.11E+10			Dry Etching of an Oxide Film [28]			Data gathered at Analog Devices's Cambridge fab																		Dry Etching of Silicon Dioxide			8.74			1.01E-03			3.11E+10			a


						PECVD of Silicon Nitride						[Branham 2008]			3.29E-02			1.17E+09			PECVD of a Nitride Film [28]			Data gathered at Analog Devices's Cambridge fab																		PECVD of Silicon Nitride			10.71			3.29E-02			1.17E+09			a


						PECVD of Silicon Dioxide						[Branham 2008]			4.97E-03			7.67E+09			PECVD of an Oxide Film [28]			Data gathered at Analog Devices's Cambridge fab																		PECVD of Silicon Dioxide			10.59			4.97E-03			7.67E+09			a


						Carbon Nanofiber Production			Methane Feedstock			[Khanna 2008]			1.30E-02			3.13E+09			Carbon Nanofiber Production [12]																					Carbon Nanofiber Production			11.30			1.30E-02			3.13E+09			a			[12]


									Ethylene Feedstock						1.80E-02			2.22E+09																											11.09			1.80E-02			2.22E+09			a


									Benzene Feedstock						5.20E-02			7.61E+08																											10.99			5.20E-02			7.61E+08			a


						Cupola Melter						Gutowski Data			2.40E+04			4.25E+06			Cupola Melter [26]																					Cupola Melter			28333.3			2.40E+04			4.25E+06			a			[26]


						CVD Growth of Nanotubes			10nm Carbon Nanotubes in Substrate-Heated Furnace			[Branham 2008]			1.98E-05			5.05E+10			Hart Heated Substrate Nanotubes			Data gathered from John Hart's setup																		CVD Growth of Carbon Nanotubes			0.28			1.98E-05			5.05E+10			a			[28]


									10nm Carbon Nanotubes in Small Resistance-Heated Furnace						3.96E-04			1.97E+10			Carbon Nanotube Production [28]																								2.17			3.96E-04			1.97E+10			a


						Electric Induction Melting			Batch Melter (2006) Case 1			[Inductotherm]			1.05E+04			1.72E+06			Batch Melter [26]																					Electric Induction Melting			5000.0			1.05E+04			1.72E+06			----			[26]


									Batch Melter (2006) Case 2			[Inductotherm]			9.98E+02			1.80E+06			Batch Melter [26]																								500.0			9.98E+02			1.80E+06			----


									Heel Melter (1970's)			[Advanced Cast Products Interview]			4.99E+03			2.71E+06			Heel Melter [26]																								3750.0			4.99E+03			2.71E+06			----


						Injection Molding			Injection Molder			[Thiriez 2005]			1.36E+01			3.39E+06			Hyd.			I just used the avg. values																		Injection Molding			10.76			1.36E+01			3.39E+06			----			[20]


															3.54E+01			3.19E+06			Hyd.																								26.10			3.54E+01			3.19E+06			----


															1.83E+02			1.94E+06			Hyd.																								71.40			1.83E+02			1.94E+06			----


															5.08E+01			3.07E+06			Hybrid																								35.76			5.08E+01			3.07E+06			----


			1												9.80E+01			2.28E+06			Hybrid																								47.46			9.80E+01			2.28E+06			----


			2												1.63E+02			1.98E+06			Hybrid																								65.34			1.63E+02			1.98E+06			----


			3												2.77E+01			2.19E+06			Elec.																								12.73			2.77E+01			2.19E+06			----


			1												3.95E+01			1.74E+06			Elec.																								13.17			3.95E+01			1.74E+06			----


			2												1.54E+02			1.74E+06			Elec.																								51.41			1.54E+02			1.74E+06			----


			3			Machining			Production Machining Center (2000)			[Dahmus 2004]			1.94E+02			5.26E+06			Dahmus - Al			Used all available values																		Machining			194.80			1.94E+02			5.26E+06			----			[18]


			4												1.35E+02			7.50E+06			Dahmus - Steel																								194.80			1.35E+02			7.50E+06			----


			5						Automated Milling Machine (1998-1988)			[Dahmus 2004]			4.86E+01			1.30E+06			Dahmus - Al			Averaged different years																					10.65			4.86E+01			1.30E+06			----


			6												3.46E+01			1.88E+06			Dahmus - Steel																								10.65			3.46E+01			1.88E+06			----


			7						Manual Milling Machine (1985)			[Dahmus 2004]			1.46E+01			1.81E+06			Dahmus - Al			Used all available values																					2.80			1.46E+01			1.81E+06			----


			8												1.01E+01			2.63E+06			Dahmus - Steel																								2.80			1.01E+01			2.63E+06			----


			9						Rough Mach. (tool steel)			[Morrow, Qi & Skerlos 2004]			1.13E+01			2.40E+07			Skerlos -Tool Steel			Used all available values																					75.16			1.13E+01			2.40E+07			a			[29, 33]			[SI.1]


			10			Finish Machining			On Tool Steel			[Morrow, Qi & Skerlos 2004]			5.75E-02			6.00E+08			Finish Mach - Tool Steel			Used all available values																		Finish Machining			9.59			5.75E-02			6.00E+08			a			[29, 33]			[SI.1]


			11			CVD			Murphy			[Murphy et al. 2003]			6.36E-04			9.05E+10			CVD - Murphy			Used all available values																		CVD			16.00			6.36E-04			9.05E+10			----			[6]


			12						Griff Experiment			[Griffin Experiment 2005]			2.96E-03			1.10E+10			CVD - Experiment			Used all available values																					6.75			2.96E-03			1.10E+10			b			[29]			[SI.2]


			13						Wolf & Tauber Approx.			[Wolf & Tauber 1986, p.170]			3.09E-02			1.75E+09			CVD - Wolf and Tauber			Averaged throughputs																					15.00			3.09E-02			1.75E+09			b			[34]


			14						MTL - Novellus Concept One			[Novellus Concept One 1995b]			9.48E-03			8.89E+09			CVD - Novellus			Average all values																					14.78			9.48E-03			8.89E+09			b			[29]			[SI.3]


			15						Krishnan Work			[Krishnan Communication 2005]			1.57E-02			5.72E+09			CVD - Krishnan			Used all available values																					25.00			1.57E-02			5.72E+09			d			[29]			[SI.4]


			16			Sputtering			rf power - low throughput			[Wolf & Tauber 1986]			1.02E-04			2.39E+11			Sputtering			Used all available values																		Sputtering			6.75			1.02E-04			2.39E+11			b			[34]


			17						dc power - high throughput						3.16E-03			2.22E+10			Sputtering																								19.50			3.16E-03			2.22E+10			b


			18						Holland Interview			[Holland Interview] & [Wolf & Tauber 1986]			6.51E-03			2.79E+09			Sputtering			Averaged Throughputs																					5.04			6.51E-03			2.79E+09			----			[29, 34]			[SI.5]


			19			Grinding			Case 1			[Baniszewski 2005] & [Chryssolouris 1991]			NOT YET			NOT YET			Grinding			Used all available values																		Grinding			10.00			4.70E-01			8.79E+06			----			[22]


			20						Case 2			[Baniszewski 2005]			0.47043072			8.79E+06			Grinding			Used all available values																		Waterjet			16.00			2.93E-01			2.03E+08			----			[23]


			21			Waterjet			Case 1 - Steel			[Kurd 2004]			2.93E-01			2.03E+08			Waterjet - Steel			Average of lows and highs																					0.00			3.27E-01			1.82E+08			----


			22						Case 1 - Nylon						3.27E-01			1.82E+08			Waterjet - Nylon																								8.16			1.11E-01			2.65E+08			a


			23						Case 2-Al			[Kurd 2004]			1.11E-01			2.65E+08			Waterjet-Al			Averaged																					8.16			5.01E-02			1.36E+09			a


			24						Case 3-Al			[Kurd 2004]			5.01E-02			1.36E+09			Waterjet-Al			Averaged																		Wire EDM			14.25			3.34E-02			1.54E+09			----			[29, 32]			[SI.6]


			25			Wire EDM			Case 1 - Sodick & Kal			[Sodick] & [Kalpakjian & Schmid 2001]			3.34E-02			1.54E+09			Wire EDM			Averaged																		Drill EDM			2.63			5.29E-06			2.38E+12			b			[29, 35]			[SI.7]


			26						Case 2 - Submarine EDM			[AccuteX 2005]			NOT YET			NOT YET			Wire EDM			Used all available values																		Laser DMD			80.00			3.60E-02			8.00E+09			b			[33]


			27			Drill EDM			Case 1			[King Edm 2005] & [McGeough, J.A. 1988]			5.29E-06			2.38E+12			Drill EDM			Averaged																		Oxidation			21.00			7.80E-06			9.69E+12			d			[6]


			28			Laser DMD			Case 1			[Morrow, Qi & Skerlos 2004]			3.60E-02			8.00E+09			Laser DMD			Used all available values																					48.00			4.16E-06			4.15E+13			d			[6]


			29			Oxidation			Vertical Furnace			[Murphy et al. 2003]			7.80E-06			9.69E+12			Oxidation - Furnace			Used all available values																		Notes/Assumptions:


			30						RTP			[Murphy et al. 2003]			4.16E-06			4.15E+13			Oxidation - RTP																					a =


			31																																							b =			Power required is assumed to be 75% of rated power.


			32																																							c =			Power required is equal to rated power since the machine is operating at maximum throughput.


			33																																							d =			If both idle and run power are provided, the machine is assumed to run 100% of the time (machining treated differently).


			34																																																															Cite AJ Thesis instead!


			35


			36


			37


																																										Additional References for SI.1


																																										[SI.1]			[Time Estimation Booklet 1996]


																																										[SI.2]			[Griffin Experiment 2005]


																																										[SI.3]			[Novellus Concept One 1995b]


																																										[SI.4]			[Krishnan Communication 2005]


																																										[SI.5]			[Holland Interview]


																																										[SI.6]			[Sodick]


																																										[SI.7]			[King EDM 2005]


						Throughput			Upper Bound			Lower bound


						1.00E-06			1.80E+14			1.80E+13


						5.00E-05			3.60E+12			3.60E+11


						1.00E-05			1.80E+13			1.80E+12


						5.00E-04			3.60E+11			3.60E+10


						1.00E-04			1.80E+12			1.80E+11


						5.00E-03			3.60E+10			3.60E+09


						1.00E-03			1.80E+11			1.80E+10									Value			Units


						5.00E-02			3.61E+09			3.61E+08						A			5.00E+04			W


						1.00E-02			1.80E+10			1.80E+09						B			1.00E+07


						5.00E-01			3.70E+08			3.70E+07						C			5.00E+03			W


						1.00E-01			1.81E+09			1.81E+08						D			1.00E+06


						1.00E+00			1.90E+08			1.90E+07


						5.00E+00			4.60E+07			4.60E+06


						1.00E+01			2.80E+07			2.80E+06


						5.00E+01			1.36E+07			1.36E+06


						1.00E+02			1.18E+07			1.18E+06


						5.00E+02			1.04E+07			1.04E+06


						1.00E+03			1.02E+07			1.02E+06


						5.00E+03			1.00E+07			1.00E+06


						1.00E+04			1.00E+07			1.00E+06


						5.00E+04			1.00E+07			1.00E+06


						1.00E+05			1.00E+07			1.00E+06


						5.00E+05			1.00E+07			1.00E+06





Upper Bound:   
SEC = (A / Throughput) + B

Lower Bound:
SEC = (C / Throughput) + D





Energy-kg


			





Electricity Requirements [J/kg]


Injection Molding [20]


Machining [18]


Finish Machining [29, 33]


CVD [6, 29, 34]


Sputtering [29, 34]


Grinding [22]


Abrasive Waterjet [23]


Wire EDM [29, 32]


Drill EDM [29, 35]


Laser DMD [33]


Oxidation [6]


Upper Bound


Lower Bound


Melters [26]


Cupola Melter [26]


Carbon Nanofiber Production [12]


PECVD of an Oxide Film [28]


PECVD of a Nitride Film [28]


Dry Etching of an Oxide Film [28]


Dry Etching of a Nitride Film [28]


Sputtering of AlCu [28]


Carbon Nanotube Production [28]


Process Rate [kg/hr]





Exergy


			Exergy Summary - Provisional Estimates


																		Electricity Requirements			Exergy Lost/Exergy of Material Processed


																					low			high			Average


						Injection Molding									2.35E+01			2.41E+03			0.02						0.02


						Machining									4.74E+00			4.37E+04			0.01			0.02			0.015


						Finish machining									2.05E-03			4.68E+06			0.01			0.02			0.015


						Sand Casting									3.39E+00			8.94E+04			0.1						0.1


						Die Casting									3.39E+00			5.19E+04			0.02						0.02


						CVD									1.24E-03			6.41E+07			1			?			1


						Sputtering									3.35E-04			2.37E+08			1			?			1


						Grinding									0.02255			1.88E+05			0.1			0.2			0.15


						Waterjet									2.68E-02			1.54E+06			100						100


						Wire EDM									2.47E-03			4.41E+06			0.9						0.9


						Drill EDM									1.70E-07			1.54E+10			0.9						0.9


						Oxidation									6.27E-07			6.78E+10			100						100


						Throughputs are average values of the Energy Table








Exergy


			0			0			0			0			0			0			0			0			0			0			0





Electricity Requirement [J/cm3]


Injection Molding


Machining


CVD


Grinding


Abrasive Waterjet


EDM


Sand Casting


Die Casting


Oxidation


Finish Machining


Drill EDM


Exergy Lost/Exergy of Material Processed


Injection Molding


#REF!


Machining


CVD


Grinding


Waterjet


Wire EDM


Sand Casting


Die Casting


Oxidation


Finish machining


Drill EDM


0


0


0


0


0


0


0


0


0


0


0





Charts without lines


			








Charts without lines


			3.7557795771			20			0.002048383			0.0000654498			0.000010472			0.0285			0.0104467533			0.00223125			0.0000001702			0.0012820513			0.0000008181			370.298812553


			9.7650269005			4.7						0.0032429279			0.0003246312			0.0166			0.0800917753			0.0027083333									0.0000004363			35.2665535765


			50.4526389859			5						0.0009626737			0.0006702064						0.0114006282															176.29700311


			14.0215770879			1.2						0.0016493361									0.0051532324


			27.0416129552			1.5


			45.0693549254			0.35


			7.6564728807			0.401483068


			10.9040597023


			42.5303144414





[J/cm3]


Electricity Requirement


Injection Molding


Machining


Finish Machining


CVD


Sputtering


Grinding


Abrasive Waterjet


Wire EDM


Drill EDM


Laser DMD


Oxidation


Melters


Process Rate [cm3/s]


3406.3288033597


14200


4680000


244461992.589151


644577519.522176


307657.894736842


1580805.56131116


6386554.62184874


15425786791.9837


62400000


25668509221.8609


13502.6087864762


3214.214637253


60000


4625449.78450778


60068155.9411347


69156.6265060241


206192.029736238


2436923.07692308


110007896665.118


14177.7392258


1956.5995496125


3500


26575828.4420235


7520071.06109205


715350.840150499


21270.9231231833


3091.7659949812


15000


15157613.6277996


3664475.83288867


2296.4837638026


4900


1990.7656005192


21000


2204.4917781895


187200


1748.9122771206


1750.1957959375





References


			13.6054421769			194.4			0.0575185946			0.0006361725			0.0001017876			NOT YET			0.2933448327			0.03339225			0.000005293			0.036			0.000007799			10477.9752


			35.3741496599			135.36						0.002955118			0.0031554157			0.47043072			0.3272549939												0.0000041595			997.9024


			182.7664399093			48.6						0.0309141828			0.0065144065						0.1108141059															4988.5


			50.7936507937			34.56						0.0094824361									0.0500894193


			97.9591836735			14.58						0.0157227916


			163.2653061224			10.08


			27.7358393693			11.2736445494


			39.5003356097


			154.0675436391





Electricity Requirements [J/kg]


Injection Molding


Machining


Finish Machining


CVD


Sputtering


Grinding


Abrasive Waterjet


Wire EDM


Drill EDM


Laser DMD


Oxidation


Electric Induction Melters


Process Rate [kg/hr]


3385138.97237915


5259259.25925926


600000000


90541478736.7227


238732414637.843


0


202667379.655277


1536284616.93956


2380522653083.9


8000000000


9693545778648.37


1717889.15858476


3194219.89545607


7500000


10964029118.8333


22247465163.3832


8785140.562249


181666986.551752


41543767622778.7


1803783.616514


1944428.08404168


1296296.2962963


1746771066.65702


2785211504.10817


264944755.611296


2706224.31592663


3072532.97237915


1875000


8885289849.37668


1357213271.44025


2282197.97237915


1814814.81481481


5724174330.74001


1978381.59737915


2625000


2190778.24350902


24000000


1738032.77672843


1739308.31112915
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Process Rate [kg/hr]


Injection Molding [20] Machining [18] Finish Machining [29, 33]


CVD [6, 29, 34] Sputtering [29, 34] Grinding [22]


Abrasive Waterjet [23] Wire EDM [29, 32] Drill EDM [29, 35]


Laser DMD [33] Oxidation [6] Melters [26]


Cupola Melter [26] Carbon Nanofiber Production [12] PECVD of an Oxide Film [28]


PECVD of a Nitride Film [28] Dry Etching of an Oxide Film [28] Dry Etching of a Nitride Film [28]


Sputtering of AlCu [28] Carbon Nanotube Production [28]
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