
Science Arts & Métiers (SAM)
is an open access repository that collects the work of Arts et Métiers Institute of

Technology researchers and makes it freely available over the web where possible.

This is an author-deposited version published in: https://sam.ensam.eu
Handle ID: .http://hdl.handle.net/10985/23606

To cite this version :

Tharmalingam SIVARUPAN, Meet UPADHYAY, Yahia ALI, Mohamed EL MANSORI, Matthew S.
DARGUSCH - Reduced consumption of materials and hazardous chemicals for energy efficient
production of metal parts through 3D printing of sand molds - Journal of Cleaner Production - Vol.
224, p.411-420 - 2019

Any correspondence concerning this service should be sent to the repository

Administrator : scienceouverte@ensam.eu

https://sam.ensam.eu
https://sam.ensam.eu
http://hdl.handle.net/10985/23606
mailto:scienceouverte@ensam.eu
https://artsetmetiers.fr/


Reduced consumption of materials and hazardous chemicals for
energy efficient production of metal parts through 3D printing of sand
molds

Tharmalingam Sivarupan a, *, Meet Upadhyay b, Yahia Ali a, Mohamed El Mansori c, d,
Matthew S. Dargusch a

a Centre for Advanced Material Processing and Manufacturing (AMPAM), The University of Queensland, Brisbane, Australia
b Department of Materials Engineering, University of British Columbia, Canada
c Laboratoire MSMP-EA7350 Arts et M�etiers ParisTech, Aix en Provence, France
d Texas A&M Engineering Experiment Station, Institute for Manufacturing Systems, Texas A&M University, College Station, TX, 77843, USA

Keywords:
3D sand mold printing
Casting
Carbon emission
Energy saving

Metals remain essential structural materials for many demanding engineering applications requiring
high strength at elevated temperatures and good performance in environments subjected to high
thermal fluctuations such as often encountered in the automotive, rail and aircraft industries. The sand-
casting process is one of the most preferred methods of producing complex and intricate shaped com-
ponents out of metals with good strength at elevated temperatures. Unfortunately, the sand casting
process also leads to the direct and indirect production of carbon dioxide. Three-dimensional sand mold
printing has been revolutionizing traditional production methods by reducing the unnecessary con-
sumption of metal and chemicals when manufacturing a part through sand casting. This paper explores
the opportunities that are emerging in the area of 3D printing of sand molds and the positive impact that
these new technologies and practices are having on the environmental impact of current sand-casting
processes. The paper demonstrates that 3D printing of sand molds enables new manufacturing strate-
gies reducing the direct CO2 emissions and reducing the amount of metal required by enabling design
optimization of both the component and mold/core assembly. Further benefits will be realized through
the development of environmentally friendly binder systems.

1. Introduction

Sand casting is an essential near net shape manufacturing pro-
cess that has been used for millennia with proven success. A recent
survey on the metal casting industry revealed that 37.7% of the
American casting facilities favor sand casting over other processes
(The American Foundry Society, 2016) due to its long-held benefits
and affordable costs when used on a large scale. Globally, the sand
casting industry consumes an estimate of 100 million tons of sand
each year (Jablonski and Leider, 2012).

Nevertheless, the traditional sand-casting process suffers from
several complications. It is considered expensive for custom design/
small scale production, and time-consuming. For example, the
traditional method of using a wax injection tool to create an axial

turbine blade mold requires at least 5weeks at a very high cost
from start to finish (3D Systems, 2017).

Another downside with the present sand-casting process is its
energy consumption. Researchers highlighted the need for studies
into the energy-efficiency issues associated with casting in
response to tighter environmental protection laws (Pagone et al.,
2019). Traditionally, patterns and cores are precisely manufac-
tured to be buried in the sand mold forming the mold cavity. This
manufacturing process constitutes 7e20% of the total energy con-
sumption of a foundry (U.S. Department of Environment, 1997). For
a cast part with an acceptable defect limit, a gating system and
risers are connected to the mold cavity whose purpose is to deliver
the molten metal into the cavity until the solidification within the
cavity is complete. This leads to a casting volume much larger than
the part volume. A study (Schifo and Radia, 2004) reported that
more than 72% of the energy used for the melting and holding
process or post casting is related to unnecessary consumption of
metals in the casting industry; this may include the gating system,* Corresponding author.
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risers and non-optimized part design.
In the last decade, concerns have started to arise about the use of

organic chemical binders in sand casting. Emissions of volatile
organic compounds and other pollutants like SO2, CO, NH3, HCN,
H2S, NO2, NO3 adversely affect the air condition (BCS Incorporated,
2002; Tiedje et al., 2010). It has also been suggested that mini-
mizing the contact time between the hot metal and the sand mold
can reduce the air pollutant release this means that the casting
should be shaken out of the mold as soon as the solidification is
complete within the sand mold (Kmita et al., 2016). In addition to
these issues, there have been concerns about the amount of waste
from sand casting operations being sent to landfills and the asso-
ciated environmental effects.

Due to the limitations in the properties of recyclable green sand,
chemical binders such as phenol-urethane and sodium silicate are
often used to cure sand molds. Not only the by-products of using
such binders have a direct effect on the greenhouse gas emission,
but also themolds themselves are single use (Campbell, 2011). After
considering all design allowances and requirements in mold mak-
ing, it is estimated that one ton of sand is wasted for every 2 tons of
sand cast metal in the USA (Dalquist, 2004; Huang et al., 2017;
Mitterpach et al., 2017). In other words, this means that 1.45m3 of
sand is being sent to landfill for every 0.26m3 of cast steel or
0.74m3 of cast aluminum. These alarming figures show the side
effect of the traditional sand-casting process. With the world's
increasing concerns about global warming, climate change and
greenhouse gas emissions, it is becoming vital for the research
community to take serious steps towards cleaner and environ-
mentally friendlier manufacturing approaches.

While replacing sand casting sounds practically impossible,
modifications to the process using state of the art technologies such
as 3D sand mold printing, can lead to dramatic improvements in
many environmental aspects and associated costs of the production
process. A good example of this is to compare the cost of traditional
processes verses 3D mold printing to make an investment-casting
pattern. A 3D printed investment-casting pattern can be pro-
duced in a foundry at a cost of under 10% of the traditional pro-
duction cost and by the next morning, the part would be ready for
shipping. With precise mold making processes, the amount of un-
necessary alloy material in the final product can be minimized and
hence some of the energy requirements can be reduced and this
can help reduce CO2 emissions by at least 30e40%. This is because
3D printing offers an opportunity for casting to rethink old ap-
proaches using newmanufacturing technologies due to its ability to
optimize part design and reduce metal consumption. A unique way
to do this is combining 3D sand mold printing with low-pressure
sand casting to fully optimize and automate the process.

1.1. 3D printing and sand molds

3D printing processes have the potential to replace many costly
and time-consuming manufacturing processes and reduce their
negative environmental impact. The influence of additive
manufacturing on energy consumption and environmental sus-
tainability including greenhouse gas emission (Huang et al., 2016;
Morrow et al., 2007) and zero waste manufacturing have been
highlighted in several studies Mitterpach et al (2017); Ngo et al.
(2018); Singh et al. (2017). Extensive research efforts have been
directed towards 3D printing in the last decade. Mainly because the
process has the potential to replace many costly and time
consuming manufacturing processes while potentially preserving
the desired mechanical properties of the manufactured part
(Ramos et al., 2003). Consequently, 3D printing has been rapidly
introduced in to many processes with casting being no exception.
Various materials can now be 3D printed through polymer curing,

powder sintering/melting, filament extrusion, etc., and shaped into
any desired pattern or prototype shape (Campbell et al., 2013). The
new trend these days is not only to 3D print patterns but also sand
molds. This sand mold printing technology will allow sand casting
foundries to compete with investment casters for at least a certain
class of complex parts. On the other hand it will also allow in-
vestment foundries to provide casting services for printed sand
components. (Voigt and Manogharan, 2018).

The 3D sandmold printing process works similarly to traditional
2D inkjet printing (paper printing). Drops of binder (phenol or
furan) are spread on a fine layer of acid mixed sand and then the
polymerization takes place to bond the sand particles. The binder is
only spread in the required locations where the bonding reaction
takes place. The platform moves downwards by the set distance
and the re-coater spreads another sand layer. The process repeats
until all the 2D slices (STL file) of the 3D design are printed. The
introduction of 3D printing into sand mold production has many
advantages. It provides flexibility to the mold design process and
reduces its volume. For example, the shell-truss design of the sand
mold which has been recently proposed (Shangguan et al., 2017),
helps optimize the consumption of binder/sand during printing
and improve the cooling rate during the solidification of molten
metals/alloys.

Environmentally, 3D printing has been claimed to be a
“disruptive” technology, being able to reduce scrap, energy use1,
and enhance resource productivity. It can also help meet the de-
mands of a large population and aid pollution problems. The
design-based economies are transforming some developing coun-
tries into manufacturing hubs through outsourcing many
manufacturing entities from the developed countries. This in-
creases lead-time and the release of geographically concentrated
pollutants. By moving towards 3D printing, small-scale custom-
design production can be restored which may reduce the lead time
and cost, especially for complex parts (Philip Hackney, 2017).
Additionally, 3D printing allows the integration and optimization of
traditionally separated parts within a product (Kang et al., 2017)
and this can be another approach to minimizing the cost and ma-
terials consumption. This also indirectly reduces the carbon foot-
print in the transportation sector, as designs rather than products
are shared across the world, and the parts are manufactured at
locations close to the point of consumption (Campbell et al., 2012).

Based on previous reports, it might appear that 3D printing of
sand molds is a much cleaner and more efficient production
method but, the literature lacks a comprehensive report on the
environmental impacts of the materials used in the 3D printing of
sand molds, as these may not be necessarily "green". Previous re-
ports have been limited; suggesting that the toxicity and environ-
mental potency of 3D printing materials have the potential to offset
the benefits of material savings (Ford and Despeisse, 2016; Huang
et al., 2016; Kellens et al., 2017; Morrow et al., 2007). More
recently, a few critical reviews (Le N�eel et al., 2018; Upadhyay et al.,
2017; Zhao et al., 2018) have focused on the research trends and the
benefit of using the 3D sand mold but the topic of environmental
aspects has not been comprehensively included. Hence, the current
work aims to shed light on the effect of product design and the new
manufacturing processes on the energy consumption and CO2 gas
emissions. In addition, a critical analysis on the influence of using
3D sand mold printing over conventional methods to reduce the
CO2 emission is presented. The study also advocates for further
work to understand the environmental impact of 3D printing, using
a complete lifecycle approach. This paper is devoted to the

1 Highly depends on the type of process, but an overall reduction in energy use
during the entire production- and life-cycle are optimized.



interaction between 3D sand mold printing and the global carbon
emission and energy consumption of the metal casting industry.

2. Energy efficient production: the effect of product design
and manufacturing process on energy consumption and CO2
emission

Every unit of efficient energy input considerably increases the
economic development of any country and therefore energy effi-
ciency is an important issue. There have been significant im-
provements around the world in this sector. Energy efficient
passenger transport is a growing and large-scale market
(International Energy Agency, 2014). Many energy efficient
methods for producing shaped alloy products have been proposed
which have also led to a reduction in non-renewable energy con-
sumption (Estrada et al., 2018; Salonitis et al., 2016a). But, the
primary challenge in reducing energy consumption is increasing
the casting yield and reducing the use of metals (Salonitis et al.,
2016b), especially in the form of waste or non-optimized part
design due to traditional mold making and casting process re-
quirements, rather than the part service requirements.

The total carbon emission in manufacturing a metal part
through the casting process, ignoring the emissions produced
when manufacturing and assembling any type of machinery used
as part of the casting process, would be the sum of the emission
caused by the primary production of consumables such as sand,
furan resins and acids, metal, or other packaging materials, and the
waste of non-renewable energy during machining or transport. The
CES software package2 is an interactive, material data visualization
software package that uses a database of published results such as,
properties, price, energy consumption during primary production,
and current recycling rate of a material, etc. Using the CES software,
researchers have identified suitable materials for a range of appli-
cations based on several materials properties (Navarro et al., 2012;
Pascal et al., 2009). A detailed explanation of how the software
works can be obtained in technical documentation available from
the supplier of the software (Thakker et al., 2008). A list of cited
references is also provided (Granta, 2018). The software package
can give a summary of any information within the database on
demand by applying the user's conditions and hence it is a valuable
tool for decision making before selecting a material for advanced
applications. The software can be used to produce a non-renewable
energy data chart and compare various materials but it lacks the
ability to calculate the total actual non-renewable energy/CO2
production as a whole, i.e. the sum of actual non-renewable energy
consumed using any type of machinery. However, it is a great tool
for selecting a suitable material for optimized use in applications
requiring a set of target properties and design constraints, e.g. high
strength and low density and price or even low non-renewable
energy consumption during the primary production of the mate-
rial. These calculations can be performed on any standard computer
with the following specification: A compatible Microsoft® Win-
dows® operating system 7/8/10 with 32-bit or 64-bit configuration,
2 GB of RAM (more is recommended when using large databases),
and 3.5 GB of available hard disk space. The actual computer used in
this study was an HP model with an i7 processor using a windows
10 operating system. This study also performs a comparison with
other data from the literature in order to critically analyze the in-
fluence of 3D sandmold printing technology in the casting industry
in order to determine whether the introduction of 3D printing
technology will reduce global CO2 emissions.

2.1. Metal parts: global greenhouse gas emissions and optimized
part design

Electricity is consumed at every stage of manufacturing pro-
cesses and its generation causes about 35% of global/29% of US
greenhouse gas emissions and similar percentages are contributed
by the transportation and industry sectors (Desai and Harvey,
2017). There are two ways to reduce greenhouse gas emissions;
reduce the consumption of materials or increase the production of
green energy. Iceland is the top ‘per capita consumer’ (Askja
Energy, 2014) of electrical energy in the world due to the abun-
dance of green energy; 100% of renewable energy in Iceland is
produced by hydro and geothermal sources. Therefore, countries
like Iceland do not need to put much effort into taking account of
energy consumption. Using green energy for production ultimately
leads to greener products. Additional energy savings can be ob-
tained by reducing material consumption through optimized part
design (Fig. 1) and the 3D sand mold printing technology is an
example of emerging technologies and practices which are
providing substantial new opportunities to optimize designs in
order to reduce the use of metallic materials which are energy
intensive to produce. Even if parts are produced in countries that
rely heavily on non-renewable energy, an optimized design will
also reduce in-service energy requirements with both weight
reduction and better performance.

2.2. Materials: smelting and casting using renewable energy

There are few countries that primarily use renewable energy
sources, for example, hydro and geothermal energy in Iceland or
nuclear energy in France and Germany, which may reduce their
carbon footprint considerably. The World Nuclear Association has
carried out a lifecycle assessment to compare the emission of
greenhouse gas by different electricity production methods; the
emission by nuclear electricity production is comparable to the
renewable energy sources and is much lower than that from “fossil
fuel” sources (WNA, 2011). However, this emission is mainly during
the mining operation of nuclear fuel, plant construction, uranium
mining and milling but not during electricity production (Lenzen,
2008; Sovacool, 2008). Nevertheless, the global interest in afford-
able electricity production using renewable energy sources is a key
priority driving research and development, eventually reducing the
carbon footprint. The significant part of CO2 release during the
casting process comes from the primary production of molten
metal which makes a much greater contribution that the energy
used in the mold making and casting process. If the casting and
smelting industry can efficiently use renewable energy, then it
would not be a matter of how much energy is used but of how
much CO2 is released. Moreover, with the developments in nuclear
waste disposal technologies, the nuclear energy supply becomes an
even more important source of renewable energy as the waste
produced is extremely small in quantity compared to the waste and
greenhouse gas emissions from fossil fuel-based electricity
production.

3D sand mold printers mainly consume energy in the form of
electricity and optimize the use of other materials compared to
more traditional labor-intensive sand molding operations (use of
wood can be renewable/green as long as forestry is sustainably
managed) or polymer pattern making process which are not
“green”. As previously discussed, the 3D printing process consumes
only a small portion of the total energy for a final product, when
ignoring the CO2 release in manufacturing the 3D printers. There-
fore, there is no doubt that greener electricity and 3D printing can
positively contribute to practices that seek to address the world's
climate change issues. Coupled with the use of renewable energy2 Produced by a spin off company of the University of Cambridge.



for melting metals, significant reductions in the carbon footprint
can be realized.

3. Effects of 3D sand molds printing on CO2 emission

3.1. Reduction in metal consumption

Fig. 2, which is produced using the CES software, justifies (eco-
audit) and compares the benefit of the 3D sand mold production in
terms of the CO2 footprint of some materials. The emissions asso-
ciated with the production of metals, Fig. 2, is greater than that of
other materials, e.g., polymers. On the other hand, the use of metals
is unavoidable in specific applications due to their superior thermal
and mechanical properties. Hence, reduced consumption of these
metals using technologies which minimize material usage through
optimized design and by scrap recycling would considerably reduce
the carbon emissions as the recycling energy is much smaller than
that for the primary production of these metals, Fig. 2.

Most of the casting alloys consumemore non-renewable energy
in order to produce the final product compared to any other pro-
duction method, as seen in Fig. 3(a)-(d); most of the materials are
above the y¼ x line plotted in each figure. It is also reported that
sand casting can consume as much as 15MJ/kg (Ciceri et al., 2010)
or 16.34MJ/kg evenwhen using one of the advanced energy-saving
methods called the “Constrained Rapid Induction Melting Single
Shot Up-Casting (CRIMSON) process (Salonitis et al., 2016a; Zeng
et al., 2014). For a successful casting yield of 1 kg, between 3.7
and 9 kg of metal needs to be melted and this is where most of the
energy is wasted (Salonitis et al., 2016a; Zeng et al., 2014). However,
this can be significantly reduced through the application of 3D sand
mold printing technologies and practices as these processes offer
greater freedom in part design, Fig. 1, as compared to the traditional
means of production (Wohlers Associates, 2018). An optimized part
design will lead to decreased carbon emissions. Additionally, near-
net-shape production and minimal post processing after casting
have significant advantages of using the 3D sand mold printing
technology. Furfuryl alcohol production, the primary element in the
printer resin is near the lowest side of the CO2 footprint. Addi-
tionally, Haapala and co-workers have developed a sand casting
model (Haapala et al., 2012) that replaces polyurethane sand binder
with furan resin, reducing emissions by 50% and sulfur dioxide
emissions by over 90%. In the meantime, 3D printing also reduces
the amount of these resins used compared to the counterpart

production method due to the fact the furan is only sprayed on
demand and only on precise locations. This optimizes both sand
and resin use.

The build speed (volumetric) of commercially available 3D sand
mold printers improves when the cross-sectional area of the job-
box is increased and hence the energy required to print a unit
volume of sand mold is reduced; as can be seen for the VX4000
printer which uses 293MJ/m3, Table 1 and A1. Therefore, the ben-
efits of this technology can be extended from small to large-scale
production. The casting (cavity in the mold) to sand consumption
volume ratio lies within the range of 1:2 to 1:6 in the traditional
casting processes. Using the 3D printed sand mold this ratio can be
optimized to a very low value, where it can be assumed to be 1:1 at
maximum efficiency due to the shell structure design of the mold
(Shangguan et al., 2017). Reduced consumption of metal can save
energy in the range of GJ/m3 to TJ/m3 or even higher see Fig. 4. The
3D sand mold printing process can consume electric energy in the
range up to MJ/m3 to produce sand molds as shown in Table 1.
There is evidence for volume or weight reduction in the con-
sumption ofmetals by combiningmany parts into onewhen using a
3D printed sandmold (up to 91%), Fig. 1. It is now very clear that the
non-renewable energy saving during casting and material usage is
just the beginning with 3D sand mold printing. Additional savings
result from reduced machining after casting. By suitably choosing
engineered sand and process parameters during printing, the sur-
face finish can be controlled by varying the gas permeability of the
printed mold (Sivarupan et al., 2018). This coupled with the
increased casting yield mainly due to the design freedom can add
another dimension to the non-renewable energy saving by 3D sand
mold printing.

3.2. CO2 emission calculations

An approximate value for the total CO2 emission of furan resin
has been calculated to be 4.70 kg per kilogram of resin produced
(Tumolva et al., 2009). This data has been included in Fig. 5 in order
to compare these values with the data obtained in the analysis
using the CES software package for other materials and this sug-
gests that most of the metal or alloys are mostly high-density
materials and hence on the right side of the x-axis in Fig. 5
because they show greater CO2 emissions compared to other ma-
terials especially polymers, and the same can be compared with the
emissions associated with the furan resin. The furan resin is usually

Fig. 1. “Conventionally machined hydraulic manifold (left) and a new version designed for and produced by metal AM (right) consolidates 13 parts into one and reduces weight by 91%,
courtesy of Atlas Copco”; An example of optimized and combined part design, cited in Ref. (Wohlers Associates, 2018).



added to a maximum of 2wt% of the sand mixture based on the
experimentally obtained loss of ignition value as reported else-
where (Mitra et al., 2018). The overall maximum density of a 3D
printed silica sand mold is 1423 kg/m3 (Sivarupan et al., 2017) and
hence the maximum furan resin (and sulfonic acid) in a unit vol-
ume of sand mold would be 2% x 1423 which equals to only
28.46 kg/m3 and the related CO2 emission would be 133.76 kg
(28.46� 4.7 kg) per unit volume of sand mold printed. This is much
smaller compared to the emissions caused by producing an A356
aluminium alloy, calculated by CES as 29500 kg/m3. The maximum
non-renewable energy consumption during the 3D printing

process using the industrial Voxeljet VX4000 printer would be
10498 kg/m3. Therefore, the total emissions associated with print-
ing would be the sum of 10498 and 133.76 which is equal to
10631.76 kg/m3 for the sand mold. If 1:1 is assumed as the casting
to sand mold volume ratio, then the reductions in metal usage
achieved using this methodwould reducemore CO2 emissions than
the emissions caused by the 3D printing process. Therefore, the
emission caused by 3D sand mold printing is nearly 1/3 of that for
the primary production of aluminum metal. The same calculation
for a stainless steel, calculated by CES, would be 51900 kg/m3,
which is much higher than that achieved for the same volume of

Fig. 2. Recycling fraction of materials as a function of CO2 foot print for (a) the primary or (b) secondary production. The red line in fig (a) is the data for the Furfuryl alcohol from the
reference (Tumolva et al., 2009). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



lower density alloys. Overall, reduced consumption of metals can
save significant energy and reduce the related CO2 emissions,
compared to the emission caused by the 3D sand mold printing
process. In this calculation process, the CO2 emissions produced by
the interactions between themoltenmetal and the 3D printed sand
mold (burning the furan resin by the molten alloy) during the
casting process are not factored in. This value is not known and will
require measurements and future work as it will need to be
accounted for in a more complete calculation of the CO2 emissions
by the casting industry.

The casting of most alloys releases more CO2 than other shaping
processes such as extrusion, rough rolling, and coarse/fine
machining, except for some Al alloys, Fig. 3; and for this reason, the
data for most alloys used in structural applications falls above the
y¼ x line drawn in each figure presented. Casting is the most
preferred method for any complex shape whereas the 3D printed
sand mold is superior in producing highly intricate shapes and
additionally allows for reduced mass consumption without sacri-
ficing the expected properties of the part. This is discussed in detail
in the next section.

3.3. Effects of 3D sand mold printing on the casting process

The rapid casting process can be easily applied to low melting
point alloys of interest today such as aluminium and magnesium
alloys, etc. These alloys are mainly cast by the die casting technique.
Dies are long-term capital and for this reason must be meticulously
designed and are constructed from difficult to process high energy
intensive materials. Here the repeated prototyping and testing
required for the die contributes to a higher carbon footprint. Apart
from that, the use of SF6 as a cover gas during liquid processing of
magnesium alloys also adds significantly to the footprint (Butler,

2008) during the production of lightweight magnesium parts.
Additionally, in the production of sand for steel and cast-iron
casting applications, sea coal, a carbonaceous additive, contrib-
utes significantly to CO and CO2 emissions. Cores in cored green-
sand mold can release 0.25e0.35 kg of CO for every ton of metal
manufactured and are big contributors towards CO and CO2 emis-
sions (United States Council, 2008). Some core curing processes
also use CO2 to complete the reaction and harden the mold.

When energy and emissions of the manufacturing process are
considered, the impact of avoidance is not often highlighted. With
the 3D printing of sandmolds, the step of coring can almost entirely
be removed. It is known that the molds with cores produce more
emissions because core preparation usually requires additional
binders such as phenolic binders (National Center for
Manufacturing Sciences, 1999). Using 3D printing means, all in-
ternal features of the part can be modelled and printed. While
floating sections still cannot be produced without the aid of
chaplets, this does not undermine the efficacy of the process.
Additionally, the thickness of the mold can be varied to achieve the
right thermal properties for efficient heat transfer while reducing
the overall area over which the resin is deposited. The unbound
sand can be treated to remove the accumulated moisture and
recycled, further reducing emissions. The chemically bound sand
can also be recycled, but the reuse rate is low due to the degrada-
tion of the sand particles between runs (Dalquist, 2004).

Apart from the metal and sand use optimization benefits, 3D
printing of sand molds can reduce the number of steps required in
the process of making a functional mold. One of the significant
steps is the production of patterns. Produced in a wide variety of
materials, from wood to polymers, patterns play an important role
in traditional molding. However, these are subject to abrasion and
subsequent degradation by contact with sand particles. They lose

Fig. 3. The carbon footprint of various process of metals and alloys, produced using CES software. CO2 production during casting compared to (a) coarse machining, (b) fine
machining, (c) extrusion or foil rolling and (d) roll rolling or forging. A line of y¼ x is added as a reference ratio in each figure.



Fig. 4. Energy consumed in 3D printing compared with energy consumption in (a) Traditional casting (b) Extrusion, foil rolling and (c) Coarse machining.



their dimensional accuracy over time, leading to higher than
necessary tolerances and hence over-consumption of metals or
increased scrap rate. With 3D printing, it is possible to achieve
dimensionally near perfect molds with each print, thus eliminating
the design and production of such dies or molds (traditional sand
mold or permanent dies and cores), reducing the overall energy
consumption and carbon emission of the process.

It should also be noted that the actual non-renewable energy
consumption in producing a final finished part does not only
depend on the energy consumed during production but also it in-
cludes the amount of energy consumed in setting up a factory with
all its machinery and facilities. A reasonable portion of this energy
must be assigned to any finished part by the factory. In this regard,
the energy consumption in producing a 3D sand mold printer and
in-service consumption should be taken into consideration in a
more accurate calculation of energy consumption compared to the
traditional casting process. Future research should also focus on the
development of alternative and environmentally friendly binder
systems suitable for use in 3D sand mold printing machines.

4. Conclusions

1. 3D printing of sand molds enables new manufacturing strate-
gies which significantly reduce the CO2 emissions associated

with metallic component production via casting. The applica-
tion of this technology for the production of sand molds for
shape casting optimizes the consumption of materials through
design optimization of both part and mold/core, and hence this
reduces the energy consumption and the use of metal. This
metal saving results in at least 2/3 of the CO2 emission compared
to the traditional casting process.

2. 3D printing of sand molds also reduces the metal to sand ratio
(maximum 1:1) compared to traditional sand-casting practices.
This significantly reduces the use of toxic consumables in the
sandmold production process compared to the traditional sand-
casting process.

3. Future research should focus on the development of environ-
mentally friendlier binders for use in 3D sand mold production
systems.

4. The non-renewable energy consumption during the production
of 3D printed sand molds is mainly in the form of electricity and
therefore when green energy is used, as there is an increasing
global trend in consumption of cleaner energy, then the CO2
emissions will be negligible during the production of structural
alloy components.

5. A 3D sandmold printer with a large cross-sectional area job-box
may extend the benefits of this technology from small to large
scale production scenarios.

Table 1
The comparison of maximum non-renewable energy consumption during printing of sand molds by commercially available printing machines from the two major producers,
and the corresponding energy consumption for each unit volume of manufacturedmetal component; ExOne (2018) and Voxeljet (Foerder, 2018; Voxeljet, 2018). Note: Further
data on how and what is used to calculate in this table are given in the12 Appendix, Eq. (A1), A2, and Table A1.

3D printer; company name Machine power (max)
(W)

Heater power (max)
(W)

Build speed (max)
(� 10�6m3:s�1)

Energy/volume (sand)
(MJ:m�3)

3Energy required to print a mold for a casting of
material with density 1738 4 kg/m3 (MJ=kg)

S-Print; ExOne 6200 6300 10 1250 0.719
S-Max; ExOne 6200 19200 24 1076 0.609
S-Max plus; ExOne 6200 10500 24 707 0.400
VX500; Voxeljet 5000 e 3 1875 0.959
VX800; Voxeljet 5000 e 8 625 0.360
VX1000; Voxeljet 5500 e 4 1375 0.791
VX2000; Voxeljet 10300 e 11 976 0.539
VX4000; Voxeljet 9200 e 31 293 0.170

Fig. 5. CO2 footprint for unit volume of materials produced as a function of density, compared with data (Tumolva et al., 2009) for furan resin.
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Appendix

Total power consumption of a printing machine- P (in J/s).
Volumetric build speed of a sand mold printer- V (in m3/s).
Energy required to print sand mold per unit volume - E (in J/m3)

E ¼ P
V

(A1)

For Voxeljet printers:
Vertical build speed**- Vz (in mm/hour), and this can be written

in layers/hour as well.
Length of the job-box of the printer- Lx (in mm).
Length of the job-box of the printer- Wy (in mm).
Volumetric build speed of a sand mold printer, V, can be written

as,

V ¼ Vz � Lx �Wy (A2)
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The energy usage by the various Voxeljet 3D sandmold printer and their dimensions
and printing speed (Foerder, 2018).

Printer Vz(mm/hr.)
Foerder, (2018)

Lx(mm) Wy(mm) Job box cross
sectional area
Lx � Wy(m2)

V � 10�6(m3/s)

VX500;
Voxeljet

48 500 400 0.2 3

VX800;
Voxeljet

48 1000 600 0.6 8

VX1000;
Voxeljet

24 1000 600 0.6 4

VX2000;
Voxeljet

19 2000 1000 2 11

VX4000;
Voxeljet

14.12 4000 2000 8 31

3 If sand to casting (cavity) ratio of 1:1 is applied when casting the alloy.
4 To represent pure Mg.
5 Depends on the layer thickness set during printing but this speed is for the

layer thickness of 300 mm.
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