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Abstract: In this paper, we review the efficiency of both manufacturing 
processes and systems over recent decades and compare nano-materials 
technologies in this context. To a first approximation, nano-materials processes 
appear to be about as efficient as semi-conductor processes. That is, their 
second law efficiencies are of the order 10–5, while conventional processes are 
of order 10–2. However, many of these processes are early in their development 
and some opportunities do exist for improvement. At the same time, many 
aspects of these processes (the need for high purity materials, low yields, and 
operating conditions far from equilibrium) may make these materials 
vulnerable to high energy prices. 
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1 Introduction 

In this paper, we review the efficiency and eco-efficiency of manufacturing processes and 
systems, and present data which locates nano-materials and manufacturing processes for 
nano-materials in this larger context. The paper has two parts. In the first part, we review 
the thermodynamic definitions of process efficiency based on the first and second laws. 
Second law efficiencies, including the so-called ‘degree of perfection’, are calculated for 
several different manufacturing processes ranging to nano-scale materials and devices. In 
the second part of this paper, we present the idea of eco-efficiency, which is generally the 
ratio of product output divided by some measure of environmental impact. For example, 
manufacturing processes can be described in terms of energy consumed per unit of 
material processed. Eco-efficiency would be the reciprocal of this term. Eco-efficiency 
data is presented for manufacturing processes as well as industrial sectors. Again, the 
performance of nano-manufacturing will be located relative to other more traditional 
methods of manufacturing. 
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2 Thermodynamic efficiency of materials conversion processes 

Efficiency, ‘η’, is usually formed as a ratio of the useful output to the inputs. The number 
is dimensionless and can range from 0, (totally inefficient process) to 1, (a perfect 
process). Applying this definition to a heat engine for example, one could form the 
dimensionless ratio of the work out, Wout, divided by the heat input, Qin. 

in

out

Q
W

=η  (1) 

This is the conventional first law efficiency for a heat engine. While this type of measure 
is commonly reported in the literature, it fails on one important dimension. It is easy to 
show that no heat engine can ever obtain an efficiency of one. This shortcoming can be 
corrected by applying a second law analysis to a heat engine, which states that the useful 
work output cannot exceed the heat input times the so-called Carnot factor (1 – TL / TH) 
where the temperatures correspond to the low and high temperature reservoirs. This is 
also a dimensionless ratio and can in fact range from zero to one, with one representing a 
perfect, so-called reversible heat engine. 
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In this calculation, we used the result that the maximum work output is the function of 
the heat input from the high temperature reservoir QH times the Carnot factor. 

If the low temperature heat is exhausted at the environmental reference temperature 
say T0, the denominator in equation (2) gives the exergy content of the input heat. Exergy 
is a thermodynamic variable that gives the work potential of a system with respect to a 
reference environment. Exergy accounting includes the work potential of heat and work 
interactions, as well as the work potential of the physical and chemical states of the 
materials. It is particularly useful when analysing material transformation processes, such 
as those that take place in manufacturing. Exergy can be defined as the difference in a 
free energy type term in reference to an identified reference environment (denoted by the 
subscript ‘o’) as given below. 

)STH()STH(B oooo −−−=  (3) 

Here, H is enthalpy, S is entropy and B is exergy (see Gyftopoulos and Beretta, 2005;  
de Swaan Arons et al., 2004; Szargut et al., 1988). In terms of material transformation 
processes such as used in manufacturing, it can be shown that the minimum work input 
required to effect the transformation is just the difference between the exergy output 
minus the exergy input (Branham et al., 2008). From this formulation, we can estimate 
the efficiency of a transformation process by taking the ratio of the exergy of the useful 
output and divide by the exergy of the combined inputs. This ratio is called the ‘degree of 
perfection’ and is denoted as ηp (Szargut et al., 1988). 
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When one considers the manufacturing processes in which the materials enter and exit at 
the environmental temperature and pressure, the exergy of the output is essentially the 
exergy of the processed materials. The exergy of the inputs for most of the processes 
considered here includes electricity and materials. Hence, the degree of perfection can be 
calculated from a list of input and output materials and energy interactions for any 
materials transformation process. We have calculated these values for a number of 
conventional processes (i.e. sand casting and injection molding), semi conductor 
processes (i.e. plasma enhanced chemical vapour deposition, sputtering and the wet 
thermal oxidation process) and nano-materials processes (primarily variations on the 
chemical vapour deposition process), see Table 1. 

Table 1 ηp for various manufacturing processes 

Processes ηp 
Injecting moulding,  
Induction melting of iron 

0.7 – 0.9 

Semi-conductor processes 10–4 – 10–7 
Nano-materials 10–3 – 10–7 

To construct this table, electricity was counted as pure exergy (losses at the utility were 
not counted) and the material exergy values and reference system developed by  
Szargut et al. (1988) was employed. As one can see, the conventional processes have 
relatively high values of ηp due to a high transit exergy (exergy embodied in the material 
throughput). The semi conductor processes have very low values due to several effects; 
relatively low output exergies, low material utilisation, the use of high exergy auxiliary 
materials (mostly for cleaning which are destroyed as part of the abatement process), and 
operation at relatively high temperatures and low pressures. The nano-materials processes 
can be in the same range as semi-conductor processes or slightly higher due to a number 
of possible effects including: higher output material exergies, higher yields, and more 
modest temperature and pressure requirements. For example, Nanda et al. (2003) review 
results for the surface energies of nano-particles. 

In some manufacturing processes, the object is to remove material (milling, turning, 
etching, etc.), in which case the output is in fact a hole or an area of missing material in 
the incoming solid raw materials. In this case, rather than using the degree of perfection, 
one might prefer an alternative definition for a second law efficiency, such as the ratio of 
the minimum work required to perform the specified operation divided by the exergy of 
the inputs. This is given in the equation below (see Branham et al., 2008). 

in

min
II B

W
=η  (5) 
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3 The eco-efficiency of manufacturing 

Eco-efficiency is defined as the ratio of a useful output divided by some measure of 
environmental impact or resource use. Hence, it is most commonly not a dimensionless 
ratio. An example of eco-efficiency would be the ratio of say one kilogram of aluminium 
divided by the energy required to produce one kilogram of aluminium. This is, in fact, the 
reciprocal of the energy intensity of aluminium, which is in the range of  
100 – 200 MJ/kg. Hence, eco-efficiency is often the reciprocal of some intensity metric. 

By convention, the energy referred to here is the cumulative equivalent fossil fuel 
energy in terms of lower heating values. This cumulative energy value would include all 
of the steps required to make the particular product under consideration. For example, if 
the product is a kilogram of aluminium, then all of the energy required to make this 
aluminium, including mining, milling and smelting would be accounted for. Clearly, 
these values are dependent on a number of factors including typical ore grades and 
technologies employed. As a result, energy intensities or eco-efficiencies depend heavily 
on the boundaries and details of the study employed. 

4 The eco-efficiency of manufacturing process 

If one tracks the historical development of any particular manufacturing technology, 
generally one finds that the eco-efficiency improves with time. That is, the resources used 
per unit of production are reduced. Particular attention is focused on those resources 
which are the most expensive. A particularly clear illustration of this is the data on 
cutting times in machining over the course of the last hundred years. The data show that 
over the last one hundred years, the cutting time for machining has been reduced by about 
a factor of 100 due in large part by new developments in cutting tool materials 
(Kalpakjian, 1995). Because considerable energy can be consumed by auxiliary 
equipment as well as the cutting spindle, this also translates into a significant reduction in 
the energy consumed per unit of material machined. 

However, if one looks at the development of new manufacturing processes over the 
same time period, one sees a significantly different pattern. The general trend is to 
substitute low cost resources for high cost resources to gain some competitive advantage. 
Since over the last several decades energy prices have been stable and declining (omitting 
our most recent history) this has translated into the substitution of energy and materials 
for human labour. Furthermore, recent progress in manufacturing has emphasised the 
development of techniques to make micro and nano scale devices. The result has been a 
very significant increase in the energy used per unit of material processed. In a recent 
publication, we have reviewed 20 different manufacturing processes ranging from 
conventional processes (i.e. machining, grinding, injection moulding, sand casting,  
die casting), advanced machining processes (abrasive water jet, wire and drill electrical 
discharge machining), rapid prototyping (laser direct metal deposition), semi conductor 
additive processes (chemical vapour deposition, plasma enhanced chemical vapour 
deposition, thermal oxidation and sputtering), semi conductor subtractive processes (dry 
etching of oxide and nitride films) and nano-materials production processes (single 
walled carbon nano tubes, carbon nano tubes and carbon nano fibres) and have found that 
the energy intensity of these processes has increased by almost eight orders of  
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magnitude over the last several decades. The results are summarised in Table 2 
(Gutowski et al., 2009). 
Table 2 The energy intensity of manufacturing processes 

Process Approximate energy intensity (J/kg of material processes) 
Conventional 1 – 20 × 106 
Advanced machining 2 × 108 – 2 × 1012 
Rapid prototyping 1010 
Semi conductor additive 109 – 5 × 1013 
Semi conductor subtractive 2 × 1010 
Nano-materials 109 – 1012 

5 The eco-efficiency of industrial sectors 

The concept of eco-efficiency or impact/resource intensity is applicable over any size 
scale of activity. We have investigated the historical eco-efficiency of ten different 
production and consumption sectors in terms of energy resources used. A summary of the 
sectors, time periods, and parameters measured are given in Table 3. In general, we 
collected annual data on the quantity of production or consumption Q, and the resources 
used R. The time periods for some of these observations are very long, in the case of  
pig-iron starting in 1800 (Dahmus and Gutowski, 2009). Our discussion of this data can 
be framed using a simple mathematical identity that relates resources used R to the 
quantity produced or consumed Q. 

e
.Q

Q
R.QR 1

==  (6) 

In this expression, e is the so-called eco-efficiency measured in terms of quantity 
produced or consumed Q divided by the resources used R. For infinitesimal changes, one 
can write an expression for the incremental change in resources used in terms of the 
incremental change in quantity Q and eco-efficiency e. 

e
e

Q
Q

R
R Δ

−
Δ

=
Δ

 (7) 

It is quite clear that to reduce resources, eco-efficiency must outpace production or 
consumption. Our review of the data in these ten sectors shows that, in general for the 
industrial sectors, eco-efficiency increases unrelentingly throughout the history of 
production. However, in almost every case, the quantity produced increases faster 
resulting in an increase in resources used. Hence, as a general trend, based on historical 
observation, eco-efficiency improvement does not lead to resource conservation. In 
reviewing the 75 decades of data represented in Table 3, we did find several exceptions, 
decades of industrial activity when resources used actually decreased. In other words, 
eco-efficiency outpaced production or consumption. This almost always happened due to 
either  
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1 government intervention such as efficiency standards 

2 increased prices. 

The reasons for increased production or consumption can be understood by expanding 
equation (6) to include additional factors. 

Q
R.

D
Q.

P
D.PR =  (8) 

In this expression P represents population, and D dollars. Hence the first term in  
equation (8) accounts for increases in population and/or market size. The second term 
accounts for buying power or affluence. The third term represents choice on how one 
spends their dollars to buy a particular quantity of product Q, and the last term is, of 
course, the reciprocal of eco-efficiency. The relentless increase in resources used, both in 
production and consumption, is in large part due to our relentless growth in population 
and market size as well as affluence and spending power. This equation is similar to the 
so-called IPAT equation, which has a significant literature (Ehrlich and Holdren, 1972; 
Commoner, 1971; Chertow, 2000). 
Table 3 Production and consumption sectors studied for resource use 

Activity Dates Boundary Quantity Resource 

Pig-iron 1800–1990 World kg pig iron Joules of coke 
Aluminium 1900–2005 World kg aluminium Joule of electricity 
Nitrogen fertiliser 1915–2000 World kg Nitrogen Joule energy 
Electricity from 
coal 

1920–2007 US Joule electricity kg coal 

Electricity from oil 1920–2007 US Joule electricity Liter of oil 
Electricity from 
natural gas 

1920–2007 US Joule electricity m3 of natural gas 

Freight rail 1960–2006 US Revenue tonne – km Liter fuel 
Air travel 1960–2005 US Seat – km Liter fuel 
Motor vehicle 1936–2006 US Vehicle – km Liter fuel 
Refrigeration 1960–2002 US Hours refrigeration Joule electricity 

In this discussion, it is important to point out that the terms in equations (6), (7) and (8) 
may not be independent. That is, affluence affects population growth, quantity produced 
affects eco-efficiency and so forth. For this discussion, we are particularly interested in 
the interaction between the quantity Q and the efficiency e represented in equations (6) 
and (7). There are several well known effects that cause these variables to interact. For 
example, learning affects and economies of scale, suggest that as the scale of production 
Q increases, this leads to an increase in the efficiency of production. Hence large Q leads 
to increased eco-efficiency. On the other hand, it has also been observed that increased 
efficiency can result in increased demand and larger Q. This is so-called the rebound 
effect. In simple terms, rebound can occur because efficiency improvements can lead to 
price reductions. In the case where there is a significant elasticity of demand, price 
reductions can in turn lead to increased quantities produced and consumed. For example, 
we could capture the rebound effect by writing 
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Δ
e/e
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Q/Q

e/e
Q/Q

 (9) 

In this expression, ε  is the so-called own price elasticity. The second term captures how 
price, π, is affected by changes in eco-efficiency. In general ε  may vary from very low 
values for in-elastic goods, to numbers much larger than one for highly elastic goods  
(see for example, Gwartney et al., 2000, p.510, for elasticities that range from 0.1 to 4.6). 
The magnitude of γ  depends on what fraction of the product cost is represented by the 
resource, how large the profit is, and to what extent the efficiency increase is converted 
into a price reduction. In any case 0 < ⎜γ ⎜ < 1, and strictly speaking both ε  and γ  are 
actually negative. The effect of the rebound can be illustrated by first considering the 
case where there is an improvement in eco-efficiency but no change in quantity, then 
from equation (7) one gets a clear reduction in resource use, i.e. ∆R/R = –∆e/e. However, 
if there is a rebound effect and the quantity Q increases according to equation (9), then 
substitution into equation (7) gives 

e
e)(

R
R Δ

−⋅=
Δ 1γε  (10) 

In the remote (but not impossible) case where 1=⋅γε , the entire savings due to 
improved eco-efficiency could be negated by the rebound effect. Numerous  
micro-economic studies show that γε ⋅ is finite but less than one (Greening et al., 2000; 
Kalakkad Jayaraman, 2008). At the macro economic level, some have put forth the 
argument that it is in fact our very efficiency that drives growth (Herring, 1998). While 
this is a very contentious debate, it is worth paying attention to it, as our future may 
depend upon us understanding these mechanisms. 
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