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Introduction to Energy Efficient 
Manufacturing

Barbara S. Linke1* and John W. Sutherland2*

1Department of Mechanical and Aerospace Engineering 

University of California, Davis, USA
2Environmental and Ecological Engineering, Purdue 

University, West Lafayette, Indiana, USA

Abstract
Over the last decade, manufacturers around the world have expressed increasing 

interest in reducing their energy consumption. It appears that there are at least 

two principal motivations for this interest: i) the emergence of policies and legisla-

tion related to carbon emissions due to energy generation, and ii) the rising cost 

of energy relative to other production costs. Thus, manufacturers have begun to 

search for opportunities to reduce their energy usage.

A recent study by Johnson Controls shows that the demand for facility proj-

ects that promote and introduce renewable energy have dramatically increased 

over the last ten years [1]. Cost reduction remains the primary driver, but energy 

security, customer and employee attraction, greenhouse gas reduction, enhanced 

reputation, government policy, and investor expectations are increasingly impor-

tant for investment in renewable energy [1].

In this book, the authors explore a variety of opportunities to reduce the energy 

footprint of manufacturing; these opportunities cover the entire spatial scale of the 

manufacturing enterprise: from unit process-oriented approaches to enterprise-

level strategies. Each chapter examines some aspect of this spatial scale, and dis-

cusses and describes the opportunities that exist at each point on the scale. Each 

chapter uses one or more case studies to demonstrate how the opportunity may be 

acted on. Our goal is to inform students, practicing engineers, and business lead-

ers of energy reduction approaches that exist across the manufacturing enterprise 

and provide some guidance on how to respond to these opportunities.

*Corresponding authors: bslinke@ucdavis.edu; jwsuther@purdue.edu
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Keywords: Introduction, energy consumption, energy efficiency, overview

1.1 Energy Use Implications

Energy is defined as the ability to do work. It can be neither created nor 
destroyed but can be changed from one form to another (First Law of 
Thermodynamics). The different forms of energy include kinetic, poten-
tial, heat, electric, light, chemical and nuclear. The different forms have 
different relevance in our daily life. The different forms of energy are such 
so that some conversions from one form to another are easier than oth-
ers (e.g., chemical energy in oil is readily converted into heat and light 
through combustion, but it is difficult to convert electricity into nuclear 
energy, for example with particle accelerators) [2].

Worldwide we use about 500 EJ of energy per year [3]. Although energy 
cannot be destroyed, the useful energy decreases in most systems. In addi-
tion, theory-based energy requirements often significantly underestimate 
actual energy requirements. For example, reduction of iron oxide to iron 
theoretically requires 7.35 MJ/kg of energy, but generally consumes 20 MJ/
kg in industrial practice [2]. Theoretical energy and the actual energy con-
sumed by industry differ because of energy losses at various steps in every 
process. A recent DOE bandwidth study estimated the potential energy 
savings opportunities for the U.S. Iron and Steel Manufacturing Sector as 
240 TBtu (or 256 PJ) [4]. These savings could occur if the best technolo-
gies and practices available today were used to upgrade production. The 
savings would be 39% of the thermodynamic minimum or the minimum 
amount of energy theoretically required for these processes assuming ideal 
conditions.

Energy use may be attributed to four principal end-uses: transportation, 
residential, commercial, and industrial consumption, with each end-use 
roughly representing one-quarter of the total U.S. consumption (please 
refer to Figure 1.1). Manufacturing accounts for about 90% of industrial 
energy consumption and 84% of energy-related CO

2
 emissions (construc-

tion, mining, and agricultural activities account for the remaining industry 
sector contributions).

Manufacturing sector activities generate carbon dioxide and other 
greenhouse gas (GHG) emissions directly through onsite energy con-
sumption (onsite generation and process energy), as well as indirectly 
through energy consumption to support non-process operations (e.g., 
facility HVAC – Heating, Ventilation and Air Conditioning, lighting, and 
onsite transportation). On a global scale, industry accounts for 21% of the 
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total emissions generated [6]. Climate scientists report that these emis-
sions upset the natural carbon balance of earth’s systems [7]. As actions 
are demanded to reduce GHG, it should be noted that such emissions 
are largely proportional to energy consumption. Further, environmental 
impacts from electricity generation and transmission include the physical 
footprint of the power plant, carbon dioxide and monoxide, sulfur diox-
ide, nitrogen oxides, particulate matter, heavy metals, and liquid and solid 
wastes.

1.2 Drivers and Solutions for Energy Efficiency

Around the globe industry is facing pressure from governments in the form 
of regulations, penalties, or tax benefits to reduce GHG emissions. For 
example, the Global Warming Solutions Act of 2006 (AB32) is a California 
State Law to reduce GHG emissions throughout California by 2020 [8]. It 
applies to 6 GHG contributors: CO

2
, CH

4
, NO

x
, hydrofluorocarbons, per-

fluorocarbons, and SF
6
. The European Union Emissions Trading System 

(EU ETS) has set a cap on GHG emissions and allows trading of ‘allow-
ances’ [9].

Energy prices are increasing (Figure 1.2) and using energy more effi-
ciently is therefore in the best interest of companies and part of their con-
tinuous improvement efforts. Furthermore, depending upon an acquired 
resource always involves a financial risk. This includes electricity, gasoline, 
and natural gas. Electricity at peak hours of demand costs more than at 
off-peak times. In addition, companies pay a cost penalty for low power 

Figure 1.1 Energy consumption in the USA by sector [5].

199019801970
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Total energy consumed by the commercial sector
Total energy consumed by the industrial sector
Total energy consumed by the transportation sector
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factors. The power factor describes the ratio between real power (“con-
sumed” power that does useful work) and apparent power (includes added 
load from capacitors or inductors) in an AC electrical circuit. Since power 
plants have to generate enough electricity to satisfy the apparent power, 
industrial consumers must pay additional costs for low power factors.

In addition to pressure from governmental regulations and energy 
prices, companies are always striving to increase their competitiveness and 
enhance their market share. Growing pressure from society, consumers, 
and customers to become greener and more environmentally-friendly also 
drives manufacturers to reduce energy usage.

The U.S. Department of Energy has initiated many initiatives to help 
American companies become leaders in the use and production of clean 
energy technologies like electric vehicles, LED bulbs, and solar panels and 
to increase their energy productivity (output per unit of energy input) by 
implementing energy efficiency measures. Manufacturing data is key to 
achieving higher energy efficiency. For example, smart manufacturing, 
which is receiving increasing attention, seeks to use data from ubiqui-
tous sensors across the manufacturing enterprise to increase throughput, 
improve quality, and reduce environmental impacts.

Dornfeld and Wright suggested that rather than implementing one 
solution, that “technology wedges” should be adopted to offer a bet-
ter framework for addressing the manufacturing energy challenge [10]. 
“Technology wedges” are the manufacturing equivalent of the “stabiliza-
tion wedges” concept introduced by Pacala and Socolow [11]. Stabilization 

Figure 1.2 Average retail prices of electricity [5].
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wedges can reduce GHG through efficient cars, efficient buildings, wind 
power instead of coal power, reinventing land use rather than deforest-
ing, etc. – in short, employing alternative technologies to reduce fossil 
fuel consumption through demand-side (consumptive) technology and 
supply-side (generative) technology changes. Both concepts highlight the 
gap between the current trends in consumption rate with respect to fossil 
fuel consumption/emission and movement towards a sustainable rate with 
respect to the atmosphere`s capability to accommodate emissions [10]. 
Instead of seeking a single solution to fill this gap, smaller wedges, such 
as simpler, single technologies should be introduced to reduce consump-
tion rates. Manufacturing engineers have the power to embed technology 
wedges in their processes, manufacturing equipment, factories, business 
operations, and supply chains. This book explores some technology wedges 
for energy reduction.

Overview of the Book Contents

This book presents a variety of opportunities to reduce the energy foot-
print of manufacturing, mainly for discrete product manufacturing. These 
opportunities cover the entire spatial scale of the manufacturing enter-
prise: from unit process-oriented approaches to enterprise-level strategies. 
Each chapter examines some aspect of this spatial scale, and discusses and 
describes the opportunities that exist at that level (Figure 1.3). The book is 
therefore divided into three sections:

Section I. Manufacturing Processes 
In order to identify, analyze, and improve energy efficiencies, an enterprise 
must have a clear understanding of the performance of its manufacturing 
processes and the effect of process parameters on the energy consump-
tion of unit processes. The primary focus of this section is therefore on the 
energy consumed by unit processes, explained by the physical principles 
associated with each process. Each chapter in this section will describe the 
physics of the manufacturing process and how energy is utilized, discuss 
energy reduction opportunities, and present a case study.

Chapter 2 lays the ground work for explaining the terminology for this 
book, in particular power, energy, and work. The energy for a unit man-
ufacturing process is classified into four parts: processing, machine tool, 
process peripherals, and background. Processing energy can be modeled 
using a first principles approach, which will be demonstrated with exam-
ples from forging, orthogonal cutting, and grinding. 
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Chapter 3 focuses on raw material processing, which remains one of the 
most energy intensive phases in the product life cycle. This chapter pro-
vides an overview of the steel, aluminum, titanium, and polymer industries 
and describes the related materials processing technologies.

Chapter 4 discusses deformation processes, in particular the general 
concept, geometric accuracy, surface finish, formability prediction, and 
energy consumption of incremental forming in comparison with conven-
tional forming. Surface texturing is introduced as a strategy to save energy 
by reducing friction at moving interfaces.

Chapter 5 reviews machining processes and the energy for machine 
tools and machining lines, discusses how energy depends on the material 
removal rate, and gives strategies for process optimization with regard to 
energy consumption. A detailed case study illustrates the optimization for 
minimal energy consumption in a turning process. Further studies address 
power consumption in turning, milling, drilling and grinding processes. 

Chapter 6 concentrates on nontraditional machining processes, in par-
ticular electro-discharge machining (EDM), electrochemical machining 
(ECM), electrochemical discharge machining (ECDM), and electrochemi-
cal grinding (ECG). The electrical energy requirements herein are of sig-
nificant importance as electrical energy is controlling the material removal 
in these processes.

I

Unit processes

II

Factory and equipment

Supply chain

Customer

III

Strategy, business, regulations

Figure 1.3 Structure of the book.
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Chapter 7 describes the principles and energy requirements for many of the 
most important surface treatment and coating processes. The surface treat-
ment processes include hardening and heat treatment with furnaces, as well 
as laser and electron beam operations. Coating principles are discussed for 
thermal spraying, hard facing, physical and chemical vapor deposition, as well 
as certain electroplating operations. In addition, texturing with energy beams 
and through surface replication and machining are introduced, as are the 
stress-inducing operations of peening, burnishing, and explosive hardening.

Chapter 8 focuses on joining processes, which play a prominent role 
in manufacturing since almost all products are fabricated from mul-
tiple parts. Fusion welding processes, solid state welding, chemical join-
ing, and mechanical joining methods are discussed. For the equipment 
and processes, models for energy efficiency and example data are given. 
Furthermore, the efficiency of joining facilities such as welding shops is 
analyzed and applied to case studies. 

Section II. Manufacturing Systems and Enterprises 
Careful consideration must be given not only to the energy consumed by 
manufacturing operations but also to the energy consumed by the aux-
iliary equipment of a manufacturing system as well as the other system 
elements that may influence the technical and economic performance of 
the system. The focus of this section is on reducing energy consumption 
at the facilities level, and improving the collective energy efficiency of the 
equipment in a facility.

Chapter 9 characterizes the energy consumption of production equip-
ment. For this, power measurement is described, followed by the power 
breakdown of common manufacturing equipment. A life cycle energy 
analysis of equipment with the example of two milling machines is pre-
sented. Multiple energy reduction strategies and their additional life cycle 
impacts are discussed.

Chapter 10 introduces assembly processes and methods and their 
energy consumption. Energy consumption analyses have the potential to 
influence assembly workstation design, material handling, and part loca-
tion, as well as upstream fastener design or selection decisions. 

Chapter 11 investigates supporting facilities such as lighting, HVAC, 
compressed air, pumps, process heating, cooling, and cleaning with regard 
to their electricity use and energy efficiency. Several strategies for indus-
trial lighting are presented including more efficient lamp technologies, 
occupancy sensors, and reduced lighting levels. Furthermore, strategies for 
higher efficiency HVAC and air compressors are introduced, followed by 
energy management benefits and approaches. 
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Chapter 12 focuses on process planning, which determines the specific 
and sequence of manufacturing operations needed to produce a given 
part with the design specifications. The basic concepts and procedures of 
process planning and an energy efficient approach are introduced that is 
based on energy and carbon footprint models, feature-based technology, 
and genetic algorithms. For a case study, the energy efficient process plan 
is compared with a cost-driven process plan.

Chapter 13 explores scheduling, the act of allocating limited resources 
to tasks over time. Traditionally, scheduling is addressed with time-based 
objectives, such as minimizing the total waiting time. This chapter presents 
an approach that also addresses energy. The mathematics are explained 
and optimization models demonstrated.

Section III. Beyond the Factory
Manufacturing is often considered to consist of the processes and sys-
tems used to produce products. Other business organizational elements 
can, however, either impede or promote efforts directed at reducing the 
energy consumption of manufacturing, and more generally, the energy 
consumed by the enterprise and society. With this in mind, this section 
examines a variety of system-oriented opportunities for reducing energy 
consumption.

In Chapter 14, supply chain management is used to explore energy con-
sumption along the supply chain. The supply chain can be described as the 
network of companies working together to provide goods or services to 
an end-use customer. The supply chain structure in horizontal and verti-
cal dimensions, business relationships, and main activities (customer and 
supplier relationship management, customer service management, order 
fulfillment, etc.) are explored with regard to energy use.

Drivers and barriers for companies for implementing energy efficient 
projects are tackled in Chapter 15. They provide the reference for a pro-
posed framework for project selection. Different efficiency opportunities 
ranging from lighting, efficient HVAC systems, improved motor systems, 
and building envelope projects are presented. 

Chapter 16 explores the imperatives of efficiency (doing things right) 
and effectiveness (doing the right thing) with regard to energy. The strat-
egies for higher energy efficiency explained in this book often have well 
delineated objectives. Energy effectiveness, however, depends highly 
on the decision-maker’s viewpoint. One strategy for considering both 
imperatives is to constantly pursue energy efficiency improvements, and 
to periodically adopt a course correction with energy effectiveness in 
mind. 
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Operation Planning & Monitoring
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Abstract
Manufacturing industry is energy intensive. Due to the increasing energy cost 

and upcoming energy and environmental regulations, manufacturing faces the 

challenge of improving energy efficiency. This chapter gives an overall review 

of energy consumption in various manufacturing processes. The basic concepts 

of power, energy, and work are introduced. The scope and boundary of energy 

accounting are also discussed. The energy for a unit manufacturing process is clas-

sified into four parts: processing energy, machine tool energy, process periphery 

energy, and background energy. Case studies on processing energy modeling in 

forging, orthogonal cutting, grinding has been provided. The relationship between 

specific energy and material removal rate has been investigated. In addition, the 

measurement of power and energy consumption in manufacturing is discussed. 

Furthermore, possible energy reduction strategies are discussed.

Keywords: Manufacturing, energy consumption, energy efficiency, sustainability

2.1 Unit Manufacturing Processes

Manufacturing involves the controlled application of energy to convert 
raw materials into finished products with defined shape, structure, and 
properties that satisfy given functions. The energy applied during process-
ing may be mechanical, thermal, electrical, or chemical in nature. Usually 
manufacturing entails a process chain through the sequencing of different 
processes. The terminology “process” is equivalent to “operation.” They are 

Corresponding author: Yguo@eng.ua.edu



12 Energy Efficient Manufacturing

the individual steps required to produce finished goods by transforming 
raw material and adding value to the workpiece as it becomes a finished 
product. Each individual process is known as a “unit operation/process.” 
These unit processes can be considered as the fundamental building blocks 
of a nation’s manufacturing capability. For example, a modern process 
chain to manufacture bearings is shown in Figure 2.1. The individual pro-
cess such as forming, hardening, hard turning, and polishing is referred as 
unit process [1]. 

From the viewpoint of input and output, a unit process may be defined 
as an area of the process or a piece of equipment where materials are input, 
a function occurs and materials are output, possibly in a different form, 
state or composition [2–4]. All manufacturing processes take material 
inputs, including working materials and auxiliary materials, and trans-
form them into products and wastes. Similarly, the energy inputs into these 
processes (primarily from electricity) are transformed into useful work, 
some of which is embodied into the form and composition of the products 
and wastes, and waste heat. In addition, the energy inputs usually require 
fuels and produce emissions. For electrical energy inputs, this occurs at the 
power station. A manufacturing process, along with material and energy 
flows to and from the process, is diagrammed in Figure 2.2.

Forming Hard turning Polishing
Outer

race

Inner

race

Hardening

Unit Processes

Figure 2.1 Process chain of unit processes to manufacture bearing race.

Material inputs

Working materials
Auxiliary materials:
coolant, lubricants,

water, air

Energy inputs

Unit

manufacturing

process

Materials output

Product: dimension, surface integrity

Wastes: water, emissions, etc.

Waste heat output

Figure 2.2 Energy and material inputs and outputs for unit manufacturing process.
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An extensive and continuously expanding variety of manufacturing 
processes are used to produce parts and there is usually more than one 
method of manufacturing a part from a given material. The taxonomy 
of manufacturing processes is illustrated by several versions [2, 5–7], 
Figure 2.3. These taxonomies have a first level classification of 5 to 6 
groups and then these groups are populated by the actual different 120 
unit processes.

Even though these unit manufacturing processes are very diverse, they 
all possess four key operation elements: the work material, the applied 
energy (mechanical, thermal, or chemical), a localized interaction zone 
between applied energy/work material, and the process equipment that 
provides the controlled application of energy. Advances in unit processes 
can be targeted at any one, or all, of these elements, although usually all 
four are affected to some extent by a change in any one of the elements. 
Furthermore, the emerging hybrid manufacturing processes may combine 
different unit processes working simultaneously on the same work zone 
within the material to improve manufacturing flexibility and efficiency. 
Thus, a systems approach is required for improving existing unit processes 
for developing new ones.

2.2  Life Cycle Inventory (LCI) of Unit 
Manufacturing Process

Based on a systematic taxonomy of manufacturing unit processes, a world-
wide data collection effort is proposed within the CO

2
PE! UPLCI-initiative. 

The CO
2
PE!-Initiative [8] has as an objective to coordinate international 

Figure 2.3 Taxonomy of manufacturing processes.

Manufacturing 
processes 

Shaping 

Non­
shaping 

Mass 
reduction 

Mass 
conserving 

Joining 

Heat 
treatment 

Surface 
finishing 

Mechanical reducing: cutting, grinding, etc. 
Thermal reducing: EDM, laser cutting, etc. 
Chemical reducing: ECM, etching, etc. 

Consolidation: casting, PM, laser cladding, etc. 
Deformation: rolling.. forging.. extrusion, etc. 

Mechanical joining: fastening, stitching, etc. 
Thermal joining: fusion & friction stir welding.. etc. 
Chemical joining: adhesive bonding, etc. 

Annealing: full annealing, normalizing.. etc. 
Hardening: flame hardening.. laser hardening, etc. 
Other: carburizing.. nitriding.. etc. 

Surface preparation: polishing, texturing, etc. 
Surface coating: CVD, PVD, etc. 
Surface modification: peening, burnishing. etc. 
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efforts aiming to document and analyze the environmental impacts of a 
wide range of current and emerging manufacturing processes, and to pro-
vide guidelines to reduce these impacts. Figure 2.4 gives an overview of the 
CO

2
PE UPLCI—framework to collect, document and provide LCI data for 

a wide range of discrete manufacturing unit processes as well as to identify 
the potential for environmental improvements of the involved machine 
tools.

As shown in Figure 2.4, this data collection can be performed in two dif-
ferent ways and includes an energy, resource and process emission study. 
The screening approach relies on representative, publicly available data and 
engineering calculations for energy use, material loss, and identification of 
variables for improvement, while the in-depth approach is subdivided into 
four modules, including a time study, a power consumption study, a con-
sumables study and an emissions study, in which all relevant process inputs 
and outputs are measured and analyzed in detail. The screening approach 
provides the first insight in the unit process and results in a set of approxi-
mate LCI data, which also serve to guide the more detailed and complete 
in-depth approach leading to more accurate LCI data as well as the iden-
tification of potential for energy and resource efficiency improvements of 
the manufacturing unit process.
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Figure 2.4 Overview of the CO
2
PE! UPLCI—framework [9].


