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In addition to the steps taken to ensure optimal efficiency in industry, significant effort has been directed towards the green and

sustainable manufacturing practices. In this paper, we review conventional and state-of-the-art manufacturing technologies to provide

insight into energy consumption at the processing level. In the review, collected energy data were summarized for three manufacturing

categories: conventional bulk-forming, subtractive, and additive manufacturing (AM) processes. Additive processes, in particular, are

strongly emphasized in the Advanced Manufacturing Initiatives proposed recently by the United States government. Currently, the

specific energy consumption (SEC) of additive processes is estimated to be ~100-fold higher than that of conventional bulk-forming

processes, with subtractive processes showing intermediate values that varied over a wide range in terms of scale. Although SEC may

vary with respect to the details, in general, the research showed a negative correlation with respect to the reciprocal logarithmic form

of the productivity. In addition to the literature review presented, we performed case studies for the three manufacturing processes,

to provide practical examples of energy consumption. Additionally, our results indicated that AM processes may require more

extensive evaluation; i.e., an assessment of the entire manufacturing cycle, for more accurate prediction of the subsequent

environmental impact.
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1. Introduction

Over the last few decades, sustainability has emerged as a buzzword

in almost every field. Depletion of conventional fossil fuels is forecast

to cause a serious imbalance in energy supply and demand, and

emerging carbon emission is expected to lead to critical greenhouse

effects. Skyrocketing population growth is expected accelerate this

trend in overall energy use. Research by the United States (U.S.)

Energy Information Administration indicates that the increasing trend

in world energy consumption will continue over the next several

decades, as shown in Fig. 1; in fact, among various sectors in the U.S.,

manufacturing/industry is responsible for a large portion of the overall

energy consumption (~31%), as shown in Fig. 2 Worldwide, the

industrial sector accounts for ~37% of the energy consumption and

17% of the carbon dioxide emissions.2

Considerable effort has been directed towards reducing the overall

energy consumption and carbon emission, particularly in industry. This

recent shift to more environmentally responsible manufacturing

practices4 has prompted new environmental legislation initiatives,

mainly in European countries. The European Association of the

Machine Tool Industries (Comité Européen de Coopération des

Industries de la Machine-Outil (CECIMO)) proposed a self-regulatory

initiative in 2009.5 The European Commission announced the Energy

Efficiency Directive 2012/27/EU in 2012, through the ECODESIGN

Directive 2009/125/EC and Energy Labelling Directive 2010/30/EU.6

Table 1 shows several International Organization for Standardization

(ISO) environmental regulation standards, either already published or

currently under development. Numerous attempts have been made to
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standardize environmental performance in an effort to provide

meaningful eco-directives for industry. Additionally, cooperative

research efforts, such as the Eco-machine Tools project7 and the

Cooperative Effort on Process Emissions in Manufacturing (CO2PE!),8

have analyzed the environmental footprint of various manufacturing

processes, to improve efficiency and reduce greenhouse gas emissions.

Metal-working machine tools are commonly used in the industrial

sectors. The Japanese Standards Association (JSA) published the TS

B0024 standards (Test Methods for Electric Power Consumption)9 to

measure the power consumption of machine tools; this prompted the

development of efficient, environmentally friendly machine tools (e.g.,

the Eco series (DMG Mori) and the Genos series (OKUMA)).

Green and sustainable manufacturing is increasingly gaining a

foothold in mainstream research and industry. However, although

numerous studies have investigated the monitoring of energy

consumption in manufacturing lines, standards for energy measurement,

and the means to implement energy-saving strategies based on these

measurements, have yet to be developed. The difficulty lies in

comparing different manufacturing processes. The specific energy

demands of individual processes in the manufacturing cycle may

require different types of energy source and material; thus, it is difficult

to precisely quantify the economic aspects.11 Moreover, novel

manufacturing techniques (e.g., additive manufacturing techniques)

continue to be developed.

Therefore, the present review provides an overview of three

manufacturing processes: bulk-forming, subtractive, and additive

processes, and compares these processes for effective energy modeling

and production planning. Data from published research were collected

to create a model for each process. The current energy characteristics

and expected future flow of each process were compared with

experimental results from several case studies.

Because monitoring and modeling of energy consumption is

important for energy savings, a review of the actual energy

consumption in unit production will provide useful insight to users for

selection of the appropriate manufacturing process. Effective modeling

and process planning will facilitate standardization of green

manufacturing practices. Additionally, the development of novel

manufacturing techniques will be able to provide various alternatives

for product manufacture, based on environmental factors and energy

consumption predictions.

2. Research Objectives

The main focus of this review is the energy consumption and

modeling of manufacturing processes. For comparison, conventional

bulk-forming and subtractive processes (i.e., injection molding, metal

casting, and conventional machining processes) were considered. Bulk

‘forming’ and ‘subtraction’ of material are very basic, traditional

concepts in three-dimensional (3-D) manufacturing, and thus, have

been widely adopted over the years.

In addition to bulk-forming and subtractive processes, additive

manufacturing (AM) processes were also included in this review. AM,

generally referred to as 3-D printing, forms an object by layer-by-layer

deposition of materials, based on 3-D computer-aided design (CAD)

specifications. Although AM was developed and commercialized in the

1980s, recent manufacturing initiatives by the current U.S.

administration have increased interest in this technology.

In 2013, the Obama administration launched a competition to build

three federally funded manufacturing innovation institutes in the U.S.:12

‘Digital Manufacturing and Design Innovation,’ ‘Lightweight and

Modern Metals Manufacturing,’ and ‘Next Generation Power

Electronics Manufacturing.’ Following the government’s initiative, the

National Network for Manufacturing Innovation (NNMI) was created

to connect manufacturing industries, universities, and local colleges.13

Following the initiatives, AM was re-focused as a future

manufacturing technology, due to its shortened lead time, ability in

mass customization, and lower lifecycle energy. In 2012, the National

Additive Manufacturing Innovation Institute (NAMII) was introduced,

with a federal commitment of 30 million U.S. dollars (USD).14

Fig. 2 Energy consumption by sector in the United States (redrawn

using data from U.S. Energy Information Administration3)

Table 1 International Organization for Standardization (ISO) standards

related to environmental factors10

ISO standards Title

ISO/DIS 14955
Machine tools - Environmental evaluation of 

machine tools

ISO/DIS 20140

Automation systems and integration -Evaluating 

energy efficiency and other factors of 

manufacturing systems that influence the 

environment

ISO/DIS 50001
Energy management systems - Requirements with 

guidance for use

Fig. 1 World energy consumption and projection (redrawn using data

from U.S. Energy Information Administration1)
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Based on these programs and the strong support from the U.S.

government, AM products and the associated service market are expected to

grow rapidly, as shown in Fig. 3.15 AM applications continue to spread,

from traditional aerospace and dental technologies to automotive, academic,

and architectural fields. Hence, in this review, energy consumption in state-

of-the-art AM processes was evaluated, in addition to conventional

manufacturing technologies (i.e., bulk-forming and subtractive processes).

As described in the previous chapter, the importance of energy

efficiency in manufacturing practices was further highlighted by President

Obama’s executive order for investment in industrial energy efficiency.17

However, a comparison of the precise sustainability of different

manufacturing processes can be difficult; for example, process energy

consumption can differ in terms of monitoring level and assessment cycle.

Detailed product design and process parameters are required to determine

the suitability of energy consumption models. Nevertheless, from the

perspective of a process manager, it is important to have insight into the

environmental and energy aspects of various manufacturing processes.

Therefore, in this study, experimental results from various

manufacturing processes were reviewed. The energy consumption of

each process was calculated in terms of specific energy consumption

(SEC), and then compared with the performance of other processes.

Although values may vary with local conditions, this study provides an

overview of the energy consumption range for the given process. The

construction of the energy model depends on the manufacturing process.

Modeling and energy predictions should consider the individual

components/processes or process states in the manufacturing cycle.

Finally, we performed several case studies representing the three

manufacturing processes (i.e., bulk-forming, subtractive, and additive), for

fabrication of a 3-D test-sample part. Empirical and experimental results

were compared. From the case study results and the results from the

literature, an energy consumption model was developed to facilitate

estimation of the overall energy consumption of the process. Our results

showed that based on minimum energy criteria, the energy consumption for

forming an object can be predicted at the macro-scale, allowing selection of

the appropriate green manufacturing process for product development.

3. Scope

Many research groups have investigated various frameworks for

energy-consumption monitoring. Vijayaraghavan and Dornfeld18

divided the analysis of the manufacturing level into activity and

temporal decision scales. Wang et al.19 analyzed the energy

consumption of a process with respect to individual processing layers,

as well as the overall manufacturing process. Duflou et al. suggested

five levels of energy-saving strategies, ranging from individual device/

unit processes to an enterprise/global supply chain.20

Because energy-consumption characteristics or the effect of process

parameters vary with respect to the energy monitoring level, the

minimum energy-consumption point may also vary in terms of this

level. For the case of AM processes in particular, energy reduction of

the entire lifecycle of the product provides substantial environmental

insight. However in the present review, only the energy consumption at

the processing level of the manufacturing phase was considered.

On the other hand, collecting accurate input data for different levels

of manufacturing cost and different energy models can be difficult.11

Because the research objective was to provide a practical energy

consumption model and experimental values for various manufacturing

processes, only directly measured values corresponding to specific

machines and specific part production were considered.

For the environmental aspects, electricity consumption during the

manufacturing process was the main consideration. In fact, various types

of energy source were consumed during the manufacturing processes

considered. Fig. 4 shows the energy flow for the U.S. for various energy

sources and the utilization rate in the industrial sector. A total of 23.9

quadrillion BTUs of energy are consumed in the U.S. industrial sector,

with ~70% of the total energy consumption being in the form of natural

gas and petroleum.21

Although gas and petroleum are major energy sources, their

consumption and efficiency depend on the specific manufacturing

process. Electricity is a major energy source in certain types of

manufacturing processes,22 and may be a secondary source of energy

from other types of fuel. Due to the simplicity of the representation,

electricity consumption at the end-use phase of a single process level

was considered in this study to evaluate the environmental effects of

various manufacturing processes.

Note that the rejected rate of electricity generation and utilization is

higher than utilization of a primary energy source directly;21 hence, the

form of energy consumption at the end-use was considered in this study.

Also, when the process involved the use of fuel, an exception was

considered when electricity was not used as the main energy source.

Considering these points, several manufacturing processes were

selected and categorized into one of the three processes: conventional

bulk-forming, subtractive, and additive processes. For each category,

Fig. 3 World market trend of additive manufacturing (AM) products,

material and services (redrawn using data from Atmel, original source

from Credit Suisse estimates)16

Fig. 4 Energy flow diagram of the U.S. industrial sector (reproduced

using data from U.S. Department of Energy)21
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market-representative manufacturing techniques were considered:

injection molding and metal-casting for conventional bulk-forming

processes, conventional mechanical machining for subtractive

processes, and fused deposition modeling (FDM), selective laser

sintering (SLS), and stereolithography for additive processes. In this

review, the energy consumption of the three different categories of

manufacturing processes was evaluated for individual processing

levels. Despite some exceptions, electricity consumption was

considered to be the main energy source and provided an approximate

comparison of the energy consumption involved in the manufacturing

processes.

4. Specific Energy Consumption (SEC) of Manufacturing

Processes

Fig. 5 shows a schematic diagram of the three manufacturing

categories (bulk-forming, subtractive, and additive processes).

Conventional bulk-forming processes involve activities that form a

bulk 3-D structure, mainly from its molten state. To acquire the desired

shape, a die is usually used; the molten material is then injected into or

founded in the die.

In contrast, a subtractive process removes a certain volume of

material, usually with a cutting edge. Before material removal, a bulk

form of the material is prepared. The embodied energy of the material

has an impact on the material removal energy. Additive processes, as

described earlier, form a structure by powdered or molten material

deposition (e.g., laser sintering). Compared with the two former types

of process, a relatively small amount of material is deposited onto a

substrate, and the structure forms from the bottom up.

For energy consumption calculations, only the main processes were

considered for the three categories described. Fabrication of a mold

cavity is usually essential for all types of conventional bulk-forming

processes, as shown in Fig. 5(a). However, given that the research

objective was to provide an energy-consumption range for the process,

only the power consumed in injection and ejection of the material was

considered. In contrast, for the additive processes, several essential

post-processes were considered as main processes, because they were

performed immediately following deposition as part of the main

process.

The concept of SEC was used to facilitate comparisons among

manufacturing processes. SEC is defined as the energy consumed in the

production of a material unit. The material unit depends on the process

characteristics. For subtractive processes, in the literature, many studies

defined SEC as 1 joule per unit volume of material. For the case of

additive processes, SEC is defined as 1 joule per unit mass of material,

because the material density is affected by the processing parameters.

Though material preparation can account a significant portion among

the total, only the SEC consumed in main process was considered as

mentioned.

In this chapter, the SECs of individual processes were considered,

and then compared in each category with comparable sets. For the

calculation of energy consumption, preparation and idle energy were

included; however, pre- or post-processes (e.g., mold making), were

not. Again, the purpose was to provide insight into the individual

targeted processes. An integrated comparison of different categories

and overall energy consumption is provided in the Discussion section.

4.1 Conventional Bulk-forming Processes

The term ‘manufacturing’ involves all activities involved in

transforming raw material into a desired product. Among various

manufacturing activities, the term ‘forming’, one of the oldest

manufacturing methods, refers to the process by which a material is

transformed into the desired shape. From this perspective, various types

of bulk deformation can be included in bulk-forming processes.

However, in the present research, the term ‘bulk-forming’ is used to

refer to processes used to produce a 3-D shape by solidification of

molten material; this allowed energy consumption comparison with

additive processes, also used to form 3-D structures. Hence,

conventional plastic-forming and metal-casting processes were the

main focus.

Although there have been numerous investigations of innovative

manufacturing techniques, bulk-forming processes are used by a

significant portion of the industrial sector. From an energy perspective,

bulk-forming processes consume large amounts of energy in the

melting of material. However, they have economics with mass

production, and a huge amount of products have been manufactured by

bulk-forming processes. According to the U.S. Department of Energy,

melting occupies the largest portion of metal-casting energy cost, over

50% of the total.23 As a result, legislation has been introduced to

promote energy-efficient green practices in the plastic and metal-

forming industries; additionally, efforts have been made to optimize

furnace and heating-coil design to improve efficiency.24

Table 2 shows the list of conventional bulk-forming methods

Fig. 5 Schematic diagram of the three manufacturing processes

considered in this study; only the main processes were considered
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considered in the present research. Among the various types of

conventional bulk-forming method, we focused on injection molding

and metal-casting, due to their widespread use in industry. 

For injection molding of a plastic material, a certain volume of

molten material is injected into a die chamber. The flow of molten

material is affected by the mold geometry, and the fabricated part must

be ejected from the mold. Many studies have evaluated the injection-

molding process, based on guidelines provided by the Design for

Manufacturability (DFM).25

According to the Sustainable Energy Authority of Ireland (SEAI),

injection molding is used in over 60% of the plastic industry.26 The

SEAI claimed that European plastic-forming industries have a SEC

value of ~3.1 kWh kg-1, with specific SEC values depending on the

country and the machine type used.

The energy consumption of injection-molding machines has been

investigated extensively and is well-established in the literature.

Kordonowy analyzed the power consumption of an injection-molding

machine having a maximum pressure of 30 tons;27 here, the clamping

process and heater consumed ~44 and 22% of the total consumption,

respectively (Fig. 6). Note that the power of the heaters in the start-up

state was used in the calculation; the power associated with the

clamping process power varied according to the process.

Thiriez analyzed various types of injection-molding process with

respect to the specific material, throughput rate, cycle time, and part

shape used;28 the overall plastic-forming lifecycle was investigated.

SEC was determined as a function of throughput (kg h-1), material, and

machine type. In this research, data were acquired by assuming a

polymer density of ~1 g mm-3.

Mattis et al. modeled the injection-molding process by separating

individual energy-consumption contributions:29

EINJECTION = EMELT + EFILL + EPACK + ECLAMP + EEJECT (1)

where EMELT is the energy consumed in melting the material, EFILL is

the energy consumed in pushing the material into the mold, EPACK and

ECLAMP are the energies consumed in packing and clamping the mold,

respectively, and EEJECT is the energy consumed in ejecting the part

from the mold. Chien and Dornfeld used a similar model, based on the

thermo-mechanical properties of different polymers.30 Note that the

energy distribution may differ with respect to the machine type and

materials used; additionally, the energy consumed in melting the

material exhibited a significant dependence on the material properties.

The total energy consumed during the injection-molding process

includes the energy consumed in mold making, as given below:

ETOTAL = EMOLD + EINJECTION (2)

where EMOLD is the energy consumed in mold making, and EINJECTION is

the energy consumed in fabrication of the part by injection molding

(Eq. 1).

EINJECTION increases as the number of parts increases; however,

the specific energy consumed per part decreases as the number of

parts increases. EMOLD may be considerably greater than EINJECTION

when the number of parts is not large, because mold making may

take tens of hours with respect to the complexity of the part

geometry.31

Casting is one of the oldest and most popular manufacturing

techniques for metal forming. In this process, a specific amount of

molten metal is poured into the mold cavity, and is then ejected from

the mold after solidification of the material. Casting can be divided

into several detailed processes, which depend on the mold type.

For the case of metal-forming processes, energy consumption was

evaluated with respect to a primary source and secondary sources. The

primary energy source (e.g., fuel and gas usage) is used mainly for

melting the material and is characterized by high energy intensities,

compared with subtractive or additive processes. 

Chougule and Ravi analyzed the cost structure of the metal-casting

process, and also divided the energy into two categories: melting and

others. The ‘other’ energy components included the energy consumed

in mold-making, core-making, cleaning, and fettling, as described

below:32

ETOTAL = EMELT + EMOLD/CORE + ECLEANING + EFETTLING (3)

where EMELT is the energy consumed in melting the material, EMOLD/

CORE is the energy consumed in making the mold and core, ECLEANING is

the energy consumed in cleaning, and EFETTLING is the energy consumed

in fettling the part from the mold. The basic structure of the equation

is similar to that for injection molding; however, in the casting process,

the injection and clamping energy are not included.

Arasu and Jeffrey analyzed energy consumption in the metal-casting

process, and revealed that melting accounted for ~70% of the total

energy consumed.33 In their analysis of energy consumption of various

casting companies with respect to electrical components, capacity

utilization, annual production, and melting accounted for 75-85% of the

total energy consumption, and SEC decreased as the utilization rate

Table 2 List of conventional bulk-forming methods

Plastic methods

Injection molding

Compression molding

Thermoforming

Metal methods

Die casting

Sand casting

Investment casting

Forging

Fig. 6 Power distribution of the injection-molding process (reproduced

using the data from Kordonowy)27
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increased. Fig. 7 shows the detailed energy distribution of the overall

casting process. Unlike Fig. 6, for the case of injection molding, no

energy was consumed in clamping the mold or hydraulic injection.

Table 3 shows the calculated SECs of injection-molding and metal-

casting processes from the literature.

Fig. 8 shows the SEC for conventional bulk-forming processes, and

Fig. 9 shows the trend of SEC, in terms of throughput or productivity.

Intuitively, the melting energy for metals is higher than that for plastics;

metal casting shows a higher range of energy consumption than the

injection-molding process.

For injection molding, hydraulic machines consume slightly more

energy than electric machines. Hydraulic power is the main power

source for material injection; however, electric injection-molding

machines are more efficient. In an SEAI report, the SEC of electric-

hydraulic hybrid molding machines is listed as 2.36 kWh kg-1, while

that of a hydraulic machine is 2.91 kWh kg-1.26 However, hydraulic

machines offer advantages in terms of their injection rate and hold

time, compared with electric-injection machines.38

Moreover, SEC shows a linear trend with respect to the reciprocal

logarithmic form of the throughput rate, in good agreement with the

literature; this was attributed to the constant power consumption of the

process.28,35 The range of throughputs for the hydraulic and electric

machines was similar; however, the hydraulic cases consumed slightly

more energy. These values will increase if additional activities are involved

in the process. For example, the average value for the SEC in forging

industries is 3.52 kWh kg-1, while that of metal-forming industries as a

whole (including fasteners or sheet-metal forming) is 1.21 kWh kg-1.45

Table 3 Specific energy consumption (SEC) for various bulk-forming

processes

Process
Specific energy consumption

(kWh kg-1)
Reference

Injection 

molding

Hydraulic 

method

1.47 Duflou et al.34

0.64-5.82 Thiriez28

3.63 Thiriez35

0.48-0.94 Gutowski et al.36

0.19 Mattis et al.29

0.28-1.94 Krishnan et al.37

0.65-2.53 Chien and Dornfeld30

Hybrid method 0.47-2.04 Thiriez28,35

Electric 

method

0.11-0.37 Kanungo and Swan38

1.86 Thiriez35

0.33-1.27 Thiriez28

Metal casting

4.44 (Aluminum) Sutherland et al.39

Boustead and 

Hancock40
7.78 (Cast iron)

4.72 (Steel)

0.62 (Iron)+ Arasu and Jeffrey33

3.12–4.63  + Jones41

2.69 + Dalquist and Gutowski42

1.69 (EAF, 2003)*

Hasanbeigi et al.43,44 

6.31 (BF-BOF, 2003)*

2.02 (EAF, 2006)*

6.89 (BF-BOF, 2006)*

4.13 (Overall)

+ Foundry company average

* Industry average

EAF: Electric arc furnace 

BF–BOF: Blast furnace–Basic oxygen furnace

Fig. 7 Energy distribution of the casting process (reproduced using

data from Arasu and Jeffrey)33

Fig. 8 SEC for conventional bulk-forming processes (constructed

from Table 3)

Fig. 9 SEC versus process productivity for various injection-molding

processes (constructed from Table 3)
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4.2 Conventional Subtractive Processes

Subtractive manufacturing processes remove a small amount of

material from the bulk shape. Although material removal processes

have been traditionally important, the concept ‘subtractive’ appeared

following the development of the AM concept. In general, parts

fabricated by conventional bulk-forming or AM processes require

additional post-processing or finishing operations to obtain specific

characteristics, such as dimensional accuracy or surface roughness.46

The concept of cutting or ‘machining’, a type of subtractive process,

began in the 18th century.47 When James Watt built the first steam

engine in 1776, he encountered significant difficulty in boring the

cylinder. This problem was solved by John Wilkinson, who invented

the horizontal-boring machine, the first effective cutting machine tool.

Since this time, various types of machine tool have been developed.

Table 4 shows the classification of various machining (i.e., subtractive)

processes.

In the present study, conventional range-cutting processes were

considered (e.g., milling, drilling, and grinding); traditional mechanical

cutting processes were the main consideration, because these processes

have been most widely adopted in industrial sectors for micro-scale49

and biomedical applications.50

To achieve the required dimensional accuracy and surface

roughness for the product, conventional range-machining processes are

generally essential; however, this process may have longer processing

times, as well as significant material and electric-energy waste. To

overcome these negative environmental aspects of machining, research

has been conducted to evaluate the energy consumption of machine

tools. The machine tool used for machining consists of various

electricity-consuming components (e.g., the spindle, stage, coolant

pump, numerical control (NC), and light). Fig. 10 provides a

representation of the power distribution among the machine

components.51

Of them, basic consumption energy in the idle state, comprises a

significant portion. Cutting energy varied according to the cutting

condition, and might be lower than idle energy. From the perspective

of consisting components, much research has focused on building an

energy model from component electricity consuming pattern.52

CO2PE! suggested a unified taxonomy/methodology to collect

energy data in a more standardized format, globally compatible across

various manufacturing processes. In the proposed system, the machine-

tool state is classified into two categories: the ‘basic state’ and the

‘cutting state’.33 The basic-state energy includes the startup, computer

units, lighting, cooling fans, lubrication, and unloaded motors. The

cutting-state energy includes the cutting energy of the tool tip and the

coolant energy.

Kellens et al. evaluated drilling using the screening approach

proposed by CO2PE!. The total processing time was composed of the

basic time (standby), idle time (partial mode), and drilling-mode time

(full mode).53 Li et al. separated the normal-cutting state and air-cutting

state of the energy model.54 Similarly, Salonitis et al. created an energy

model for machining by dividing the basic consumption and additional

cutting load energy.55 The additional load energy can be represented as

a function of the process parameters that affect the machining

characteristics.

Mori et al. created an energy model for drilling and end/face-

milling.56 The total power consumption value, PTOTAL (W), was

expressed in terms of constant power consumption, cutting power

consumption, and work/spindle positioning power consumption. He et

al. estimated the electric energy consumption from NC code. Energy

consumption was divided among the individual components, and an

energy consumption model was constructed for each component, based

on experiments.57 Mativenga et al. classified the machining process and

electricity consumed in terms of the setup, cutting, tool change, and

tool-producing energy.58

Guo et al. attempted to determine the optimum-cutting conditions to

minimize energy consumption, for fine-surface quality with finish

turning.59 To determine the optimal conditions, they constructed an

energy model, based on component decomposition. In this case, the

total specific energy (TSE) consisted of the specific process energy

(SPE) and specific constant energy (SCE). SPE represents variable

processing power, and SCE represents the constant power of the

machine tools. According to the experimental results, TSE could not be

quantified by the cutting parameters, due to the complexity of cutting

processes. Instead, the TSE model was created by fitting the

experimental values using empirical constants. As the cutting speed

Table 4 Classification of various machining (subtractive) processes48

Category Sub category Processes

Cutting

Circular shapes

Turning

Boring

Drilling

Various shapes

Milling

Planing

Shaping

Broaching

Gear cutting

Abrasion

Bonded abrasives

Grinding

Honding

Superfinishing

Loose abrasives

Polishing

Buffing

Lapping

Abrasive flow

Erosion

(Non-

traditional)

Chemical machining (CHM),

Electrochemical machining (ECM),

Electrical discharge machining (EDM), etc.

Fig. 10 Power distribution for the milling process (redrawn using data

from Yoon et al.51 with permission from Elsevier)
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changed, the energy consumption varied as

(4)

where vc is the cutting speed in m min
-1, f is the feed rate in mm r-1,

ap is the depth of cut in mm, D is the final workpiece diameter in mm,

and α, β, γ, and ϕ are empirical constants. C0 represents the machine

power consumption constant, and C1 represents the cutting power

consumption constant.

Balogun et al. created an energy consumption model for turning and

milling processes60 that included a ‘ready state’ between the ‘basic

state’ and ‘cutting state’ of the CO2PE! model. The ready-state energy

included the energy of the machine spindle, machine jog, pumps, servo

home location, tool change, and swarf conveyors. This particular model

predicted the consumption energy with 2-3% error, and modeled the

cutting energy as a function of the material removal rate  (mm3 s-1)

and the specific cutting energy constant k (J mm-3):

(5)

where P0 is the power consumed in the basic state, and t is the

processing time. SEC follows the reciprocal form of material removal

value. Yoon et al. divided the energy consumption of the machine tool

components into four elements:61

(6)

where EBASIC is the energy consumed in the idle state of the machine

tool, ESTAGE and ESPINDLE represent the energy consumed in moving the

stage and spindle in the air-cutting state, respectively, and EMACHINING is

the energy consumed in the additional cutting load. 

As indicated in previous studies, the additional cutting load is

affected by the friction between cutting tool edges and the work

material. Yoon et al. developed an empirical model for the cutting

energy, and revealed that wear also impacts cutting energy.

Additionally, they emphasized that the increase in the cutting energy

caused by wear is not proportional to the absolute amount of cutting

energy, highlighting the need for an empirical model.51

For modeling the energy consumption of the cutting process, the

material removal rate (MRR) is one of the indices used to reflect

machining efficiency. Numerous studies have investigated the effect of

MRR on SEC values. Table 5 lists the SEC of various machining

processes.

Milling, turning, drilling, and grinding were handled with various

materials and scales of tools. Kara and Li analyzed the relationship

between SEC and MRR for various machine tools;22 the SECs were

fitted in terms of the reciprocal logarithmic form of the MRR values

with specific coefficients. This approach is consistent with other

research (e.g., Diaz et al.62 and Li et al.54). Additionally, Neugebauer et

al. analyzed selected targeted performances of various machine tools,

and showed a spectrum of machining processes, based on several

criteria.66

Fig. 11 shows the SEC range in terms of the machining process.

Milling exhibited a wide energy-consumption range; however, grinding

and drilling consumed slightly more energy for the removal of a

TSE C
0
vc
α
f
β
ap
γ
D

ϕ
⋅ ⋅ ⋅ ⋅

C
1

vc f ap⋅ ⋅
-----------------+=

m·

ETOTAL P
0

k m·+( )t=

ETOTAL EBASIC ESTAGE ESPINDLE EMACHINING+ + +=

Table 5 SEC for various subtractive processes

Process
Specific energy 

consumption (J mm-3)
Work material Reference

Milling

6.8* Mild steel

Kara and Li22
14.5*

High tensile 

steel

28.5* S45C He et al.57

11.1-151.8 1018 Steel Diaz et al.62

30–188 S45C Li et al.54

43.5-90.0* Al 6061 Pervaiz et al.63

2.3-4.9 Aluminum
Dahmus et al.64

10.0-60.0 Steel

Turning

9.8* Brass
Kara and Li22

7* Mild steel

2.7-9.8* Brass
Li et al.65

5.3-12.3* Mild steel

12.9-36.2* Steel (EN8)
Mativenga and 

Rajemi58

7.1-14.5 42CrMo4 Neugebauer et al.66

Drilling
65* Grey cast iron He et al.57

9-38 Grey cast iron Neugebauer et al.66

Grinding 343.4-1982.6 Li et al.67

* Calculated

Fig. 11 SEC for conventional machining processes (constructed from

Table 5)

Fig. 12 SEC versus material removal rate for various conventional

machining processes (constructed from Table 5)
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specific volume of material; the differences were attributed to the

material removal value. Intuitively, SEC increases as the material

removal decreases, due to the constant power consumption of the

machine tools.

SEC is plotted in Fig. 12 in terms of the MRR for various

machining processes. Although SEC varies over a certain range, the

overall trend retains its linearity through the milling, turning, drilling,

and grinding processes.

4.3 Additive Processes

AM processes, generally known as 3-D printing (3DP), basically

form a structure using layer manufacturing (LM) technologies. The

term ‘three-dimensional printing’ was first used in a Massachusetts

Institute of Technology (MIT) patent, issued in 1993.68 The patent is

one of several AM processes that use an inkjet-head system. However,

the public quickly embraced the “3-D printing” terminology, as

opposed to “AM” or “rapid prototyping” (RP). The first commercial 3-

D printer was invented by 3D Systems, Inc. in 1986. Charles W. Hull,

the founder of 3D Systems, patented the apparatus and used it to

produce 3-D structures with stereolithography technology.69 The

concept of AM has itself been around for centuries; from this

perspective, all conventional bulk-forming processes mentioned above

can be included in the AM category.

In the present study, AM refers to a recently developed method used

to form an object from a 3-D geometric model, based on LM

technology. Because AM directly builds the part layer upon layer, it

offers high flexibility in prototyping and manufacturing.70 For the

production of a complex-shaped object with a limited number of runs,

AM has a significant advantage in terms of the processing time and

material usage, compared with conventional single and hybrid

processes. Therefore, RP can be accomplished using several AM

technologies, due to its geometric freedom and elimination of tooling.71

As such, the National Aeronautics and Space Administration (NASA)

adopted a 3-D printer for the International Space Station for fabrication

of alternative parts.72

AM has several drawbacks, in terms of its product quality,

processing speed, and high cost.73 From the perspective of energy

consumption, AM processes are usually not as efficient as conventional

manufacturing processes. For example, machine tools are equipped

with many peripheral devices; thus, basic power consumption and

processing time are two of the main considerations in energy

consumption calculations.73

AM processes involve the construction of a part that may consist of

thousands of layers; thus, fabrication may require significantly more

time than conventional manufacturing processes. Moreover, AM

requires a significant amount of energy to form the thin layers from raw

material, because the energy consumed per unit volume of the material

is also high. Nevertheless, the remarkable advantages of AM, such as

its flexibility, can contribute to improving the environmental aspects

over the entire lifecycle of the product.

For example, using this technique, aerospace parts with complex

geometries could adopt a more simple design with smaller geometric

constraints, compared with injection molding;75 this would result in

production of a part that is lighter in weight than a molded part.

Additionally, the Advanced Manufacturing Office of the U.S.

Department of Energy claims that AM saves energy by eliminating

distributed manufacturing processes and material waste,77 citing re-

manufacturability with energy savings in engine production as an

example.39

Because it is very difficult to evaluate the environmental impact of

AM processes, cradle-to-grave assessment may be required to analyze

the benefits of this approach.76 In this review, the energy consumption

model and sustainability of several AM processes were evaluated, and

the experimental results were compared among processes and with

respect to conventional manufacturing processes.

The AM process used for manufacturing a product depends on the

material being machined. Table 6 shows a list of several AM methods.

Among these various types, fused deposition modeling (FDM) and

selective laser sintering (SLS) were considered in this review, due to

the common use of these techniques in commercial 3-D printing.78

FDM extrudes molten material through a nozzle, and deposits it

onto a substrate, using a moving stage. The molten material is extruded

at room temperature, and then solidifies. The controllable scaffold used

with FDM has allowed its application to tissue engineering, for

example.79 The energy model for FDM is given as:

(7)

where EINT is the energy consumed in initial heating, EHEATING is the

energy consumed in the heaters during the process, and ESTAGE is the

energy consumed in the moving stage.

In contrast, SLS uses metal powder and a laser to form layers by

heating the powder. Powders are usually placed in a bed. The laser

passes across a slice of the bed, corresponding to CAD model

increments. As the laser passes across the powder slice, this part of the

powder becomes sintered. This sintered area in the laser path becomes

a slice or layer of the object being formed. After forming one layer, a

roller moves across the powder surface to spread out unsintered

powdered material. The process is then repeated. Various types of

polymer, such as acrylonitrile butadiene styrene (ABS), polyester, and

investment casting wax, as well as some metals and ceramic materials,

have been used in this process.75

Verma and Rai investigated the energy consumption of the SLS

process, and divided energy consumption into non-processing energy

and laser processing energy.80 According to the authors, non-processing

energy involves the energy consumed in roller movement, piston

movement, and initial heating:

ETOTAL EINT EHEATING ESTAGE+ +=

Table 6 List of additive manufacturing methods74

Plastic methods

Stereolithography apparatus (SLA)

Selective Laser Sintering (SLS)

Fused Deposition Modeling (FDM)

Three Dimensional Printing (3DP)

Metal Methods

Direct Metal Laser Sintering (DMLS)

Selective Laser Melting (SLM)

Electron Beam Melting (EBM)

EasyCLAD

Laser Consolidation (LC)

LaserCusing

Laser Engineered Net Shaping (LENS)

Digital Part Materialization (ProMetal)
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(8)

(9)

where EPROCESSING is the energy consumed in laser processing, and ENON-

PROCESSING is the energy consumed in other devices, consisting of the

energy consumed in initial heating EINIT, the energy consumed in roller

movement EROLLER, and the energy consumed in stage movement ESATGE.

They determined that laser processing accounted for ~56% of the energy

consumption. Sreenivasan et al.81 analyzed the power consumption of

individual components in the SLS process. They determined that the

laser system consumed ~16% of the total energy (Fig. 13).

Table 7 lists the SEC of various AM processes. Junk and Côté

directly compared the energy consumption of FDM and 3DP processes

for production of a throttle valve.82 In this case, FDM consumed 180-

230 kJ for production of a unit volume of material (cm3), while 3DP

consumed 55-65 kJ cm-3. The authors considered the entire energy

consumption cycle, from the preparation step to the post-processing

step. The most significant difference between the two processes was

related to the temperature during fabrication. The FDM process

required an operating temperature of 270oC for the nozzle; however,

the 3DP process only required a temperature of 38oC. Assuming the

material is ABSplus made by Staratasys (density: 1.04 g cm-3), the SEC

was converted to units of kWh kg-1.

Baumers et al. investigated the SEC of several AM processes:83 SLS,

FDM, electron-beam melting (EBM), and selective laser melting (SLM).

A ‘spider’-shaped standardized geometry was used as the test sample, to

assess the effect of geometric complexity on energy consumption. They

determined that the SEC decreased as the machine deposition productivity

(kg h-1) decreased. Also, production of a single part consumed more

energy than a full build with multiple parts simultaneously. In another

study, Baumers et al. analyzed the energy consumption of SLM and EBM

for processing stainless steel and titanium.84 According to their results, the

energy consumptions per unit mass were 31 and 17 kWh kg-1 for the SLM

and EBM processes, respectively.

Mognol et al. analyzed the energy and environmental aspects of

thermojets, FDM, and SLS.85 In this case, the energy consumption of

the AM processes above was determined with respect to part

orientation. Similar to the results from other studies, most of the energy

consumption came from heating and laser operation in FDM and SLS,

respectively.

They also suggested energy-saving strategies for each process,

including minimizing the support volume for FDM and minimizing the

part height for SLS for energy savings of up to ~61 and 43%,

respectively. Fig. 14 shows the SEC with respect to several AM

processes. Fig. 15 shows the SEC in terms of the productivity.

SLS and SLA use a laser to sinter the material; however, FDM uses

heaters. In some FDM processes, heaters are used to maintain the

temperature of the entire chamber to create a stable environment. This,

in turn, increases the SEC of the FDM process, with lower energy

intensity compared to the laser. Moreover, similar to previous cases, the

SEC showed a linear trend in terms of the reciprocal form of the

productivity. However, unlike conventional manufacturing processes,

SEC may increase as the productivity increases (e.g., some SLA

processes); this effect is related to the solidification rate of the raw

material. In some cases, the fabricated part has a higher density with

higher energy consumption from a higher sintering rate.

Kruth et al. revealed that the SLS critical energy ranged from 4-

26 mJ cm-2.78 In other research, the power density of the SLS process

ranged from 7.22-9.5 mJ cm-2, while SLM consumed much more

energy, 2.86-6.5 J cm-2.93 From the perspective of laser power, these

values are lower than those required for cutting, melting, or hardening.

ETOTAL EPROCESSING ENON PROCESSING–
+=

ENON PROCESSING–
EINIT EROLLER ESTAGE+ +=

Table 7 SEC for various additive manufacturing (AM) processes

Process
Specific energy consumption 

(kWh kg-1)
Reference

SLS

29.83-40.09 Luo et al.86

36.04
Kellens et al.87

Baumers et al.83

14.5 Sreenivasan and Bourell88

29.72
Baumers et al.83

(* multiple parts)

56.75-66.02 Baumers et al.89

26.3-39.8 Kellens et al.90

FDM

23.08-163.69
Luo et al.86

346.4

148.89
Baumers et al. 83

(* single part)

48.1-61.4
Junk and Côté82

(* calculated)

Other processes

SLA 20.70-41.38 Luo et al.86

3DP 14.7-17.4
Junk and Côté82

(* calculated)

DMLS

24.2 Bourhis et al.91

94.17
Baumers et al.83

(* single part)

SLM

31 Baumers et al.84

27
Kellens et al.92

Baumers et al.83

163.33
Baumers et al.83

(* single part)

29.4
Baumers et al.83

(* single part)

EBM

17 Baumers et al.84

49.17
Baumers et al.83

(* single part)

Fig. 13 Power diistribution of selective laser sintering (SLS) process

(reproduced using data from Sreenicasan et al.81)
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However, due to the change in grain size, the energy density of the

laser used in the SLS or SLM process affects the part density.

Several studies have performed a cost analysis of AM processes.

Hopkinson and Dickens analyzed the production costs for SLA, FDM, and

SLS, and compared the cost with that required for injection molding.71

In the Hopkins and Dickens research, machining, labor, and

material costs were considered in the calculation, with the total cost per

part given in Euros. For example, a labor part was 5.25 Euros for

stereolithography, 4.47 Euros for FDM, and 2.20 Euros for SLS.

Machine cost, material cost, and post-processing costs comprise a

considerable portion of the overall cost of AM; thus, machine

utilization should be optimized.94

Along with the many studies on AM processes, collaborative studies,

such as project ATKINS,89 have attempted to address environmental

concerns in rapid manufacturing processes. However, from the

perspective of energy consumption reviewed here, AM offers an

advantage for large build volumes, as well as a higher build rate for

products having a small number of parts.95

5. Case Study

In addition to literature reviews, case studies were performed to

compare experimentally determined energy-consumption values for

bulk-forming, additive, and subtractive manufacturing processes. In the

review of conventional bulk-forming processes, only the energy

consumed in molding and casting was considered; the energy

consumed in mold or core making was not included. Also, specific

sample geometries were presented in the results from the literature. 

In the case study experiments, energy consumption was measured

for the three types of manufacturing process during the fabrication of

a simple test part/model (Fig. 16). Fabrication and energy consumption

were modeled with respect to individual machine states or components.

To compare processes, a simple model for energy consumption

measurement was designed, based on the feature design specified in the

JSA guidelines;9 the scale of the model used was compatible with

injection molding, milling, and FDM process fabrication. Fig. 17 shows

the geometry of the standard sample used for comparison of energy

consumption among the processes, and the fabricated results.

The size of the model was 30×30×5 mm. The model had two holes

Fig. 16 Schematic diagram of the case study experimental set-up:

fabrication of same test sample by conventional bulk-forming,

subtractive, and additive processes

Fig. 15 SEC versus process productivity of various AM processes

(constructed from Table 7)

Fig. 14 Comparison of SEC for various additive manufacturing (AM)

processes (constructed from Table 7)

Fig. 17 Test geometry for the experiments and fabricated results
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and slots, with a depth of 2 mm. The scale of the model was

determined by the working volume of the equipment. The workpiece

material was ABS P400 (Stratasys Ltd., USA) (density: 1.05 g cm-3).

For each experiment, the electricity consumption of the machine

was measured using a power meter (PAC3200, Siemens, Germany).

The power meter was connected by an unshielded twisted pair (UTP)

cable and Modbus protocol. The sampling rate of power consumption

was 5 Hz. The in-depth approach33,53 was used to calculate energy

consumption, from the processing time and power measurements.

In the experiments, power consumption was measured and

classified in terms of specific states and components, and then

integrated for calculation.

5.1 Injection Molding from Conventional Bulk-forming

Before the injection-molding process, a mold was fabricated using a

small CNC machine (NBS-3035, MNI Corp., Korea) and the

countergeometry of the test sample. An end-mill tool (diameter: 5 mm)

(HAL1F, LK TOOL Corp., Korea) was used for machining (rotational

speed: 18,000 rpm; feed rate: 200 mmmin-1; and axial depth of cut:

0.5 mm). The mold material was aluminum, Al 6061. The top mold was

110×110×10 mm, and the bottom mold was 110×110×20 mm in size. A

small injection-molding machine (G-100T, Morgan Industries, Inc.,

USA), equipped with an electric heater and hydraulic injector, was used.

Injection was available for up to ~113 g of material; the maximum

injection pressure was ~82.7 MPa. During the process, the temperature of

the material barrel and nozzle was maintained at 230oC, and that of a plate

under the mold was maintained at 120oC. Fig. 18 shows the power profile

for mold-making (milling) and the overall injection-molding process.

Because only the electricity was measured, energy consumed by the

heaters was the main focus. Warm-up took ~27 min, after which the

heaters were turned on and off to maintain the temperature. During the

warm-up state, the heaters consumed 1339W; the average power

consumption was ~534W. The total processing time for cutting was

54.0 min, and that of injection molding was 31.3 min, including 27.1

minutes of warm-up. After warm-up, part fabrication took only ~4.2 min

or ~250 s. The part was designed to be slightly larger than the sample to

form a fillet, and was then cut during the post-processing procedure.

The total energy consumption was 832.4 Wh, including 189.3 Wh

for mold fabrication and 606.1 Wh for warm-up. Fabrication of one

standard sample required 832.4 Wh per part, or 222.0 kWh kg-1.

However, the SEC decreased significantly as the number of parts to

be fabricated increased, because the processing energy accounted for

only 37.0 Wh per part or 9.9 kWh kg-1. Fig. 19 shows the energy

distribution of the overall process.

5.2 Milling from a Conventional Subtractive Process

For the subtractive process case study, a CNC machine (NBS-3035,

MNI Corp., Korea) was used to fabricate the sample using an end-mill

tool (diameter: 5 mm) (HAL1F, LK TOOL Corp., Korea). The CNC

machine had a working volume of 310×360×200 mm. Because the

model had two slots and two holes, machining included two slot millings

and two drillings (rotational speed: 18,000 rpm; feed rate: 200 mm min-

1; and axial depth of cut: 1.0 mm). Fig. 20 shows the power profile during

cutting. Although PMACHINING was acquired from the cutting load, the

cutting power was not large given the momentum energy; this was

attributed to the material used, ABS P400, a relatively soft material.

During the machining process, PIDLE was ~111.1 W, PSPINDLE was

100.7 W, and PSTAGE was 8.0 W. PMACHINING accounted for ~6 W during

Fig. 18 Power profile for mold-making (milling) and the overall

injection-molding process for fabrication of the test sample: the

number of parts was five

Fig. 19 Energy distribution of the injection-molding process: the

number of parts was one

Fig. 20 Power profile of the milling (subtractive) process for

fabrication of the test sample
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cutting, and varied with respect to the cutting load. The total processing

time was 1123 s, with 15.0-min preparation time included. The total

energy consumption was 40.8 Wh.

Fabrication of one standard sample required 40.8 Wh per part, or

10.9 kWh kg-1 (remained mass). However, machining one part consumed

only 3.49 kWh kg-1. Fig. 21 shows the energy distribution of the

subtractive process.

5.3 Fused Deposition Modeling from the Additive Process

A small FDM machine (Dimension 768 SST, Stratasys Ltd., USA)

was used to fabricate the sample. This machine has a working volume of

203×203×304 mm. The thickness of one layer was 0.254 mm.

During processing, the temperature was maintained at 230oC at the

nozzle and 70oC in the chamber. The set-up (Idle + Set-up + Warm-up)

took 31 min. The total model build time was 18 min. Fig. 22 shows the

power profile of the FDM process.

From the idle state, the machine started to warm up the chamber and

nozzle. Because the required temperature was significantly higher than

room temperature, the warm-up process required 25 min before initiation

of layer fabrication. When the warm-up period ended, the machine

initiated material ejection. During the process, the heaters were turned on

for 620 s (for the support material), and then turned on and off to

maintain the required temperature (for material fabrication). The total

energy consumption was 717.1 Wh. One standard sample required

717.1 Wh per part, or 191.3 kWh kg-1.

Because the warm-up process consumed 435.5 Wh, fabrication of one

more part would consume 75.1 kWh kg-1. If multiple parts were

fabricated after the warm-up period, then the SEC decreased. Fig. 23

shows the energy distribution of the overall FDM process.

6. Discussion

The energy consumption of the three categories of manufacturing

process studied in this review; i.e., bulk-forming, subtractive, and

additive processes were compared, based on published reports and the

results obtained in our experimental case studies. Fig. 24 shows the range

of SEC in terms of the categorized manufacturing processes, and Fig. 25

shows the trend of SEC in terms of process productivity. Conventional

bulk-forming processes consume less energy than subtractive and

additive processes, and additive processes have the highest range of SEC.

In this review, though the subtractive process did not include the energy

consumed in forming a bulk material, SEC values for this process varied over

a wide range. Gutowski et al. analyzed the material embodied energy in

terms of exergy;96 however, the energy consumption of the machine tool

Fig. 21 Energy distribution of the overall milling process

Fig. 22 Power profile of the FDM process for fabrication of the test

sample

Fig. 23 Energy distribution of the overall FDM process: the number of

parts was one

Fig. 24 SEC for the three categories of manufacturing process
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itself varied significantly with the process scale and conditions. Conventional

bulk-forming processes basically melted the material; however, the energy

consumption for unit mass production could be reduced through mass

production. The range of SEC values is displayed in Fig. 25. The SEC

exhibited a linear trend with respect to the reciprocal logarithmic form of the

productivity; these results were in good agreement with previous reports.36

In fact, conventional unit of productivity was different in terms of

the type of processes. In subtractive processes, the cutting geometry

and material have an impact on energy consumption. However, in bulk-

forming and subtractive processes, the density has an impact on energy

consumption. For the integrated calculation, the work material was

assumed to be a polymer (density: ~1 g cm-3 or 1×10-6 kg mm-3).

For the manufacturing processes shown in Fig. 25, conventional bulk-

forming exhibited the greatest productivity. From the graphs, AM

processes may be considered to be the most inefficient, compared with

conventional processes.

In addition to the literature review, case studies were also performed

to show practical examples of energy consumption. In the case studies,

the overall energy consumption of the entire process was measured, and

divided into detailed elements and states using an in-depth approach.

Fig. 26 shows the energy consumed in the fabrication of the test

sample using three different manufacturing processes. When the number

of fabricated products was 1, injection molding consumed the largest

amount of energy, followed by FDM, and machining. Note that for the

case study, we assumed that material formation for the machining

process consumed the same amount of energy as the warming-up and

process in injection molding.

Assuming that the bulk material was made by injection molding, the

energy for bulk material fabrication should be similar to the energy

consumption for the injection-molding process. Considering the energy

consumed in mold making, AM may be more efficient than the injection-

molding process.

However, the energy distribution could vary in terms of the

production number. The hatched area in Fig. 26 (referred to as

“Process” in the legend) represents the pure process energy consumed

in the fabrication of one part. Hence, that amount of energy will

increase if the number of parts increases.

Although injection molding showed the highest energy consumption

due to the considerable mold-making and warm-up energy required, the

process energy was significantly lower than that required for the FDM

process. Thus, FDM may be more efficient when the number of parts

is one or two. In the case of multiple-parts fabrication, the working

volume of the individual machine tool should be considered, because

the set-up procedure is repeated for each manufacturing cycle.

Fig. 27 shows the SEC in terms of the number of production parts.

Here, we assumed that set-up and material-preparation periods were

needed only once for the production of 15 parts. As expected, the SEC

was lower with FDM, when the number of parts was one. However, as

the number of production parts increased, the SEC of injection molding

and machining decreased significantly.

In contrast, Fig. 28 shows the total cost for production. Only energy

Fig. 25 SEC versus productivity for the three categories of

manufacturing process

Fig. 26 Energy consumption results for the case studies: the number

of products was one

Fig. 27 SEC in terms of number of parts for injection molding,

machining, and fused deposition modeling

Fig. 28 Production costs in terms of number of parts for injection

molding, machining, and fused deposition modeling
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and time costs were considered; material and machine costs were

excluded. The energy cost was assumed to be 0.062 USD (kWh)-1,

which is the average price for electricity in South Korea. The time cost

was assumed to be 4.75 USD h-1, which is the minimum wage in South

Korea in 2014. Due to the time consumption involved in mold

fabrication, the injection-molding cost was higher than FDM when the

part number was less than three.

However when the number of parts exceeded three, the FDM cost

increased sharply with wage cost. Although the detailed calculations

may depend on local conditions, these energy and cost curves provide

representative characteristics of the AM processes.

Therefore, both energy consumption and production cost should be

carefully considered, in addition to the production size. In fact, additive

processes have benefits other than product design. Mansour and Hague

compared the manufacturing rules for injection molding and

conventional rapid manufacturing.75 They determined that the general

guidelines used for injection molding did not apply to AM processes,

and that the part design could be simplified with specific features

available with AM. For effective molding and ejection, the parts

generally have geometric constraints; however, this is not a factor in

AM. Moreover, a simplified part can contribute to the lightweight

design of the part, and hence contribute to the overall efficiency of the

product. For these reasons, the aerospace industry has tried to extend

the application of AM techniques.

In addition, material preparation energy and cost needs to be

carefully considered, for the wider range of assessment. In Fig. 26,

material preparation energy for subtractive process was assumed to be

same as in injection molding process; however material preparation

consumes significant energy and time for most cases. Particularly for

the AM processes, plastic materials are fabricated by special

manufacturing processes, and can be expensive 53-104 times of

materials for injection molding.77

The performances of each manufacturing process can also be

estimated using various evaluation methods. For example, Peças et al.

compared the effect of conventional molds and rapid-tooling molds,

and suggested a global evaluation method based on the lifecycle

assessment of the overall injection-molding process.97 Local conditions

also have a marked effect on decision making, such as the cost of

electricity or wage costs. However, modeling and assessment of the

process should take precedence. For effective process planning, energy

and environmental aspects should be modeled in terms of process and

detail conditions.

7. Conclusions

Over the last several decades, sustainability has drawn much

attention, particularly in manufacturing. In this review, an overview of

energy consumption in manufacturing was provided for various

manufacturing processes (bulk-forming, subtractive, and additive

processes) to compare energy consumption. SEC estimates were

collected for individual processing levels for the three manufacturing

process types, and then categorized with respect to the manufacturing

process and productivity. Emerging AM processes, spotlighted by the

U.S. government, were considered, in addition to conventional

manufacturing (bulk-forming and subtractive) techniques. We

performed case studies for these three manufacturing processes and

compared our SEC values with those obtained from the literature. The

SEC of additive processes was ~100-fold higher than that of

conventional bulk-forming processes. Subtractive processes generally

had an intermediate value between the two categories, over a wide

range from one to hundreds of kWh kg-1. In the bulk-forming injection-

molding process, hydraulic molding machines consumed significantly

higher energy than all electric-molding machines. Among the

subtractive processes, grinding consumed the largest amount of energy

compared with conventional milling techniques. In the case of AM

processes, no significant difference between plastic and metal methods

was evident.

All three process categories followed a linear trend with respect to

the reciprocal form of the productivity. Similar to the SEC, the

productivities associated with injection molding were ~100-fold higher

than that of AM techniques. The MRR of subtractive processes also

varied considerably, depending on the process scale.

In case studies, the energy consumption of each process was modeled

in terms of individual components and states. Considering SEC, injection

molding and machining were highly suitable techniques for fabrication.

However, when the number of parts was small, FDM had a greater

advantage, compared with conventional manufacturing processes.

Following the emerging demand for ‘green’ manufacturing, accurate

assessment and modeling of manufacturing processes is becoming

increasingly important. Data from various industrial fields can be used to

effectively differentiate various manufacturing processes and facilitate

decision-making regarding environmentally responsible manufacturing

practices in industry.
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