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A B S T R A C T

Green sources of power generation and efficient management of energy demand are among the greatest

challenges facing manufacturing businesses. A significant proportion of energy used in manufacturing is

currently generated through fossil fuels. Therefore in the foreseeable future, the rationalisation of energy

consumption still provides the greatest opportunity for the reduction of greenhouse gases. A novel

approach to energy efficient manufacturing is proposed through modelling the detailed breakdown of

energy required to produce a single product. This approach provides greater transparency on energy

inefficiencies throughout a manufacturing system and enables a 20–50% reduction of energy

consumption through combined improvements in production and product design.

� 2010 CIRP.
1. Introduction

Energy is a key component in the development of modern society;
it promotes economic growth and improves the quality of life. The
escalation in worldwide population has contributed to the rising
energy consumption, and demand levels are estimated to be 45%
higher in 2030 than current levels [1]. As a consequence of our strong
dependence on energy, there is a growing concern about energy
availability and its environmental impacts. Much of our electricity is
still generated from carbon based sources such as coal, oil and gas
(see Fig. 1) which accounts for more than half of the world’s
greenhouse gas emissions [2]. This has led to governments
introducing an array of environmental legislation, energy auditing
and accreditation standards. Therefore, energy demand and its
rationalisation are now gaining greater visibility within modern
manufacturing businesses. Improving energy efficiency is not only
one of the most significant ways to reduce the overall environmental
impacts, but could also represent substantial cost savings and
competitive advantages [3].

The research reported in this paper highlights the need for
appropriate methods and tools within manufacturing businesses
that can provide a breakdown of energy usage within their
production facilities, and enabling them to assess the efficiency
and productivity of their energy consumption. The paper outlines a
novel modelling framework to represent the total energy required
to manufacture a unit product. A case study has been used to
demonstrate how product and production efficiencies can be
assessed using this Embodied Product Energy (EPE) model.

2. A framework for modelling Embodied Product Energy
during manufacture

A number of modelling approaches have been used to investigate
the energy consumption within a manufacturing facility.

These can be viewed under two generic perspectives of ‘plant’
and ‘process’ levels. At the ‘plant’ level, most of the research work has
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focused on modelling and reducing the energy consumed by
infrastructure and other high level services (e.g. ventilation, lighting,
heating and cooling) which are responsible for maintaining the
required production conditions/environment [5,6]. On the other
hand, research on the ‘process’ level has focused on modelling the
energy consumption of equipment, machinery and workstations in
production facilities [7,8]. Whilst these areas of research have
identified various methods for improving energy used by buildings,
technical services and production processes [9], it is argued that the
independent considerations of energy consumption at ‘plant’ and
‘process’ levels are unable to provide an overview of ‘‘how much
energy is required to manufacture a unit product?’’.

At present, the energy considerations from the ‘product’
viewpoint are included as part of the Life-Cycle Assessment
(LCA) studies. However, the data intensive nature of a LCA coupled
with the lack of accurate data related to the energy consumption
across a product life-cycle often results in significant assumptions
and simplifications [10], thus highlighting the need for a more
holistic approach on modelling EPE during the manufacturing
phase. The proposed framework aims to represent the amount of
energy attributed to the manufacture of a unit product through the
integration of energy used both at the ‘plant’ and at the ‘process’
levels. This modelling approach could further support detailed LCA
studies, providing a greater insight into the energy consumption
during the manufacturing phase of a product life-cycle.

In the EPE framework, the energy consumed by various activities
within a manufacturing application is categorised into two groups:
Direct Energy and Indirect Energy. The Direct Energy (DE) is defined
as the energy used by various processes (e.g. casting, machining,
spray painting, inspection, etc.) required to manufacture a product,
whereas the Indirect Energy (IE) is the energy consumed by activities
(e.g. lighting, heating, ventilation, etc.) to maintain the ‘environ-
ment’ in which the production processes are carried out within a
manufacturing plant. Furthermore in this framework, the DE has
been divided into: (i) Theoretical Energy and (ii) Auxiliary Energy, as
depicted in Fig. 2. The Theoretical Energy (TE) is defined as the
minimum energy required to carry out the process (e.g. energy
required to melt a specific amount of metal during casting or
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Fig. 1. World primary energy demand by fuel [4].
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removing a specific amount of material during a machining
operation). In most cases, the value of the TE for a process can be
calculated based on existing knowledge and/or appropriate
mathematical models (e.g. the total energy for Grinding (Utotal)
based on specific energies of ploughing (Upl), chip formation (Uc),
primary rubbing (Upri_r), and secondary rubbing (Usec_r), using the
equation: Utotal = 0.5(Upl + Uc) + Upri_r + Usec_r) [11].

The AuxiliaryEnergy(AE) is the energy required bythe supporting
activities and auxiliary equipment for the process (e.g. generation of
vacuum for sand casting or pumping of coolant for machining). The
AE for a process can often be determined or measured through
empirical studies. Therefore the total Direct Energy consumed by
product A, requiring n processes can be represented as:

DEA ¼
Xn

i¼1

ðTEðiÞA þ AEðiÞAÞ (1)

In the case of IE, the energy consumed by various activities such
as lighting and heating maybe used by a number of processes or in
some applications a process may require specific processing
environment (e.g. clean room for inspection). Therefore within the
EPE framework, a production facility is considered as a number of
zones where a ‘zone’ is defined as an area within the manufactur-
ing plant with similar Indirect Energy requirements. This is
comparable to defining cells or departments within a traditional
production system based on similarity of processes (e.g. a
machining cell) or products (e.g. a food production line), except
that in this case the grouping of activities is based on similarity of
Indirect Energy requirements. In this approach, the IE attributed to
product A in zone m (i.e. IEzone(m)A) can be calculated based on
total Indirect Energy consumed within zone m per hour (i.e.
IEzone(m)) divided by the total number of product A processed in
that zone per hour (i.e. 60/Tzone(m)A), where Tzone(m) is the time
product A spends in zone m, as expressed in Eq. (2):

IEzoneðmÞA ¼
IEzoneðmÞ

60=TzoneðmÞA
(2)

Consequently, the total Indirect Energy required by product A

requiring m manufacturing zones can be represented as:

IEA ¼
Xm

j¼1

IEzoneð jÞA (3)
Fig. 2. The Embodied Product Energy framework fo
Finally, the total Embodied Product Energy during the
manufacturing phase of product A life-cycle can be calculated
by summing the DE for n processes together with the IE for m zones
within a production system, as depicted below:

EPEA ¼
Xn

i¼1

DEðiÞA þ
Xm

j¼1

IEzoneð jÞA (4)

Furthermore, a number of ratios of TE, DE, and IE have been
identified in order to assess and analyse the efficiency of processes,
products and production systems. For example, the ratio of TE over
DE (see Eq. (5)) is referred to as the ‘Efficiency Ratio for a process
(ERprocess)’ and can be used to analyse the productivity of a process, as
shown in Fig. 3. Ideally where possible, the Auxiliary Energy for a
process should be minimised as the AE can often be considered as
non-value-added energy consumption. Therefore, a higher value of
ERprocess (i.e. values closer to 1) is indicative of a very efficient
process. Similarly, the ratio of TE over EPE is defined as the ‘Efficiency
Ratio for a product (ERproduct)’ and the ratio of DE over EPE is referred
to as ‘Efficiency Ratio for a production system (ERproduction)’, as
depicted in Eqs. (6) and (7). The higher value of ERproduct (i.e. values
closer to 1) indicates a higher efficiency of energy consumption
during the manufacture of a product, due to minimal energy being
used through AE and IE in producing the product. Finally, the
ERproduction can be used to analyse the productivity of a manufactur-
ing system where a higher value (i.e. values closer to 1) is indicative
of effective use of energy during production, as the IE can also be
considered as non-value-added energy consumption.

0< ERprocess ¼
TE

DE
<1 (5)

0< ERproduct ¼
TE

EPE
<1 (6)

0< ERproduction ¼
DE

EPE
<1 (7)

3. Energy simulation model

The implementation of EPE framework within a practical
application necessitates the development of a decision support
tool, capable of representing the complexity involved in modelling
and calculation of the AE, TE, DE and IE for various processes in a
typical production system. An energy simulation model (see Fig. 4)
has been developed to allow a number of ‘what-if’ scenarios for the
analysis and evaluation of energy consumption during the
manufacturing phase of a product life-cycle.

The simulation model shown in Fig. 4 has been based on a single
production system and includes the various processes and
manufacturing zones required to produce a simple product. A
subset of data related to Theoretical Energy is calculated by the
simulation tool using appropriate mathematical models repre-
senting various processes (see the example case study). This
calculated data is complemented with actual (real) data related to
r modelling energy flows during manufacture.



Fig. 3. The efficiency ratio for a process.

Fig. 4. Simulation of energy flow modelling during manufacture.

S. Rahimifard et al. / CIRP Annals - Manufacturing Technology 59 (2010) 25–28 27
the Auxiliary Energy and Indirect Energy, recorded by advance
metering devices and commercial energy management systems
used within empirical studies.

It should be noted that with the flexibility offered by modern
simulation tools, it is feasible to develop more complex models
representing a larger production system for products that consist of a
number of components. In such cases, the embodied energy for
individual components are calculated and added together to
represent the total EPE for the product assembly. Furthermore if
required, the assembly and transportation activities can also be
Table 1
Equations for calculating EPE for a simple elbow pipe fitting.
includedintheEPEcalculation. Inproductionsystemwithautomated
assembly and/or transportation activities, the energy flows for these
processescanbemodelled likeanyothermanufacturingworkstation.
However, the modelling of manual assembly and transportation
activities present a particularly interesting challenge for the
calculation of Theoretical and Direct Energies due to a judgemental
approach required for representing the energy consumption by a
human operator.This is a commonly reported challengefor other life-
cycle studies and one that needs further investigation.

One of the main objectives proposed for the practical use of
such energy simulation models is to increase their accuracy and
resolution using a number of case study products (i.e. to train the
models), so that they could be used as a design support tool capable
of ‘predicting’ energy requirements for new product designs in
various applications, as will be discussed later in the paper.

4. An example case study

A simple part (i.e. an elbow pipe) requiring 3 main processes,
namely Casting, Spray Painting and Ultrasonic Inspection, is used
to demonstrate the application of EPE modelling. The part is made
from an aluminium alloy.

The TE for casting process has been calculated based on values
for the latent heat of melting of the material (L), specific heat
capacity of the material (C), temperature of the material (T),
melting temperature of the material (Tm) and finally mass of the
material (m), using the equation [mC(Tm � T) + mL]. Similarly for
Ultrasonic Inspection, the values for number of transmitters
(Ntrans), power of transmitter (P) and duration of transmission (T)
were used to calculated the TE requirement, using the equation
[Ntrans � (PT)]. Finally the TE for the Spray Painting together with
AE for all three processes were measured empirically.

In this example, the IE requirements were different due to the
specific nature of each process, therefore 3 manufacturing zones
have been defined for this application. The attribution of IE for a
single part in each zone was calculated based on the total IE
consumption per hour divided by the throughput for each zone,
which in this case were 12 parts per hour for the casting process, 20
parts per hour for spray painting and 30 parts per hour for the
ultrasonic inspection process. It should be noted that in this case
study, the times spent in each zone were inclusive of queuing
(waiting) time, set-up time, part loading and unloading times, etc.,
and therefore these times were greater than the actual processing



Fig. 5. Breakdown of energy consumption for the manufacture of case study product.

Fig. 6. Utilisation of energy simulation model to support both design and

operational decisions.
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time of the part. It is argued that inclusion of such miscellaneous
(non-productive) times provides a greater degree of accuracy in
the attribution of Indirect Energy to a product and enables further
analysis of productive versus non-productive energy consumption.

These calculations and the associated values for the TE, AE, IE
and the total Embodied Product Energy for the case study product
are summarised in Table 1 and illustrated in Fig. 5.

In this case study, the TE clearly consumes the greatest
proportion of total energy at 48%, followed by the AE at 33%, and in
fact the IE contributes the least to the total EPE (19%). Furthermore,
the values of ERprocess, ERproduct, and ERproduction are all relatively
very high (i.e. 0.59, 0.48, and 0.80 respectively), representing
efficient processes, product, and production system. Clearly, the
EPE modelling framework not only provides an overview on how
much energy is required to manufacture a unit product, but also
enables further investigation of various factors that play a major
influence on the energy consumption within a production system.
Therefore, it is argued that such energy simulation models can be
used as effective decision tools to minimise the energy used during
the operations and to support the implementation of ‘Energy
Efficient Manufacturing’.

In addition to supporting operational decisions, the EPE
framework could provide energy transparency right back to the
design process, enabling designers to select the most energy
efficient materials and processes whilst fulfilling the requirements
in the product specification, as depicted in Fig. 6. Such a ‘‘Design for
Energy Minimisation’’ approach will potentially enable businesses
to go beyond the incremental improvements achievable via
existing energy management systems, and to consider energy
efficiency and utilisation across both the design and the
manufacturing phases of a product life-cycle.

5. Concluding discussions

The existing commercial energy management tools provide a high
level overview of energy consumption within a manufacturing
system, hence are unable to model the detailed breakdown of energy
flows among various processes, workstations and production zones.
More importantly, they cannot determine the specific energy attribu-
tion for the manufacture of a unit product. The recent rise in the energy
cost together with the increasing number of legislative and social
requirementshighlighttheimportanceofadoptingan‘EnergyEfficient
Manufacturing’ approach in future manufacturing applications.

To support such approach, the energy consumption in
manufacturing facilities can be reduced by either more efficient
technologies and/or equipment to improve production processes,
and also through more efficient monitoring and control of energy
used in infrastructure and technical services to optimise the ‘plant’
level activities. The major research assertion made is that step
change improvements in the productivity of energy consumption
within manufacturing (and remanufacturing [12]) applications can
only be effectively achieved through integration of these global
factory level and local process level energy considerations through
a novel framework based on a product viewpoint. The Embodied
Product Energy framework and the associated energy simulation
tools not only enable a reactive approach to minimise energy
consumption through improved operational decisions but also
support a proactive approach to improve product design by
eliminating non-productive energy intensive processes. Finally, it
is claimed that significant reduction in energy consumption within
manufacturing applications can only be gained through such
proactive ‘‘Design for Energy Minimisation’’ approach.
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