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Summary

With an ongoing increase in industrial energy demand anticipated in Europe over the next
twenty years, energy efficiency continues to be an important focus within industrial
environments. As consumer products have become more complex, the complexity of the
manufacturing process chains and their energy consumption has also increased. This has
resulted in manufacturing process chains which demand more resources such as power,
water, natural gas, and industrial gases with increasing consumption. Consequently, energy
management standards are being adopted by industries to focus on improving this capability
through management systems. Research to date has concentrated on the development of
approaches to characterise discrete manufacturing equipment and associated manufacturing
states. While this has led to excellent contributions from many researchers, the research
completed to date does not give appropriate consideration on how to reduce actual energy
consumption of manufacturing equipment or comprehending potential impacts as a result of
targeted reductions. This thesis is concerned with understanding how energy optimisation
can be undertaken within factory environments. In this context three aspects were
investigated: the development of a structured methodology to gather the appropriate data in
order to correlate energy saving opportunity, characterisation of the impact of manufacturing
process equipments operational behaviour on energy consumption and an examination of
risk factors including the appropriate consideration of human factors and the development of
risk models.

A structured approach was developed to support an enhanced characterisation of
manufacturing process chains. This facilitated a study of Irish industrial energy and resource
category usage highlighting the significance of both electricity consumption and production
consumption. The sectors which supported the survey were all discrete manufacturing
environments and included ICT, bio-medical and pharmaceutical environments. The
application of the methodology allowed for the appropriate discrete production equipment to
be identified for optimisation and experimentation. A structured problem solving approach
was used to identify and evaluate risk factors associated with the implementation of
improvements where qualitative workforce input is used to support the risk assessment. An
assessment of an organisations capability was created to manage energy improvements in
order to minimise risk to core Overall Equipment Effectiveness (OEE) metrics thereby
ensuring opportunities are feasible and pragmatic. This supports a deeper understanding of

energy use and potential operational impacts due to energy based change
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1 Introduction

This chapter provides a background and purpose for the research outlined within this
manuscript. The continuing and increasing need for energy within manufacturing
environments demands it is used efficiently due to the significance of industrial energy
consumption with respect to CO, emissions. Being at the heart of all manufacturing
environments, production system energy demand can play a significant part in this
consumption. Characterising the significance of production systems is an area of research
where the academic and industrial communities have contributed through the application of
both life cycle analysis methodologies and standards development respectively. However,
energy characterisation within industrial environments can be challenging due to the
variation in energy end use, defining boundaries of study, the compliance obligations that
exist in industrial operations and gaining organisational support.

This thesis is focused on developing a deeper understanding of energy use within production
systems and the potential impacts that need to be considered to operational compliance
when reducing energy consumption. In this context, the subsequent work outlined focuses
on developing this understanding within production systems. The methodology developed
builds on lean thinking by applying lean principles and tools to energy consumption in
particular value stream analysis and ‘future state’ improvement identification through kaizen
workshops. Two use case applications are presented representing varying levels of
complexity within discrete tool manufacturing environments. The production systems studied
are both installed in legacy factory environments: existing manufacturing sites with financially
depreciating infrastructure and annual investment cycles.

Chapter 1 focuses on putting the subsequent work outlined in context in terms of the need to
support the ongoing characterisation of process chains. An outline is presented of
methodologies used in work completed to date while describing the complexities that exist in
industrial environments in terms of energy consumption.

Chapter 2 provides a literature review of the state of the art research completed in the field
of energy research relating to production systems and the manufacturing of discrete
products. It explores both academic and industrial contributions and how the use of
organisational capabilities such as human factor experience, structured problem solving and
lean thinking can be leveraged to support energy reduction in production.

Chapter 3 provides an overview of the methodology and the detail needed to develop an
understanding of production system energy consumption. The methodology structure

focuses on identifying and building the right information sources to support characterisation



and experimentation, the flow breaks down into a series of sub tasks or sub flows which in
turn use an input-output template approach to data requirements.

Chapter 4 provides a survey relating to energy and resource use in a range of industrial
environments in Ireland and the significance of production system energy consumption in
these environments. An application of the methodology is also provided which explores how
a significant energy user within a biomedical production environment was identified and its
energy consumption behaviour was modified for a defined manufacturing state.

Chapter 5 provides a more detailed application of the methodology in terms of considering a
significant energy user within a semiconductor production environment and the impact to
prioritised operational metrics by four energy efficient states identified through the research
completed. The application and potential limitations to the production environment of these
states are also explored.

Chapter 6 provides a summary of the work completed in terms of the application of the
methodology, the significance of production systems in the environments studied and the
need to consider both the risk of implementation and cost implications when researching
energy improvements. An outline of future work which could be undertaken as a result of the
research outlined is also presented.

1.1 The need for energy and resource characterisation of manufacturing
process chains

Industry continues to contribute significantly towards the total value add of the OECD
economies, accounting for an average 20.6% of GDP in terms of production and income
within these economies [1]. A consequence of this level of industrial activity is a large
environmental burden. Within the European Union, industrial CO, emissions as a direct
consequence of this activity accounts for 22.3% of the regions emissions [2]. Due to this
awareness, the industrial impact on the environment is increasingly being critically
considered within manufacturing as part of the industrial sector. Manufacturing industry
directly emits CO, through the combustion of fossil fuels within their factory environments
and indirectly through the consumption of electricity. Figure 1.1 highlights this in terms of
category, final energy consumption by industry within the EU-27 [3] and EU industrial final
energy demand predictions for 2030 and beyond [4].



Derived Heat Industrial final energy demand
Renewables 5% 340
6%

Figure 1.1 — EU-27 Final energy consumption in industry (Mtoe) [3] and projections [4]

It can be seen from this data that the anticipated increased demand over the next 20 years
for energy within the industrial sector. This will necessitate a continued focus on
characterisation and understanding of all aspects of energy use within industrial

environments with a view to ensuring efficient usage.

1.2 Inventory analysis

Life cycle analysis as a method for characterising and understanding the environmental
impact of a material, product or service throughout its entire life cycle has been significant in
terms of setting direction for more sustainable manufacturing practices [5]. These directions
include an increased focus on life cycle design in terms of environmental considerations [6]
and the development of a more holistic understanding to the overall cost of products
throughout their life cycles [5]. Both industry and practitioners now have a range of
methodologies to support impact assessments of products [7]. This ongoing impactful
academic support has led to the adoption of LCA as a standard by the International
Organisation for Standardisation [8].

Despite the extensive work ongoing in the field of life cycle analysis, there are varying
degrees of implementation of life cycle approaches at a tactical level within manufacturing
facilities. Kellens et al [9] presented a methodology, with industry application to machine tool

use phase in manufacturing unit processes within the boundaries shown in Figure 1.2 to



address this gap. This has the potential to improve life cycle inventory understanding for unit

processes.
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Figure 1.2 — System boundaries of a unit process [10]

It can be seen from this figure that there are many inputs into this system, specifically when
considering the unit process from both energy and resource input point of view. This
highlights a high degree of complexity which must be faced in terms of characterisation of

unit processes.

1.3 Trends and initiatives

It is notable in the last 5 years through initiatives such as CO,PE [10] and the CIRP
collaborative working group on Energy and Resource Efficiency and Effectiveness [11] that
tangible examples of life cycle approaches are being published further indicating the interest
of companies in this field.

The control and improvement of cost performance such as energy and resource
consumption is a key strategy, which companies focus on in order to deliver ongoing
improved competitiveness [12, 13]. This is particularly challenging for manufacturing based
companies who are adding manufacturing capability to legacy sites within their
manufacturing network. Consequentially, many companies choose a strategy of early design
adoption when possible and upgrading improvements to deliver efficiencies in these legacy
industrial sites [14].

Historically within manufacturing organisations, energy and facility managers have been

targeted to facilitate energy reductions in building environments [15] challenging both the



role itself and management commitment. As consumer products have become more
complex, production line complexity has increased as a result. This complexity has resulted
in manufacturing process chains and equipment which demand more energy and resource

categories [16] such as power, water, natural gas and industrial gases which is reflected in
Figure 1.3.

Process
_Other
o
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Boiler
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Process
Cooling

T%
" Process

Chem
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Figure 1.3 — Manufacturing end-use energy and resource categories breakdown of electric consumption [17]

This can result in manufacturing process chains and equipment within a modern factory
consuming up to 50% of a factory’s energy bill [18]. As a consequence, this highlights the
need for further characterisation of energy use within factory settings to increase the
understanding of performance and improvement identification. Figure 1.4 illustrates from a
national perspective, current energy use within the Irish industrial network [19].

3% 1% 4% ® HVAC

3% 1%

® Unaccounted for Non Thermal
21%

w Refridgeration

19%

M Lighting

27%
1% ® Non Thermal Industry
17% ’ Processing

m Compressed Air

Figure 1.4 — Break out of energy usage categories within industrial network adapted from the SEAI [19]



It can be seen from the figure that the evidence base is generally at a macro level initially
when life cycle, energy and resource metrics are examined. Leading authors in the field such
as Duflou et al [12], Hermann et al [20], Selinger [21] and Kara [22] promote the examination
of all levels of the manufacturing system including unit process, multimachine systems,
facility level, multifactory networks and the global supply chain [23]. More recently however
the leaders in this field are recognising that there is merit in developing methodologies for
the characterisation of manufacturing process chains at an in-depth level in order to
determine the energy input for units produced. This will empower and facilitate change at a

more local level within a manufacturing enterprise [12].

1.4 Research objectives

This research is concerned with characterising energy consumption, related risk and cost

benefit opportunities in manufacturing process chains within legacy factories involved in

discrete manufacturing. Two aspects were investigated, first is the development of a

methodology to enable a structured examination of energy and resource consumption in a

factory, and secondly the quantification of energy saving opportunity, risk and cost benefit.

The aims of this research are:

e To develop a structured methodology to gather the appropriate data in order to correlate
energy saving opportunity, risk and cost benefit.

e To characterise the impact of manufacturing process equipments operational behaviour
on energy consumption.

e To examine risk factors including appropriate consideration of human factors and to
develop risk models.

e To develop cost benefit models using risk and energy saving data.

The manufacturing environments which are investigated within this research to support
these aims are based in the Information and Communication Technology (ICT) sector,
specifically semiconductor manufacturing and the medical device sector, specifically
orthopaedic implant manufacturing which utilise manufacturing chains which consist of
discrete part manufacturing. This characterisation of energy will allow both productive and
non productive manufacturing states to be understood in terms of targeted discrete
equipment’s energy consumption, optimisation of energy consumption and an
implementation process to allow optimisation.

The second major component of the research will involve an investigation of the factors

which can affect decision making in terms of implementing energy optimisation solutions



identified using the methodology developed in manufacturing process chains. In this regard,
risk information is collated, examined and assessed, and correlated with cost benefit
elements that also inform decision making. The methodology proposed provides a structure

for the examination of energy saving in operational discrete manufacturing enterprises.






2 Literature review

The field of energy research is extensive and has resulted in many valuable contributions
from a range of sources. The purpose of this chapter was to review contributions from both
the academic and industrial communities which have improved the understanding of
sustainable manufacturing. Themes explored include production system energy
consumption, energy focus within industrial environments and the application of
methodologies such as lean and life cycle analysis. A review of how human factor
experience can be leveraged to improve organisational performance is also considered and
how a structured problem solving approach such as an analytical hierarchy process can be
used to breakdown problem statements into a range of criteria which can lead to alternative
solutions. Through this review a perspective is gained into how the development of a
methodology which characterises risk and impact in terms of energy optimisation in

production systems was realised.

2.1 The need for sustainability

The impact (/) of human activity on the environment can be described in terms of population
(P), affluence (A) or average consumption of each person and technology (7) or how
resource intensive the production of affluence for example goods and services [24] as shown

in equation 1:

I=P AT (1)

There has been a historical viewpoint that if population and industrial expansion continue
their exponential growth trends in light of a world with finite natural resources, economic
expansion and prosperity will slow [25]. As manufacturing also uses natural resources, this
poses a challenge to manufacturing based industries, in terms of limiting capacity to
manufacture products. This viewpoint is still believed to be valid despite the predictions
originally expressed of slower growth not being realised exactly as expected [26]. Even if an
improved understanding of the variables which consume natural resources takes place, the
fact remains, in terms of the world population, there will be a 25% increase over the next 40

years as shown in Figure 2.1.
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Figure 2.1 — Population of the World, 1950-2050, according to different projections [27]

With this increased population and affluence, there will be an anticipated increased demand
for energy in the order of 40% as shown in Figure 2.2 [28, 29]. This increase will be primarily
driven by non-OECD consumption with only marginal increased demand by OECD countries
expected. This highlights the differences between saturated markets and growing markets
and shows in a very stark way the urgency required to develop and proliferate
environmentally benign power generation technologies as well as energy efficient
consumption technologies which can influence T in equation 1. Production and consumption
of products may follow a similar trend, as a result ‘there may be a growing volume of
industrial manufactured products and the consumption of natural resources as well as
environmental impacts’, as stated by Westkamper et al [30]. This is because it is widely
anticipated that the growing world population will fuel a growing middle class consumer
market [31].
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Figure 2.2 — BP Energy Outlook 2030 [28]

As world energy generation is heavily dependent on fossil fuel supply, this will have a knock

on effect to emissions: in particular green house gas emissions as shown in Figure 2.3.
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Figure 2.3 — Global CO; from energy use and ‘450 Scenario’ [28]



From an environmental impact point of view this is challenging in that under both the Kyoto
Protocol [32] and the ‘450 Scenario’ [33] binding emissions targets are being enforced which
incur penalties if breached.

From a business perspective, since energy supply is heavily fossil fuel dependant, the
pricing of the raw materials used to generate energy for example coal, oil and natural gas
also have a direct impact on business performance with high prices impacting industry
competitiveness [34]. It is this high price scenario which the world currently finds itself in and

expects to be in going forward, as shown in figure 2.4.
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Figure 2.4 — Historical Crude Oil Prices ($/Barrel) [34]

These concerns do not change when looked at from either a regional or an individual country
perspective within the OECD. Taking Ireland as an example, recent government based
analysis have highlighted similar challenges from an energy perspective for the Irish
economy in terms of energy outlook and emissions challenges [35]. However, in an lIrish
context, this translates into a more challenging business environment in terms of energy
pricing compared to the EU average, as shown in figure 2.5. This is primarily due to the

heavy dependency on external supply.
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Fig. 2.5 - Comparison of historical Industrial kWh pricing for Ireland vs. EU 27 [36]

It does highlight for economies such as lIreland that in this ‘high oil price’ business
environment any energy efficiencies or energy efficient technology installation that can be
achieved will have a quicker return on investment, as highlighted by the analysis undertaken
by McKinsey & Co for the Sustainable Energy Authority of Ireland [37]. This supports the
view that ‘energy use and output are tightly coupled with energy availability playing a key
role in enabling growth’ as proposed by Stern [38]. This has implications not only for small
economies such as Ireland but also larger economies such as China [39] in terms of energy
being a limiting factor to output growth.

As a result, from an industrial perspective, both globally and within regional economies
companies which optimise natural resource use in line with the Brundtland commission’s
definition of sustainable development, to ‘meet the needs of the present without
compromising the ability of future generations to meet their own needs’ [40] will move to a
more sustainable manufacturing footing. This is favourable from an environmental and
competitive perspective as it can only enhance competitiveness through manufacturing more
energy efficiently.

This has been a motivational factor in the development of product life cycle knowledge and
how design can be used to reduce the environmental impact of products [41, 42]. It has been
developed beyond just design, to the entire life cycle, from production to distribution to usage
and ultimately disposal [43]. This approach advocates a better use of life cycle knowledge to
support a movement away from a limitless mass production and consequently mass waste
settings to one where production volumes can be reduced and compensated for by

enhanced quality, longer product lifetime and reuse options [44]. This development
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highlights the benefits associated with a more integrated approach which includes life cycle
planning as part of the process in developing more sustainable practices [45] among

manufacturing firms.

2.2 Sustainable manufacturing

A competitive and more sustainable manufacturing capability within organisations can
facilitate improvements to the environmental impact of industry. As proposed by Jovane et al
[46] where he argues that industry needs to focus on improving the competitive advantages
of products by using knowledge based improvements to product sustainability. The
challenge of delivering new, more sustainable service delivery or manufacturing
performance requires not only a deep understanding of product life cycle analysis to set
direction but also adaptable and learning factories [47] which are capable of continuous
improvement.

The monitoring and control of factories through measurement and the deveiopment of more
integrated metrics, in particular cost which energy is currently factored into by organisations
is becoming more prevalent [48] as industries strive to understand new opportunities for
improvement. Improvement should be seen as a key indicator which reflects a factory or
organisations ability to evolve and innovate as suggested by Boer et al [49]. Facilitating this
improvement in monitoring and innovation, automation is seen as a key driver in developing
a competitive and sustainable manufacturing industry [50]. It is with an increased integration
of automation and control in manufacturing that products manufactured can incorporate
increasing complexity in line with customer expectations. Within the healthcare industry [51],
this has been supported through adaptable and intelligent factory settings. It is through this
recognition of the need to adapt that flexibility and changeability will be delivered within all
types of manufacturing organisations [52].

Through this automated approach, an overall infrastructure can be developed to monitor and
ultimately model energy performance within factory settings for example energy flows.
Current energy management tools provide a high level overview of energy consumption
within manufacturing systems which present challenges to breakdown energy consumption
among process, workstations and production zone settings [53]. This is particularly true with
respect to legacy factories as highlighted by Aughney et al [54]. If energy monitoring is not
considered at the initial stages of design, the level of automation required is generally not in
place and must be retrospectively installed. This can be cost prohibitive or at the very least
an infrastructural challenge. This reflects historical factory facility priorities being placed on

improving service, building extra manufacturing capacity for operations and increasing

14



output performance rather than focusing on energy efficiencies [55]. A consequence of this
approach is factories can often be oversized and consume significantly more energy than
required. Figure 2.6 highlights an example of where over sizing can occur where 12 ISO
class 5 clean rooms were audited for clean room air change rates. The variation in air
change rates for the same cleanliness level highlights the optimisation opportunity available

on many energy intensive factory parameters in spite of conventiona! wisdom.
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Figure 2.6 — Air rate variation for the same cleanliness specification [55]

Consequentially, early consideration of energy monitoring even at a high level, can lead to
significant economic impacts on building and facility management. This can be reflected in
terms of cost improvements such as economic optimisation, energy reduction through fuel
optimisation and reduced environmental impact through pollutant optimisation improvements
[56] as suggested by Andreassi et al.

This work to improve the understanding of energy consumption within factory settings should
be facilitated as it enhances an overall understanding of life cycle management. In particular
life cycle costing would benefit as a more thorough understanding of the real cost of
manufacturing and would enhance the overall understanding of the impact of manufacturing
within the life cycle. This view has been highlighted by Westkamper et al [30], as shown in
Figure 2.7 who argues for more cost characterisation beyond the concept and design stages
of Life Cycle Management (LCM). As energy and resource input into manufacturing is
significant this increased focus will allow a more detailed understanding of the true cost of

products, from concept to reuse.
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Figure 2.7 — Where further costing analysis is needed within life cycle costings adopted from Westkamper et al
(30]

This would compliment work already being undertaken to understand the embodied energy
of products throughout their lifecycle. Simulation work to model all relevant energy flows of
factories to identify and select improvement measures for example batching, supply chain
optimisation or energy delivery has been demonstrated by Herrmann et al [57]. An additional
impact of using simulation for design improvements has been to develop an integrated
approach linking building design and sustainable processes to ensure optimisation at the
earliest opportunity as shown by Levers et al [58]. A further benefit of this approach is to
understand the effects of globalisation. It has shown how manufacturing location and
associated logistics can significantly impact a products embodied energy [59]. For a modern
economy such as Britain’s, imports have effectively doubled its carbon foot print from 11
tCO, to 21 tCO, per person highlighting the impact of manufacturing location [60]. This
supports the concerns highlighted by |.T. Herrmann et al [61] that there can be a 10 fold
difference between embedded and avoided emissions depending of the region used to
manufacture compared to the region the product is sold. Through this understanding,
indicators can be developed which identify environmental performance indicators for all the
stages within a products lifecycle [62] and as a result, identify critical design parameters

which can lead to an improvement in or the identification of optimal lifetime [63] of products.



2.3 Sustainability in discrete manufacturing process chains

Over the lifetime of a piece of discrete manufacturing equipment, the capital cost is generally
less than 20% of its total cost of operation with the majority of the cost being maintenance
and energy consumption. Simulation work completed by Herrmann et al [20] has highlighted
the influence of production management on energy consumption. These points highlight an
evolving realisation that within factory settings: the production discipline within these factory
settings can have a significant influence on overall energy consumption. This conclusion is in
broad agreement with subsequent work completed by Herrmann et al [64] in highlighting the
‘significant influence on costs within the use phase depending on the use pattern’ in terms of
reliability and energy consumption within factories. Reflecting a business need to gain
maximum benefit from an asset base to offset against fixed costs. This highlights an
opportunity to research factory energy consumption in a greater level of detail than is
normally considered. A further reinforcement of this position has been made by Duflou et al
[65] who postulated ‘compared to the material consumption, the energy and resource
consumption and related environmental impact, of the manufacturing stage of products is not
negligible as often assumed in LCA studies’. Despiesse et al [66] further support this view of
understanding in more detail the impact of manufacturing. He suggests by ‘focusing on the
factory, it is necessary to capture the energy and material networks that link the
manufacturing systems components, namely production, facility and production systems’.
This reflects an ongoing need for further comprehension of the manufacturing impact on
sustainable manufacturing.

The challenge in understanding manufacturing energy and resource consumption
performance at a deeper level requires an ability to understand production equipment. This
is supported by Herrmann et al [67] who have argued for a deeper understanding of single
processes and interdependencies within process chains to support prediction of
consumption patterns. Energy consumption within manufacturing process chains requires a
deep understanding of individual equipment configurations. In particular overall system and
internal system component function as well as other potential influences such as
environmental conditions like temperature, supply voltage and current or humidity [68] and
how it is utilised within the targeted equipment. It is a requirement for users to understand
possible optimisation measures, opportunities to influence user behaviour or equipment
modifications. All of these considerations will support identifying an optimal energy profile
while allowing a production machine to perform its primary function. The goal is to ensure
functionality with optimal energy consumption. This approach is of fundamental importance
because energy is only one consideration within a production environment, as shown in
Figure 2.8.
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Figure 2.8 — Energy optimisation and other operational metrics, adopted from Bardouille et al [69]

There is evidence that a more detailed understanding of how energy is consumed in
production equipment performance is taking place, most notably through modes of operation
for example running, idle, productive and non-productive states as highlighted by Devoldere
et al [70]. This work has highlighted the potential for energy consumption reduction for non-
production modes. It is noted that there can exist a relatively small difference observed in
energy consumption between productive or value added states and non productive or non-
value added manufacturing states in discrete production equipment. The relevance and
opportunity of this approach to manufacturing based companies has been highlighted by
Gutowski et al [16], as shown in figure 2.9. This correlation not only shows the electricity
consumption needs by different industry equipment types but also highlights a challenge to
manufacturing based industries in terms of product complexity. Gutowski’'s contribution has
highlighted a potential link between product complexity and higher energy consumption
within manufacturing production equipment within these environments. This can potentially
impact on business cost performance depending on the product portfolio being developed

due to the energy inputs required for manufacturing facilities.
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Figure 2.9 — Electricity consumption for various manufacturing processes as a function of process rate adopted
from Gutowski et al [16]

2.4 Industry sectors and energy focus

It can be seen from figure 2.9 that a significant number of the individual production systems
sampled for the Gutowski study were in the semiconductor industry. The semiconductor
fabrication process can account for up to 80% of the CO, emissions related to the supply
chain and production of a chip [71]. This highlights where significant opportunity for potential
energy efficiency improvements may lie. It also reflects a growing trend in product
complexity which has led to a 47% increase in electricity use in the semiconductor industry
in the United States alone [72] from 8.37 billion kWh in 1995 to 12.31 billion kWh in 2005.
The International SEMATECH Manufacturing Initiative (ISMI) [73] has been a key driver for
the industry to understand its contribution to climate change and take proactive measures to
reduce its overall production costs through leading industry wide activities. Part of this
program has focused on understanding energy consumption in semiconductor facilities, as
shown in Figure 2.10. The organisation has driven the development of standards in energy
data collection [74, 75]. This has resulted in the industry accepted standard SEMI S23 being

adopted by both semiconductor manufacturers and Original Equipment Manufacturers
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(OEM). This standard supports overall energy conservation within semiconductor
manufacturing through guidelines on how to approach measurement, continuous
improvement and awareness of energy for SEMATECH members [76, 77]. The organisation
advocates and supports energy use characterisation within member companies to identify
appropriate utility reduction projects across all utilities consumed within the industry, through
characterisation of both utility consumption at production level such as ultra-pure water,

power, gas and equipment utilisation levels for example running and idle states [78-85].
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Figure 2.10 — Energy use by system based on fab wide characterisation studies in 1997 and 2007 [86]

The significance of process equipment utility consumption becomes apparent in that energy
consumption can vary from 40% to 50% of the total power used by an IC manufacturing
fabrication facility. This has led to process equipment energy consumption studies to
determine power allocations on a process tool and process tool component level, as shown
in figure 2.11. This has shown that up to 70% to 90% of equipment power is used for heating
and vacuum pumps, depending on the application. It was observed that consumption levels
did not significantly change during idle and processing operating modes. Although this has
driven equipment suppliers to investigate reductions in energy consumption during idle

states, it has been limited due to the potential process and production impact concerns.
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Figure 2.11 — Process equipment energy use at a component level [86]

This is leading to the development of environmentally benign manufacturing strategies,
particularly in both Japan and Europe [87]. This view point is allowing companies to highlight
the environmental advantages of their products and processes, allowing them to potentially
enhance their competitive position within the market through highlighting how the energy
characterisation of their business operations is allowing them to reduce the impact of their

businesses.

2.5 Lean methods

The application of lean methodologies to support this understanding is also becoming
evident. Historically, these methodologies have been used extensively within industries to
improve productivity and supply chain logistics. Their widespread use within industry reflects
their applicability to many types of problems: optimal sizing of systems with respect to the
customer [88], the impact of value stream mapping in understanding value in terms of the
customer [89] and Toyota’s ‘Just in Time’ concept of delivering exactly what the production
line needs when it is needed [90]. Building on these methods, energy value stream mapping
has facilitated measurement and reduction of CO, emissions in manufacturing [91] with
energy orientated simulation being applied to understand application opportunities [57]. This
has allowed characterision of manufacturing operations with the view to reducing energy
consumption within their manufacturing process chains. An example of energy
measurements for machining operations is shown in figure 2.12. This highlights, as shown

with the previous semiconductor example, the significant use of energy when the machine is
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idling. It also highlights the relatively small percentage difference that can potentially exist

between a running and idle state on production equipment.

No. of vehicles prodnoed t:"')

Figure 2.12 — Energy use for machining [16]

There have been ongoing efforts at government department level to encourage the
proliferation of lean techniques to improve energy efficiencies within industrial settings [92].
Within these programs, the workforce is encouraged to put an energy perspective on lean
categories [93] using techniques such as kanban implementation and Value Stream
Mapping (VSM). Both of which are proven tools used to enhance both Overall Equipment
Effectiveness (OEE) and supply chain management. This approach can be used in support
of identifying significant energy users in ISO 16001/50001 preparation work and factory
based energy efficiency programs [94, 95]. The intent of industry practitioners using a lean
methodology is to actively engage their workforce in identifying waste opportunities and
solutions and ensuring participation as highlighted in figure 2.13. The utilisation of lean
methodologies has also been demonstrated in monitoring overall factory level energy
performance and identifying non-value added activities. This has been highlighted by
Kissock et al who demonstrated using a lean energy analysis methodology to statistically
analyse plant energy data can highlight improvement opportunities of up to 11% [96]. With
the lean appro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>