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ABSTRACT
Manufacturing is an energy-intensive process which could
account for up to 45% of total energy consumption worldwide.
Reducing energy consumption on a product level, in addition
to a process or facility level, is being seen as a more
worthwhile endeavor in light of rising energy costs and
environmental concerns. To accomplish this, it is necessary to
consider the role of product design in energy consumption. It
is possible to design a product such that its manufacture
consumes less energy. However, this requires a good model
of energy consumption based on the design parameters. A
good model must be detailed enough to yield accurate results,
but at the same time simple enough such that it can be applied
regularly and consistently in day-to-day design work. In this
paper, we propose an approach for generating such a model
by decomposing the manufacturing process into its energyconsuming components. For each component, the relevant
design and manufacturing parameters can be elicited by
performing sensitivity analysis through analysis and
experimentation. Parameters which do not greatly contribute
to variance in energy consumption can be held constant, thus
simplifying the model. Thus, the simplest possible model can
be derived for a specified level of accuracy. We illustrate that
these parameters can differ greatly from process to process by
investigating representative manufacturing processes in four
general categories: additive, subtractive, forming, and
solidification. Finally, we present an example model for
injection molding.
1 INTRODUCTION
Manufacturing is an energy-intensive process which could
account for up to 45% of total energy consumption worldwide
[1]. Traditionally, energy prices have been relatively low
compared to material, labor, and equipment costs, and
therefore have been considered a part of overhead costs.
Thus, little effort has been made to minimize energy
consumption on the level of individual products; efforts have
mainly been to lower energy consumption on a machine or
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factory level. Recently, in light of climate change and fossil
fuel depletion, energy is now being seen as a variable cost
which varies from product to product. Therefore, efforts are
now being made to reduce the energy costs associated with
specific products. Although across-the-board reductions in
equipment and facility energy consumption will usually
reduce the per-product energy cost, it is possible to further
reduce energy costs through careful design.
Design is an iterative process, involving generation of a
design concept, analysis of that design, and then using the
results of that analysis to make modifications and
improvements.
Therefore, design for reduced energy
consumption requires a means for analyzing a given design
and determining the associated total energy costs. This can be
challenging because the energy consumption for
manufacturing a given product may depend on a large number
of parameters which interact in complex ways. Furthermore,
many of these parameters are difficult to determine at the
design stage. Energy consumption models which attempt to
account for all of these parameters may become too unwieldy
and impractical to apply regularly and consistently. As a
result, the most commonly used energy consumption models
tend to be oversimplified and therefore yield inaccurate
results.
For example, a popular approach for estimating energy
usage from the design perspective is specific energy
consumption (SEC) [2-9]. SEC is a metric defined as the
energy consumed per unit of material that undergoes a certain
process; for example, 8 MJ/kg for die-casting aluminum [10].
These values are usually computed by taking an average of
direct measurements from manufacturers and research
laboratories. SEC models may also be hierarchically built by
breaking a process into several subprocesses and then
combining the energy requirements of each subprocess. SEC
models are popular because they are fairly easy to construct
once the data has been collected – values are simply averaged
together. They are also extremely simple to apply; the SEC
value is multiplied by the total mass of material processed,

which can be derived from CAD/CAM models of the product.
Thus, only two design parameters are required - the material
type, and the material mass (or quantity). Unfortunately, SEC
models can sometimes suffer from very high variance. The
SEC derived from one set of experimental data can differ
greatly from that derived from another set. This can make it
difficult to obtain accurate projections of energy consumption
for new designs using a given material and process [11-13].
It is clear that model accuracy and ease of application are
conflicting objectives. Therefore, a compromise is needed in
constructing an energy estimation model which allows for
reasonably accurate estimates and at the same time, is
practical to integrate into existing design labs. This involves
careful consideration of each design and manufacturing
parameter, and the sensitivity of manufacturing energy
requirements to each parameter. Energy consumption may
also be sensitive to interactions between parameters, and so
these interactions must be considered as well. Parameters
which do not significantly contribute to variance in energy
consumption can be held constant, thus simplifying the model.
For some processes, this may eliminate all parameters except
material type and quantity; thus, SEC can be seen as the
simplest case of a more generalized model.
In this paper we propose a process physics-based
approach, in which one can decompose a manufacturing
process into its individual energy-consuming components.
For each component, a detailed model can be developed based
on its underlying physics model. For example, a heater can be
modeled in terms of the latent and sensible heat needed to melt
a material and bring it up to the processing temperature. This
will be a function of the thermal properties of the material, as
well as the efficiency and heat loss of the heating element.
Other components may depend on physical properties of the
material such as density, hardness, geometric properties such
as tolerance, aspect ratio, and wall thickness, equipment
parameters such as size, working principle, and efficiency, and
policy parameters such as scheduling, inventory, and
maintenance. For some components, it may not be possible to
generate explicit equations relating the parameters to energy
consumption. In this case, databases and simulations may be
necessary.
In Section 2, we conduct a qualitative, exploratory study
of manufacturing processes in four general categories:
additive, subtractive, solidification, and forming. In each
category, we present two different processes, the energyconsuming physical components of each process, and some of
the critical parameters which affect energy consumption. The
purpose of this study is to demonstrate that, because different
manufacturing processes use different working principles and
are made up of different types of components, there is
significant diversity in regards to which parameters are salient
for a given process. The effects which dominate energy
consumption may be very different, even for processes that
appear to be very similar. Section 3 outlines a generalized met
methodology for creating the simplest possible model that can
provide sufficient estimation accuracy.

Finally in Section 4, we provide an example in which we
derive an energy estimation model for the injection molding
process. In this example, we identify the components which
dominate energy consumption (more than 5% of the total
average consumption).
However, for these dominant
components, we choose not to experimentally eliminate
parameters, because of the ease with which they can be
measured or estimated for a given manufacturing job.
Furthermore, we introduce process time as an intermediate
parameter for estimating energy consumption. Process times
can be reliably estimated during design, and then used in our
model to compute energy consumption. Using process time as
an intermediate parameter is not necessarily required or
advised for every manufacturing process.
2. EXPLORATORY QUALITATIVE STUDIES WITH
REPRESENTATIVE PROCESSES
2.1 ADDITIVE PROCESSES

Additive manufacturing is a class of processes which
create layer upon layer of material which are bonded together,
producing a metal, plastic, or ceramic part. These layers are
often rastered cross sections of a 3D computer model, such as
STL. Additive manufacturing is often referred to as "rapid
prototyping", "rapid manufacturing", when used for full scale
production, or "rapid tooling", when used to build tools and
dies for other types of manufacturing processes.
The
advantages of additive manufacturing include very short lead
times and lower costs because specialized tooling does not
need to be made for a given product. We present two example
additive manufacturing technologies: fused deposition
modeling (FDM), which is used to make plastic parts, and
selective laser sintering (SLS), which is mainly used to make
metal parts.
2.1.1 FUSED DEPOSITION MODELING

FDM is a proprietary additive manufacturing process,
owned and distributed by Stratasys [14]. The process consists
of softening or melting a thin filament of polymer, which is
further extruded through a deposition nozzle. This nozzle is
moved along two dimensions (X-Y) to deposit the filament in
the shape of the desired layer. As the filament is deposited, it
cools and hardens, fusing onto the previous layer. The nozzle
is then moved vertically by a fixed increment, and the next
layer is deposited. This process is continued, layer by layer,
until the net shape has been completely reproduced.
Because FDM relies on the support of previous layers to
construct new layers, certain geometric features require
additional support structures to prevent the part from
collapsing before the filament has solidified. Undercuts and
other types of cavities, for example, require that the areas
lying directly below them in previous layers be filled with a
temporary support material. This material is typically made so
that it can be dissolved in water or some other solvent once the
part has been completely constructed. Parts with many
complex features will require many more support structures

Figure 1: Conceptual diagram of Fused Deposition Modeling
than parts with simpler features. For example a cube would
require no support material. On the other a hollow box will
require a significant amount of support material. Deposition of
these support structures has its own specific energy
requirements, and therefore creation of more complex parts
will require more energy consumption than simpler parts of
the same mass. Thus, energy consumption in FDM appears to
be highly geometry-dependent.
Fortunately, FDM has a fairly straightforward setup and
equipment selection steps. Additional energy requirements for
preparing the machine or removing support structures from the
parts are fairly constant. Therefore, the energy consumed by
FDM for a given part will vary little from facility to facility.
Furthermore, because FDM machines are produced and
distributed by a single manufacturer, there is no variance in
energy consumption with respect to equipment choice.
Stratasys produces machines of varying sizes, however, the
size of the machine is well-determined by the bounding
volume of the part. Thus, the equipment size does not need to
be considered independently of the size of the part.

	
  
2.1.2 SELECTIVE LASER SINTERING

Selective Laser Sintering (SLS) is widely used to build
custom metal parts for use in specialized applications such as
the aerospace and medical industries. In the SLS process, first
a work surface is coated with a thin film of metal powder, and
a robot arm equipped with a laser scans the bottom layer of the
part. The laser, typically a high-power carbon dioxide beam,
selectively fuses the powder particles together, creating the
layer. An elevator then lowers the work surface by one
thickness level, and additional powder is deposited on top.
Subsequent layers are fused onto the preceding layers. When
the entire object has been built, unsintered powder is removed,
and the object is baked at a high temperature to further sinter
the material and solidify the part. This process is shown in
Figure 2.
Like FDM, setup and equipment selection for SLS is quite
straightforward. Additionally, like FDM, SLS equipment
choice is dictated by the bounding volume of the part. Energy
consumption during sintering is fairly consistent because the
laser uses a constant amount of energy to sinter each particle.
In the SLS process, the unsintered powder is dense enough to
support the sintered structure. Thus unlike FDM, support

	
  
Figure 2: Production of metal parts using Selective Laser
Sintering
	
  
structures are not needed, and so additional energy is not
expended for creating undercuts and other types of special
features. The mass of the part is proportional to the number of
particles, and geometry does not alter the number of particles
sintered for a part of a given mass. Therefore, energy
consumption for SLS can be considered relatively geometryindependent.
2.2 SUBTRACTIVE PROCESSES

Subtractive processes consist of the well-known
techniques of machining and punching, as well as newer
processes such as electrical discharge machining, water-jet,
and laser cutting. These processes produce a rough or finished
shape by removing material from a piece of stock. In this
section, we compare a widely used type of machining,
Computer Numerical Controlled (CNC) milling, with sheet
metal punching.
2.2.1 COMPUTER
MILLING

NUMERICAL

CONTROLLED

(CNC)

Milling cuts a part from a piece of stock, or workpiece,
using a sequence of milling operations to remove material.
Each operation consists of carving a path with a particular
cutting tool. This tool is held in a spindle controlled by servo
motors, which move it horizontally and vertically with respect
to the workbench. Newer CNC mills also support motion of
the tool along additional axes, allowing for much more
complex geometries. When a milling operation is complete,
the tool is changed manually or by means of an automatic
caddy. The basic milling process is shown in Figure 3.
A study by Munoz and Sheng [15] suggests that in
addition to material type, energy consumption of machining is
highly dependent on part geometry and the tooling dictated by
the geometry. This is primarily due to the sequence of tool
changes based on the need for precision in a particular
geometric feature. More complex geometries will generally
require longer sequences of smaller tools, which require more
energy to remove the same amount of material as a larger tool.

Figure 4: Punch and Die used to cut a part from a piece of
sheet metal
2.3 SOLIDIFICATION PROCESSES

Figure 3: Milling a path in a workpiece using a cutting tool
This also means that the planning of the milling
sequences will also affect energy consumption. A 2003 work
by Yao, et.al. [16], shows that in addition to the tools selected,
total manufacturing time is highly dependent on the order in
which they are deployed. Because the mill is running and
consuming energy throughout the manufacturing period, a
longer manufacturing time implies higher energy consumption
per part. The size of the batch can greatly influence the
energy consumption associated with tool changes and setup.
Therefore, energy consumption appears to be very sensitive to
equipment selection and process planning.
2.2.2 SHEET METAL PUNCHING

Punching, also known as blanking, is a process which
creates 2D profiles from a sheet of material, usually metal, by
pressing a tool into the workpiece until the part shears away.
A die supports the workpiece from the bottom while allowing
the punch to press completely through. A simplified diagram
of a punching operation is shown in Figure 4. This is a cheap
and high-speed process for creating large numbers of simple
metal products.
The punch press itself is typically
hydraulically powered, and CNC motors may be used to move
the table, die, and workpiece automatically after each
punching operation to create the next part.
The energy requirements of punching depend on the
hardness and thickness of the material, as well as the total
perimeter of the part profile [17].
Thus, energy
consumption is measured in terms of energy per unit length
per unit thickness. Although punching is thus dependent on
part geometry, both the part perimeter and thickness are easy
to determine at the design stage. Furthermore, setup and
equipment selection are fairly consistent among punching
facilities. This is because the size of the punch and die can be
directly determined from the geometry of the part, and this
size dictates the size of the press. Unlike in CNC milling,
choices in tool selection and setup are very limited for
punching operations. Thus, the energy consumption for
punching based on the material, part perimeter, and material
thickness appears to be less sensitive to equipment and process
setup parameters.

Solidification processes are made up of those
manufacturing processes which involve filling the cavities of a
mold with softened or molten material, which cools inside the
mold until it solidifies. This forms a part which can be
removed from the mold, and finished, machined, or painted as
necessary.
Molding processes include sand, die, and
investment casting, which are generally used for metal, as well
as injection molding, which is most commonly used for
plastic. All of these processes are characterized by a high
demand for thermal energy, to melt the material before it is
poured into the mold. For some solidification processes, the
variation in this energy from job to job can be fairly high and
thus estimations based on approaches such as specific energy
consumption may not provide the necessary accuracy. For
other processes, this variation is low and thus specific energy
consumption is a good estimator. In this section, we present
polymer injection molding and sand casting and compare the
physical characteristics of these processes.
2.3.1 POLYMER INJECTION MOLDING

One of the most heavily used processes for creating
plastic parts is injection molding. In this process, polymer
pellets are fed into a heated barrel containing a rotating screw.
The combination of applied heat and shearing from the screw
plasticizes and melts the pellets, forming a molten stream of
polymer which is injected at high pressure through a system of
channels called runners into a mold cavity. Simultaneously,
pressure is applied to keep the mold closed as the polymer is
injected. The polymer takes the shape of the cavity, and is
cooled either passively or actively using water channels. The
mold is opened, the resulting part is ejected from the mold
cavity, and the molding machine is reclosed for the next part.
Both the injection mechanism and the clamping mechanism
may be electrically or hydraulically powered. The energy
consumption of injection molding, like milling, is highly
dependent on total manufacturing time. This is because
injection molding machines have many components which
may continue to consume large quantities of energy even
while the machine is idling [2, 3, 18]. The machine may idle,
for example, while waiting for the part to cool. Because
thicker parts take longer to cool, geometry plays a major role
in cycle times and therefore energy consumption. Thick parts
may also require active cooling, which requires use of even

Figure 5: Schematic of the Injection Molding Process
	
  
more energy to supply coolants. Machine selection and
process policy can also vary widely for a given job, and this
has a huge influence on energy consumption. Machines may
be hydraulically or electrically powered, each with its own
unique efficiency which may not be apparent during the
design stage. Production policy may call for multiple parts to
be made at once in a multi-cavity mold, which increases
throughput but may require a larger class of machine.
Decisions must also be made as to whether to use a hot runner
system, which decreases waste but creates an additional
energy demand. Batch size for a given job affects setup time,
which also consumes energy [13].
Therefore, energy
consumption for injection molding is sensitive to part
geometry, equipment selection, and production policy.
2.3.2 SAND CASTING

In the sand casting process, a wooden or plastic replica of
the part, called a pattern, is manufactured. This is typically
done using traditional machining processes, but may also be
done using newer additive manufacturing technologies [19].
A mixture of sand, clay, and water is packed around the top
and bottom halves of the pattern, and allowed to dry. The type
of sand is chosen such that it is sufficiently refractory to be
able to absorb heat without melting and fusing to the part.
Next, the pattern is removed from each half of the resulting
mold. The mold is then closed and attached to the gating
system, which delivers molten metal to the mold cavities.
After the metal has been poured, it is allowed to cool and
shrink inside the mold. The mold is then broken away,
revealing the part. This process is illustrated in Figure 6.
Over half of the energy consumed in the sand casting process
is used to melt and prepare the metal in a furnace [20]. As this
energy is simply a function of the quantity of material melted,
there is little dependence on the geometry of the part.
Production of the sand mold also requires energy, which is
geometry dependent; special mold components for certain
features require additional energy to manufacture. Furnaces in
foundries vary significantly in size and energy consumption
and so equipment selection may be a sensitive parameter.
Unlike polymer injection molding, there are few opportunities
for process policy tradeoffs with respect to energy

Figure 6: A simple Sand Casting Process for producing metal
parts
	
  
consumption. Metal is melted in the furnace, transported in a
ladle, and poured into the mold. This process is usually fixed
for a given foundry and independent of the design of the part.
Overall, we can expect energy consumption for sand-casting
to be less sensitive to parameters other than part mass.
2.4 FORMING

Forming processes produce a finished product by
applying compressive or tensile forces to a workpiece, altering
its shape through plastic deformation. This may be done at
room temperature, or higher temperatures to make the
workpiece more pliable. Although forming processes are most
commonly associated with metals, there are also processes
associated with plastics and glass. Forming processes include
techniques such as forging, stamping, coining, rolling,
drawing, and thermoforming. For this study, we compare the
processes of impression-die drop forging, and coining.
2.4.1 IMPRESSION-DIE DROP FORGING

Impression-die drop forging is a forming process in which
a workpiece placed in a simple mold called a die, which is
attached to an anvil. A hydraulically or electrically powered
hammer is repeatedly lifted and dropped onto the top die,
causing the workpiece to deform and take the shape of the die.
During the forging process, the workpiece is heated to prevent
work hardening of the piece, which could cause it to shatter.
Typically, the workpiece will be moved through several
different dies, each of which are designed to successively
bring the workpiece closer to its final net shape. After each
forge operation, excess material (flashing) is trimmed from the
sides of the piece. A diagram of this form of drop forging is
shown in Figure 7. Parts with a high degree of geometric
complexity may require significantly more energy to forge
than simpler parts. This is primarily due to two causes. First,
the complexity of a given die may require multiple drops of
the hammer; the more complex the die, the more drops will be
necessary. Each of these lifts and drops requires a significant
amount of energy. Secondly, parts with finer details may
necessitate more intermediate operations to produce the final
part from the ingot. Each of these operations will consume
energy. In this regard, energy consumption for forging can
also be regarded as highly process-dependent. The number of

Figure 8: Coning using top and bottom Dies
2.5 SUMMARY

Figure 7: Schematic of Impression-Die Drop Forging
unique dies that a forging facility may use for a given part is
not easily determined at the design stage. In some cases,
machining will be used to add the final features instead of
additional dies [21]. The workpiece may also need to be
turned or otherwise manipulated, which may also require
energy for automated processes. Finally, the choice of
equipment, which will dictate energy demands, is not readily
apparent during design. Drop forges may be hydraulically or
electrically powered, and thus energy consumption can vary
widely based on the variation in the efficiency of these
technologies. Energy consumption for forging, as a result,
may be sensitive to part geometry, equipment selection, and
process setup.
2.4.2 COINING

Coining is similar to punching, except that instead of
cutting entirely through the material, the workpiece is
deformed such that an impression is left. This process is used
as its name suggests, for minting metal coins, but also for
producing other small parts with fine features such as buttons
and certain types of springs. The pressures needed to achieve
this deformation are usually attained through a hydraulic
press. Because the impressions may involve broad features
rather than sharp cuts, the pressures are typically greater than
those required for punching. As with forging, both a top die
and a bottom die may be employed to create impressions on
both sides of the workpiece. This process is shown in Figure
8.
Unlike forging, the energy consumption for the coining
process is not highly dependent on the part geometry. There is
no need to repeatedly lift and drop a hammer to create the
impression; a single stroke is used for each coined workpiece.
Furthermore, the coining process creates the final net-shape
part. Coining presses may be hydraulically or electrically
powered, which may contribute to some variance in the
specific energy consumption due to differences in efficiency.
Thus, although energy consumption for coining may be
sensitive to some equipment and process parameters,
sensitivity to geometric parameters is considerably less than
with forging.

The overall part production involves a complex interplay
between physical processes, physical equipment, and the setup
process. Part geometry including tolerances and surface finish
can affect all three of these aspects. The mass of the part is
clearly an important factor that affects process, equipment,
and setup.
As demonstrated by the representative
manufacturing processes listed above, in some cases mass is
the dominating influence on the process time and energy
consumption. However, we also saw examples where mass
was clearly not the most dominating factor. We also note that
for some processes (especially processes that don’t require
tooling), equipment selection is quite straightforward and is
unlikely to lead to significant variation in the energy
consumption. For certain other processes such as milling, the
equipment used to carry out the process significantly
influences the energy consumption. For certain processes,
setup does not affect the energy consumption. However, for
certain other processes, the desired production policy may
influence the setup significantly. These differences may in
turn cause the process to consume significantly different
amounts of energy.
This exploratory analysis clearly shows that developing
an energy estimation methodology will be a complex problem
and the final answer will often depend upon detailed analysis
of the process and characterization of the sensitivity of the
energy consumption to relevant part and process parameters.
3. METHODOLOGY FOR SELECTING AN ENERGY
ESTIMATION APPROACH
We now present a methodology that can help in
identifying the simplest possible energy consumption
estimation model to meet the desired accuracy requirements.
This methodology consists of the following steps:
• Identify and decompose the energy-consuming components
of the manufacturing process.
• Formulate equations relating geometry, material,
equipment, and process parameters to the energy
consumption of significant components based on first
principles.
• Perform sensitivity analysis on these equations to
characterize the sensitivity of energy consumption to the
geometric parameters. This may be done experimentally or
using simulations, to identify the dominant geometric
parameters with regard to energy consumption.

• Determine if the process allows for significant variation in
machine selection. If so, construct an equipment selection
model based on the geometric and material parameters.
• If the setup for the process consumes energy, construct a
model for setup selection and perform sensitivity analysis to
identify dominant setup parameters.
• If necessary, set up intermediate relationships between
known design parameters and unknown equipment and
process parameters.
This may consist of analytical
equations, lookup tables, or more sophisticated algorithms.
• Combine the energy equations and use a regression model
to experimentally derive values for low-sensitivity
parameters. The experiments used for sensitivity analysis
may be sufficient, or additional experiments may be
required.
A flow diagram of this methodology is shown in Figure 9.
When finished, we will have the simplest possible model
comprised of a set of energy equations, dominant parameters,
and relationships between the design parameters and the
dominant parameters. Thus the input for this model consists
of the design parameters: the part geometry model, required
tolerances, and material data. The output of the model is the
total energy consumption per part.
3.1
IDENTIFICATION
OF
CONSUMING COMPONENTS
PHYSICS

PRINCIPLE
BASED ON

ENERGYPROCESS

The first step in developing an energy estimation model is
to model the physics of the process in as much detail as
possible. Ideally, this should involve decomposing each
machine used in the process into its component motors,
heaters, pumps, optical devices, electronics, and other
subsystems which consume energy. This can be done by
consulting manufacturers and experts on the process under
study. Next, it is necessary to determine which components
consume more than a given cutoff percentage, p0, of the total
energy consumption. For some process setups, it may be
possible to directly measure each component’s energy
consumption over a range of different jobs, and find the
average energy consumption of each component. For other
processes, it may be necessary to measure the total power
draw of the machine during a job, and then observe how it
fluctuates throughout the process. Since most manufacturing
equipment provides a means for determining when a given
component is active, it can be inferred which components are
consuming the most energy.
3.2 FORMULATION OF ENERGY EQUATIONS FOR
PRINCIPLE ENERGY-CONSUMING COMPONENTS
Once these components have been identified, equations for
energy consumption can be derived. This involves understanding the
physics of these components, and writing energy consumption in
terms of the geometry, equipment, and process parameters. Heating
elements, for example, require energy proportional to the mass,
specific heat, and density of the material, as well as the desired
increase in temperature. Motors consume energy in proportion to the
required torque and speed, and the total operation time. Thus in a

Figure 9: Generalized methodology for developing an energy
estimation model for a manufacturing process

process with n components, component i consumes energy as a
function of m geometry, equipment, and process parameters.
Formulating these equations will result in a complete set of relevant
parameters. In most cases, certain energy equations will be
independent of certain parameters. For example, the energy needed
to melt a quantity of material will likely not depend on the thickness
of the final part for a solidification process.

3.3 SENSITIVITY ANALYSIS WITH RESPECT TO
PART GEOMETRY
As seen in the case studies, some geometric parameters
may have a very high variance, but contribute little to the total
energy consumption of the process. Other parameters may
dominate the total energy consumption, but have relatively
low variance. For example, punching requires energy to
advance the metal sheet after each part. The sheet will need to
be advanced more, and thus require more energy, for larger
parts. However, this energy is dominated by the energy
required to punch through the metal, which is fairly constant
per unit for a given type of metal. Therefore, we must
consider the parameters in terms of sensitivity – given a
change in the value of a parameter, by what percent does the
energy consumption change?
The geometry of a part can influence energy consumption
in three ways. First, it can directly influence the amount of
force or pressure that must be applied to cut, shape, or
constrain the work material. For example, in drop forging,
more pressure must be applied to deform the material to create
finer features with sharper reliefs. In injection molding, more
pressure must be applied to constrain the mold for parts with a
wider projected area. Identifying how much a particular
geometric feature will contribute to energy consumption
requires careful consideration of the physical mechanisms
underlying the process. Projected area has a significant
influence with respect to injection molding; however, it has
little influence on the energy demands of sand casting. This is
because, with injection molding, it is necessary to apply
pressure on the mold to resist the pressure of the injected
polymer. Since pressure is a function of area and force, a
larger projected area will require more force and thus consume
more energy. Sand casting, on the other hand, uses gravity to
fill the mold. Therefore there are no high pressures, and
consequently no energy is expended in keeping the mold
closed. Other geometric properties which may influence
energy consumption include part thickness, wall thickness,
aspect ratio, edge gradient, genus, profile circumference, and
kerf.
Secondly, the geometry of a part can influence the total
manufacturing time. During an operation, even if the machine
is not actively working on the workpiece, it can continue to
draw energy while idling. Therefore, a part that takes longer
to manufacture because of its geometric properties will also
require more energy. For example, injection molded parts
with thicker walls will take longer to cool in the mold, during
which the machine is idling and consuming more energy. In
milling, smaller, more detailed features will take longer to
mill as they require smaller tools. This effect is shown in

Figure 10: Specific energy consumption versus throughput for
various injection-molded parts [12]
Figure 10. It can be seen that injection-molded seals, which
have a large projected area, consume significantly more
energy per kg of material than other parts. However, for some
processes such as SLS, geometry will have little influence on
the manufacturing time per unit mass of material.
For simpler processes, sensitivity may be checked in an
ad-hoc fashion based on an understanding of the physics of the
components.
For more complex processes, it may be
necessary to apply formal statistical techniques such as
factorial design of experiments and analysis of variance
(ANOVA).
Third, the geometry of the part can place constraints on
the size of the equipment that can be used. This is further
discussed in the next section.
3.4 CHARACTERIZING THE EFFECT OF EQUIPMENT
SELECTION ON ENERGY CONSUMPTION

Some parts can be manufactured on any class of
equipment, with little dependence on the part geometry. If
this is the case, we can assume that the optimal equipment will
be selected with regard to cost. The parameters for this
optimal equipment can be fixed in our energy equations. On
the other hand, if the equipment size is highly dependent on
the geometry, then the variability in energy consumption for
different sizes should be considered. In this case, a model for
equipment selection based on part geometry must be
constructed..
In addition to the size of the machine, the type of machine
may also be significant. Modern manufacturing equipment is
typically powered by hydraulic or electrical means. The
equipment for some processes, such as injection molding
machines, may be powered by a combination of these two
mechanisms and are referred to as hybrid machines.
Electrically powered machines tend to be more efficient than
hydraulic machines because they eliminate the losses
associated with pumping the hydraulic fluid. However for
certain processes, electric motors cannot provide the necessary
torques and hydraulics must be used. The difference in the
efficiency of these mechanisms will thus influence the energy
demand for a given type of equipment. Even within a
particular class of machines, energy consumption per unit of

Figure 11: Specific energy consumption versus throughput for
various injection-molding machines [12].
material processed can vary. Larger machines will consume
more energy, which may not correlate linearly with the
amount of material they can process. Figure 11 shows
throughput versus specific energy consumption for various
injection molding machines. It can be observed that SEC can
be very different for two different pieces of equipment at a
given throughput. Therefore, a model that helps to predict the
parameters of the manufacturing equipment so that they can be
incorporated into the energy estimation equations, is needed.
3.5 SENSITIVITY ANALYSIS WITH RESPECT TO SETUP
DESIGN AND SELECTION

For some processes, the trajectory of setup and planning
may be fairly predictable and consistent among facilities.
Additive manufacturing processes are effectively selfcontained systems. The material is loaded into the machine,
the part data is entered, and the machine is left to run until the
part is completely built. Setup requires little additional
energy, and there is little room for this to vary as run time and
batch size are completely dictated by the size and shape of the
part. For other processes, such as injection molding, the setup
can be significantly tweaked to improve throughput and part
quality, or decrease costs. Parts can be made in small volumes
or large volumes, and in any number of batches. For large
batches, energy associated with setup will be insignificant
when allocated to all of the parts. For small batches, the
energy consumed at setup may be significant per part. In this
case, it is necessary to perform sensitivity analysis on the
setup parameters. As with geometric parameters, it may be
possible to perform this analysis in an ad-hoc fashion, or using
statistical techniques.
3.6 ALGORITHMS FOR ESTIMATING PARAMETERS AT
THE DESIGN STAGE

Certain parameters that appear in the final energy
equations will not be available directly from the part model or
material data sheet. Because this is typically the only
information available at the design stage, it is necessary to
construct algorithms for estimating the values of these
undetermined parameters. This may be as simple as a table or
analytical equation, in which ranges of values for geometric
and material parameters are mapped to other parameters, or it
may require more advanced modeling and simulation. For

example, the runner system for injection molding can
contribute significantly to the total volume of material used
per part.
However, the runner system is not usually
determined during design of the part. A simple approach to
estimating this volume is as a percentage of the total volume
of material used, with smaller parts using proportionally more
material in the runners. A table mapping part volume to the
proportions of runner material is given in [22]. Other
parameters which may need to be estimated from geometry
and material parameters include cycle and setup times for the
process.
3.7 COMBINATION AND CALIBRATION OF ENERGY
EQUATIONS

We are ultimately interested in developing the simplest
possible model that can estimate energy consumption at the
design stage within the desired accuracy. Part parameters
which do not create variability in the energy consumption
estimate should be combined into coefficients for the
equations to simplify the model and ensure ease of model
calibration. The desired accuracy of the model is used to
decide which parameter to use in the model and which to
ignore. The final model is derived by summing all energy
consuming components.
The final model must also be verified to ensure that all
parameters used in the model can be easily derived from the
part geometry model (e.g. CAD). The model also needs to be
calibrated and validated. An intelligent design of experiment
approach must be used to generate energy measurements to
estimate coefficients used in the equations. In most situations,
it is preferable to be able to be able to instrument the process
such that all energy consuming components are monitored
separately. This capability significantly reduces the number of
experiments needed for calibrating the model. Appropriate
regression techniques can be used to estimate the coefficients
in the equations. Finally, several experiments need to be done
to make sure that the derived model works satisfactorily. This
step requires conducting experiments to verify the parameter
sensitivity both for the parameters that are expected to change
the energy consumption as well as parameters that are not
expected to significantly affect the energy consumption.
4. CASE STUDY: INJECTION MOLDING
We now present an example application of our
methodology to polymer injection molding. For the purposes
of this study, we assume that the machine is hydraulically
powered, and consider a representative machine for which the
typical breakdown of energy-consuming components is
known. Table 1 shows experimentally derived power
consumption data for a 30-ton Engle hydraulic injection
molding machine. We assume that the proportional power
draw of each component of a hydraulic machine is sufficiently
similar from part to part and machine to machine for the
purposes of identifying the major power consuming
components.
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Table 1: Table for power consumption for a 30-ton Engle
Hydraulic injection molding machine [23]
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where the parameters are defined in Table 2.The time required
to reset the mold is given as

	
  

⎛

treset = 1 + ⎜ 1.75

⎝

maximum wall thickness of part
polymer injection temperature
recommended mold temperature
recommended part ejection temperature
thermal diffusivity of material

α

Qmax

,

(3)

(4)

	
  

It can be seen that the major components include the
hydraulic motors (which power the clamping process), the
injection screw (which is used for the feed and injection
processes), and the heaters. Together, these account for 98.3%
of the total power consumption of the machine. Thus, we
need only formulate three equations for energy consumption:
Eclamp, Escrew, and Eheater. For each of these components, we
can assume an average power draw during the time it is active.
Multiplying this average power by the time it is active gives
the total energy consumption for that component. For
simplicity, we divide the injection molding cycle into three
stages: injection, or filling; cooling and packing; and mold
reset. Mold reset includes the opening of the mold, ejection of
the part, placement of inserts, and reclosing of the mold. The
time for each of these stages is labeled tinject, tcool, and treset,
respectively. Each of these cycle times can be estimated based
on material and geometry parameters. The derivations of
these equations are too lengthy to be discussed here but can be
found in [22].
Thus the fill time can be calculated as

2V cavity

⎟ td
⎠ ,

tcycle = tinject + tcool + treset

	
  

tinject =

Lstroke

which is computed by applying an overhead to the dry cycle
time for the machine (td). The dry cycle time is a performance
metric that indicates the time for the machine to perform the
actions necessary to manufacture a part, without the part
actually being produced. The overhead is derived from the
part depth (D) and stroke length (Lstroke).
Added together, the total cycle time is

Table 1: Cooling time parameters
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where Vcavity is the volume of the mold cavity, which is a
geometry parameter, and Qmax is the maximum flow rate of the
polymer from the injection barrel, a machine parameter.
Cooling time can be calculated as

The clamp is active during the injection and cooling
stages of molding, and idle during the mold reset process.
When active, the hydraulic motors consume energy in
proportion to the hydraulic flow rate Qhydraulic, the desired
pressure in the mold pmold, and their efficiency rating η.
Multiplying the flow rate by the mold pressure and dividing
by the efficiency, we can determine the power draw of the
hydraulics when active. When idle, during mold reset, the
motors consume power at a constant rate Pidle. Together, the
energy consumed during these two modes of activity is
computed as shown in Equation 5.

⎛ Qhydraulic pmold ⎞
Eclamp = ⎜
⎟ (tinjection + tcool ) + Pidle treset 	
  	
  
η
⎝
⎠

(5)

The screw is active during only the injection stage. We
can model the energy consumed in terms of the power needed
to overcome the viscous drag of the molten polymer. This is a
function of the flow rate of material from the barrel (Qmax), the
cross-sectional area of the barrel (Abarrel), the drag coefficient
of the barrel (Cd), and the material density (ρ). Multiplying
this by the injection time, we compute the energy used by this
component as:

⎛ 1 Q3
⎞
Escrew = ⎜ ρ 2max Cd ⎟ tinjection 	
  	
  
⎝ 2 Abarrel
⎠

(6)

	
  
The heater consumes energy to melt and heat up the
material to the desired injection temperature, which is
dependent on the crystallinity (λ), heat of fusion (Hf), specific
heat (c), and mass of the material (m), as well as the desired

temperature increase (ΔT). An additional, constant power
draw (Psteady-state) is required throughout the entire cycle to
compensate for thermal losses and maintain the polymer
injection temperature. Thus, the total energy consumed by the
heater can be modeled as:

Eheater = λ mH f + cmΔT + Psteady − state tcycle

(7)

	
  
We can see from these equations that energy consumption
is dependent on both geometry and equipment parameters.
For most parts, the cycle time is dominated by the cooling
time, during which the mold is clamped shut while the
material solidifies. Since parts with a larger wall thickness
take much longer to cool, we can deduce that energy
consumption is highly sensitive to wall thickness.
Vcavity depends not only on the volume of the part, but also
on the volume of the runner system which carries the molten
polymer to the individual part cavities. However, the runner
volume is not typically known at the design stage. A simple
way to approach this is to assume that the runner volume is a
percentage of the total cavity volume, with smaller parts
having a higher percentage of the cavity devoted to runners
than larger parts. This is the approach outlined by Boothroyd
[22].	
  
The injection and reset times, as well as the material flow
rate, barrel area, and hydraulic flow rate, are dependent on
equipment selection. Hence an equipment selection model
must be integrated in the energy estimation model. For
injection molding, equipment selection is performed based
primarily on the required clamping force. This in turn is
dependent on the projected area of the part and the
recommended injection pressure for the material. Therefore, a
simple table relating clamping force to machine parameters
can serve as an equipment selection model. Such a table is
available in [22].
Setup for injection molding consumes energy. As many
as a few hundred calibration parts must be produced and
discarded before the machine starts producing parts of
sufficient quality. However, the energy needed to make these
parts has been shown to be insignificant for large batch sizes,
such as a typical half-million parts [13]. Therefore, we can
omit setup energy consumption from our model for large batch
production scenarios.
Calibration of these equations can be achieved by running
a set of experiments, and varying the key parameters of part
thickness, mass, and specific heat of the material. If access to
several different machines is available, then barrel size,
material flow rate, and hydraulic flow rate can be varied as
well. Thus, the values of parameters which are not sensitive to
geometry or equipment selection can be fixed in these
equations.
5. CONCLUSIONS
We investigated eight different manufacturing processes,
and discussed the potential effects of part geometry,

equipment selection, and process setup on energy
consumption. This shows that some processes will be very
sensitive to many parameters, while others will be sensitive to
relatively few parameters. We then outlined a methodology
for constructing a model for energy consumption. This
consists of identifying energy-consuming components of the
process, and modeling the energy consumption of each
component in terms of the parameters. Sensitivity analysis is
performed to identify the dominant parameters, and an
equipment selection model is developed if necessary. If
process setup consumes energy, this must be modeled as well.
The need for intermediate relationships for cycle times and
other parameters not available at the design stage is also
discussed. We give an example based on injection molding to
illustrate how such a model can be constructed.
This work extends the concept of specific energy
consumption, which parameterizes the energy consumption
estimate for a manufacturing process based on the mass of
material processed. We have developed a methodology for
constructing a systematic model which takes the parameters
available at design as an input, and produces an estimate of
per-part energy consumption as an output. A simple SEC
model can be seen as a special case of such a model, where
energy is parameterized solely by mass.
Future work will consist of developing a more
sophisticated statistical model for sensitivity analysis. This
may include design of experiment approaches such as factorial
experiments, analysis of variance, and construction of
response surfaces. The methodology can also be further
validated by applying it to other processes.
6. REFERENCES
1. Lyons, K.W., et al., Toward Energy Efficient
Manufacturing Enterprises, in ENERGY AND POWER
GENERATION HANDBOOK: Established and Emerging
Technologies, K.R. Rao, Editor. 2011, ASME Press.
2.

Krishnan, S.S., et al., Machine Level Energy Efficiency
Analysis in Discrete Manufacturing for a Sustainable
Energy Infrastructure, in International Conference on
Infrastructure Systems. 2009: Chennai, India.

3.

Gutowski, T., et al., Electrical Energy Requirements for
Manufacturing Processes, in 13th CIRP International
Conference on Life Cycle Engineering. 2006: Leuven,
Belgium.

4.

Zhai, P. and E.D. Williams, Dynamic Hybrid Life Cycle
Assessment of Energy and Carbon of Multicrystalline
Silicon Photovoltaic Systems. Environmental Science &
Technology, 2010. 44(20): p. 7950-7955.

5.

Vukotic, L., et al., Assessing embodied energy of building
structural elements. Proceedings of the Institution of Civil
Engineers-Engineering Sustainability, 2010. 163(3): p.
147-158.

6.

Kara, S., et al., Global manufacturing and the embodied
energy of products. CIRP Annals-Manufacturing
Technology, 2010. 59(1): p. 29-32.

7.

Wilson, J.B., Life-Cycle Inventory of Particleboard in
Terms of Resources, Emissions, Energy, and Carbon.
Wood and Fiber Science. 42: p. 90-106.

8.

9.

Wilson, J.B., Life-Cycle Inventory of Medium Density
Fiberboard in Terms of Resources, Emissions, Energy,
and Carbon. Wood and Fiber Science. 42: p. 107-124.
Wilson, J.B., Life-Cycle Inventory of Formaldehydebased Resins Used in Wood Composites in Terms of
Resources, Emissions, Energy, and Carbon. Wood and
Fiber Science. 42: p. 125-143.

10. Dalquist, S. and T. Gutowski, Life cycle analysis of
conventional manufacturing techniques: die casting.
2004, Massachussetts Institute of Technology:
Cambridge, USA.
11. Lanz, M., et al. Impact of Energy Measurements in
Machining Operations. in Proceedings of the ASME 2010
International Design Engineering Technical Conferences
& Computers and Information in Engineering Conference
(IDETC/CIE). 2010. Montreal, Quebec, Canada.
12. Thiriez, A., An Environmental Analysis of Injection
Molding. Master's Thesis, in Department of Mechanical
Engineering.
2006,
Massachusetts
Institute
of
Technology.
13. Weissman, A., et al., A Methodology for Accurate
Design-Stage Estimation of Energy Consumption for
Injection Molded Parts. in Proceedings of the ASME 2010
International Design Engineering Technical Conferences
& Computers and Information in Engineering Conference
(IDETC/CIE). 2010. Montreal, Quebec, Canada.
14. Stratasys. FDM, Fused Deposition Modeling,
Prototyping. 2010; http://www.stratasys.com/.

3D

15. Munoz, A.A. and P. Sheng, An Analytical Approach for
Determining the Environmental Impact of Machining
Processes. Joumal of Materials Processing Technology,
1995. 53: p. 736-758.
16. Yao, Z., et al., Algorithms for Selecting Cutters in Multipart Milling Problems. Computer-Aided Design, 2003.
35: p. 825-839.
17. Zhou, Q. and T. Wierzbicki, A tension zone model of
blanking and tearing of ductile metal plates. International
Journal of Mechanical Sciences, 1996. 38(3): p. 303-324.
18. Krishnan, S.S., et al., Sustainability Analysis and Energy
footprint based Design in the Product Lifecycle, in IndoUS Workshop on Designing Sustainable Products,
Services and Manufacturing Systems,. 2009: Bangalore,
India.
19. Wang, W., et al., Rapid tooling for sand casting using
laminated object manufacturing process. Rapid
Prototyping Journal, 1999. 5(3): p. 134 - 141.
20. Dalquist, S. and T. Gutowski. Life cycle analysis of
conventional manufacturing techniques: sand casting. in
ASME International Mechanical Engineering Congress
and RD&D Expo. 2004. California, USA.
21. Degarmo, E.P., et al., Materials and Processes in
Manufacturing. 9th ed. 2003: Wiley.
22. Boothroyd, G., et al., Product Design for Manufacture
and Assembly. 2 ed. 2002, New York: Marcel Dekker.
23. Kordonowy, D.N., A Power Assessment of Machining
Tools, in B.S. Thesis for Department of Mechanical
Engineering.
2002,
Massachusetts
Institute
of
Technology: Cambridge, MA, USA.

