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Abstract: In just a few short years, the additive manufacturing (AM) technology known as 3D printing
has experienced intense growth from a niche technology to a disruptive innovation that has captured
the imagination of mainstream manufacturers and hobbyists alike. The purpose of this article is to
introduce the use of 3D printing for specific applications, materials, and manufacturing processes
that help to optimize heat transfer in heat exchangers, with an emphasis on sustainability. The ability
to create complex geometries, customize designs, and use advanced materials provides opportunities
for more efficient and stable heat transfer solutions. One of the key benefits of incremental technology
is the potential reduction in material waste compared to traditional manufacturing methods. By
optimizing the design and structure of heat transfer components, 3D printing enables lighter yet
more efficient solutions and systems. The localized manufacturing of components, which reduces
the need for intensive transportation and associated carbon emissions, can lead to reduced energy
consumption and improved overall efficiency. The customization and flexibility of 3D printing
enables the integration of heat transfer components into renewable energy systems. This article
presents the key challenges to be addressed and the fundamental research needed to realize the full
potential of incremental manufacturing technologies to optimize heat transfer in heat exchangers. It
also presents a critical discussion and outlook for solving global energy challenges through innovative
incremental manufacturing technologies in the heat exchanger sector.

Keywords: 3D printing; additive technology; heat transfer; sustainability; heat exchangers; optimization
of heat transfer

1. Introduction

The growing energy intensity of national electricity systems is prompting the search
for new ways to reduce electricity demand. Energy consumption and pollution are key
global issues that require urgent action. Traditional energy sources such as coal, oil, and
natural gas are limited and depleting. In addition, their extraction and combustion generate
large amounts of greenhouse gases that contribute to climate change. As a result, urban
development and technological progress are inextricably linked to appropriate energy
management. Effective energy strategies and technological innovation play a key role
in shaping a sustainable and future-oriented urban infrastructure. Sustainable energy
strategies are approaches to energy management that consider the balance between acces-
sibility, cost effectiveness and environmental impact [1,2]. Such strategies aim to provide
sustainable energy access while minimizing negative environmental impacts. Investment
in renewable technologies and the development of efficient energy storage systems are
key. Improving energy efficiency in various sectors such as industry, transport, buildings,
and households can significantly reduce global energy consumption. Finding solutions to
global energy and environmental challenges requires international cooperation. Climate
agreements, such as the Paris Agreement, are an important step towards global cooperation
to reduce greenhouse gas emissions [3]. Educating and raising public awareness about the
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need to protect the environment and combat climate change is key to making lifestyles
and consumption more sustainable. There is a growing interest in research on energy
management and minimizing energy consumption [4].

Solving global energy and environmental problems requires an integrated approach
in which governments, businesses, scientists, and the public work together to create sus-
tainable and environmentally friendly solutions.

Sustainable development [5] is an approach to development that meets the needs of
the present without compromising the ability of future generations to meet their own needs.
This idea implies a balance between the social, economic, and environmental dimensions,
taking into account social and global equity. The Sustainable Development Goals (SDGs)
are a concrete expression of this concept. The SDGs are a set of 17 goals developed by the
United Nations (UN) as part of Agenda 2030. These goals aim to solve global problems
such as poverty, hunger, lack of education, inequality, environmental degradation, climate
change, social injustice, and others. The answer to the growing challenges of natural
resource depletion, climate change, and excessive waste is the circular economy model.

According to the circular economy model [6], the goal is to minimize waste and
maximize resource use by keeping products, components, and materials in circulation for
as long as possible. In contrast to the traditional linear economic model in which resources
are extracted, processed, used, and discarded, the circular economy aims to maintain the
value of resources through reuse, recycling, and reprocessing (Figure 1) [7]. Its main goal
is to create a more efficient, sustainable, and resilient economic system. One of its key
principles is to reduce the amount of waste generated by society. Instead of disposing of
products after a single use, it encourages the design and manufacture of items with reuse
in mind. The circular economy relies on recycling as a key process. Materials such as
metal, glass, paper, and plastic are collected, recycled, and reused in the manufacturing
process. It seeks to extend the life cycle of products through repairs, upgrades, and reuse.
This supports the efforts to maintain the value of products for as long as possible. It is
becoming necessary to implement the concept of sustainable development, the idea of
which is the prudent use of resources, and in implementing this idea, energy should be
managed prudently, including by reducing its consumption and improving the efficiency
of its use.
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Figure 1. Closed-loop economies. Developed based on [7].

In addition to object manufacturing techniques such as casting, cavity machining, and
forming, the incremental technique, also known as additive technology, is of interest from
the perspective of this article. This technique involves the application of successive layers of
material to form the final finished object. Such techniques have been known about and used
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for centuries, for example in construction by applying successive layers of brick and mortar,
but today, incremental techniques have also taken on a slightly different form. In this study,
we discuss the incremental method of creating a model based on a geometry created in
computer software and then manufactured using a numerically controlled machine. This
process is also known as 3D printing, while the machines that produce the actual object are
called 3D printers.

Additive manufacturing (AM) or printing (3D) is a transformative manufacturing
process that enables the creation of three-dimensional objects using various processes and
raw materials, typically building a product layer by layer [8,9]. AM can be applied to a
variety of materials, such as polymers [10], ceramics [11], metals [12], concrete [13], soil [14]
and tissues [15]. Three-dimensional printing is a collective term that encompasses several
different technologies. According to ISO/ASTM 52900:2021 [16], there are seven different
categories of AM processes (ISO/ASTM International, 2021). According to ISO/ASTM
52900:2021 [16], three categories of AM processes play an important role in this work. These
include fused deposition modeling (FDM), selective laser sintering (SLS), and stereolithog-
raphy (SLA). Stereolithography (SLA) has been characterized as an example of a technology
that uses a liquid raw material, the fused deposition modeling (FDM) process of thermo-
plastics has been selected as an example of a technology that uses a solid build material,
and laser powder sintering (SLS) has been discussed as an example of a technology that
uses powders [17,18].

Additive manufacturing (AM) has many advantages over traditional manufacturing
methods. Some of the key benefits of using additive manufacturing are as follows:

1. Greater availability. Three-dimensional printing can be performed virtually anywhere,
as long as there is access to the right 3D printer and raw materials. This allows for
more decentralized manufacturing, which is especially attractive to local businesses
and communities [19,20].

2. Greater efficiency. Traditional manufacturing methods often waste materials due to
the need for cutting and forming. Three-dimensional printing allows materials to be
applied precisely in layers, minimizing waste. The 3D printing process can be faster
than traditional manufacturing methods, resulting in shorter production cycles [21].

3. Shorter supply chains. AM makes it possible to reduce the need to transport products
over long distances and streamline the supply chain by reducing the need for large in-
ventories. Instead, parts can be produced on demand, minimizing inventory costs and
waste. This is particularly beneficial for the maintenance of spare parts in the energy
industry. Additive manufacturing is widely used in the production of components for
renewable energy systems such as wind turbines and solar panels. This includes the
manufacture of turbine blades, housing structures, and specialized components that
improve the overall performance of renewable energy systems. Local manufacturing
helps to reduce transportation-related greenhouse gas emissions [21].

4. Greater design freedom. Three-dimensional printing enables the creation of complex
structures and geometries that are difficult or impossible to achieve with traditional
manufacturing methods [22,23], thus providing a high degree of customization [24,25].
Lightweight components that can be used in a variety of energy applications, includ-
ing aerospace, renewable energy, and transportation, thus contributing to improved
energy efficiency, particularly in sectors such as aviation and electric vehicles.

5. The ability to easily print replacement parts [26]. Producing custom and complex
components tailored to specific energy applications. This is particularly valuable for
developing parts for energy systems with unique requirements.

6. Three-dimensional printing often has lower production costs per part, especially for
low volumes [27]. Three-dimensional printing facilitates rapid and low-cost proto-
typing, allowing engineers to test and refine designs faster and more cost effectively
than with traditional manufacturing methods. This supports the design and innova-
tion process.
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7. New materials with new or improved properties [28,29], such as improved ma-
terial combinations [30], functionally graded materials [31], and also 4D-printed
parts [31,32].

8.  The potential of relevant open source technology [33].

Three-dimensional printing represents a new method for the fully automated incre-
mental manufacturing of three-dimensional objects designed as digital files.

Designing for 3D Printing

Additive technology allows for a seamless transition from a digital model to its
physical form [34]. One of the main obstacles to the widespread adoption of additive
manufacturing is the observed larger-than-expected shape difference between the final
print and the intended design [35]. Every 3D-printed object begins as a virtual spatial model
(Figure 2). Spatial manufacturing is an integral part of the vision of ‘digital manufacturing’,
which is part of a broader industrial trend known as the ‘fourth industrial revolution” or
‘Industry 4.0".
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Figure 2. Tinkercad 3D Design Software 101 interface with sample objects placed on the work plane
[own design].

The spatial model of the object can be created in any 3D CAD software (Figure 3a) such
as AutoCAD Inventor. The next step is to save the object as a mesh geometry (Figure 3b). A
mesh geometry is characterized by the fact that it describes only the geometric relationships
of the mesh, without information about its color, thickness, or even the unit of length used.
The only information relevant to the surface mesh is the coordinates of the vertices of the
triangles and the coordinates of the vectors normal to their surfaces [35]. Linear and angular
tolerances are important mesh parameters. It is important to remember that a triangulated
surface can only approximate the true shape of the surface it describes. Angular and linear
tolerances determine the maximum deviation of the mesh from the original interpolated
surface. Meshes with low tolerances take up little memory due to the small number of
elements. However, these properties come at the cost of significant discrepancies between
the generated mesh and the real object [35,36]. In this case, a spherical surface may appear
more like a polyhedral surface. For this reason, the aim is to increase the resolution of the
mesh to a point where the meshed nature of the wall structure becomes imperceptible due
to the accuracy of the model printing technique [35]. Saving the object as a mesh geometry
creates a file with an .st! extension. Files with the .st! extension can also be used in all 3D
printing techniques. The finished mesh geometry file can be loaded in 3D CAM software,
such as AutoCAD Inventor 2024 which is responsible for locating the object on the work
surface and slicing the geometry into layers. The output of the software is a file containing
G-code. It is a standard format for writing commands that can be read by the printer
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software. The G-code contains the sequence of commands that will be executed by the 3D
printer’s tooling, although it is not a universal code as it varies from printer to printer. The
final step is to load the finished G-code in the software that controls the movement of the
printer’s actuators. This can be the laser mirror, the extruder head movement or the work
surface [37]. The actual creation of the object rests on the shoulders of the 3D printer, with
the process varying depending on the incremental technique used. The resulting physical
model may require additional processing, such as smoothing edges or cutting off supports.
The result is an object that can be used in any way (Figure 4).

(a)

Figure 3. Structure that is a graphical representation of the equation t = cos(x) + cos(y) + cos(z) (a) and
surface grid for baseline (left) and densified (right) resolution (b) [own design].

Stage 1 Stage 2 Stage 3 Stage 4 Stage 4

B - ) = o

Figure 4. 3D printed part from additive manufacturing [own design].

Referring to the grid resolution in Figure 3b, the effect of grid resolution is visualized.
Two meshes were defined at two different resolutions. Note that the file size of the com-
pacted grid is almost four times larger, so it is important to generate grids with a minimum
acceptable resolution. In addition, the printing time is also increased. Conversely, for com-
ponents with large dimensions, the increased production time may not be cost-effective [35].
To address this open challenge, researchers are developing a new collaborative framework
that will enable the production of high-quality, large-scale components in a reasonable
time. In their studies, the authors of [38-42] used several independent extrusion heads
that collaborate to produce the same component. They described a three-dimensional
(3D) printing structure that uses a series of mobile robots to apply concrete material to
large, one-piece structures. In addition, Zhang et al. [42] used advanced and expensive
sensors to prevent collisions between a group of AM machines. A new cutting strategy
for the evolving 3D printing platform was proposed by McPherson and Zhou [43]. This
involved the collaboration of several mobile MEX machines, where the printing task was
split into fragments so that different mobile printers could simultaneously print parts
without interfering with each other. In contrast, Bacciaglia and Ceruti [37] proposed an
innovative and reproducible methodology for planning the toolpath of a gantry-based
multi-head MEX frame, using only the information contained in a traditional G-code file,
typical of a dependent multi-head FDM machine. This study describes a strategy for
planning and partitioning a single toolpath data file generated by today’s standard slicing
tools and adapting it to work in a multi-extruder FDM framework. This paper presents
pseudocodes describing the innovative methodology and the results of virtual tests on two
real large-scale components. By using such an architecture, a large-scale component can be
efficiently manufactured at high production rates while maintaining satisfactory quality.
Accordingly, the proposed G-code partitioning technique aims to output n separate files
depending on the number of available extrusion heads: this is intended to significantly
reduce the total printing time.
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This article reviews and assesses the potential of 3D printing to optimize heat transfer
from a sustainability perspective. This article then presents some key opportunities for
heat transfer optimization from a sustainability perspective, the discussion of which has
so far not been reflected in the available literature. Key challenges and fundamental
research needed to realize the full potential of incremental manufacturing technology are
presented. Ultimately, this review offers valuable insights and perspectives, contributing
to the discussion on solving global energy challenges through innovative incremental
manufacturing solutions.

2. The Promises of 3D Printing to Optimize Heat Transfer
2.1. Better/Worse Heat Transfer Due to Complex Geometries and Internal Structures

Today, 3D printing has become the most powerful technology for rapid design, proto-
typing, and manufacturing [32]. Three-dimensional printing allows the creation of intricate
and complex structures that can maximize surface area and improve heat transfer per-
formance. Custom designs, such as fins and meshes, can be optimized for specific heat
dissipation requirements. Complex geometries and internal structures are among the key
benefits of 3D printing technology. These features make it possible to create complex and
customized designs that are difficult or impossible to achieve with traditional manufac-
turing methods. Let us take a closer look at complex geometries and internal structures in
the context of 3D printing. These materials have a structure consisting of a matrix, which
can be solid or flexible, and voids called pores. These porous structures can have different
sizes, shapes, and arrangements, giving them different properties and applications [44].
The matrix, which is the solid part of the structure, surrounds and holds the pores. The
matrix material can be plastic, metal, ceramic, or any other type of substance. The voids
(pores) are areas within the structure that are not filled with matrix material and give the
porous structure its characteristic properties. These voids may be isolated or interconnected
to form a network of channels. These voids can be filled with various substances such as
air, liquid, or phase change materials that can be in solid or liquid states. This saturation
affects the thermal, mechanical, and conductivity properties of porous materials. Porous
materials containing phase change materials (PCMs) in their structure can be used to store
and release energy in thermal processes. Examples of applications for porous materials
include thermal insulation, energy storage materials, filters, membranes, and structures for
biomechanical purposes. In the field of heat exchangers, porous materials can be used to
improve process efficiency, especially in flow control and thermal energy storage [45].

Porous materials can be classified in many ways based on their applications, properties,
morphological parameters, materials, manufacturing methods, etc. Here, we base our
discussion on the classification presented by [46,47] (Figure 5).

Porous Materials

h 4
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Y
{ ! 1 { |
Polymer foams Porous ceramics Porous metals [ Butterfly Wings] [ Wood l
Y Y v
{ | )|
High porosity Medium porosity Low porosity
4 4

I

Generally have closed pores

{ ' | )

) 3 e 1. Honeycomb
Half open-cell foams Closed-cell foams Open-cell-foams 2. Lotus-type porous

Figure 5. Classification of porous materials. Developed based on [47,48].
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Complex Geometries for Better Heat Transfer

Additive manufacturing technology has led to significant innovations in several fields,
including heat transfer applications. The capabilities of additive manufacturing (AM)
make it possible to achieve complex geometries that would be difficult to achieve using
conventional design techniques [49]. In this sense, researchers have taken advantage of
this added complexity to explore and develop biomimetic designs inspired by knowledge
of ecosystems, organisms, and biological structures [50]. Solutions based on biomimetic
designs can provide better energy efficiency and reduce negative environmental impacts.
The incorporation of biomimicry can be seen, for example, in the use of cellular or lattice
structures, which generally not only have optimized properties of stiffness and lightness but
also have good thermal and acoustic properties. An interesting discovery is the generation
of spatial structures called minimal surfaces. Minimal surfaces are those that achieve the
smallest possible surface area under given boundary conditions. Due to the action of surface
tension forces and the desire of the system to seek the lowest energy state, the membrane
will occupy the smallest surface out of an infinite number of possible surfaces under given
boundary conditions. The structure in question, called a catenoid, represents a broad set of
minimal surfaces. Triply periodic minimal surfaces (TPMS) structures represent a subset
of minimal surfaces. They are characterized by shape repetition in all three directions
along the length of the periodicity. TPMS structures are usually described by trigonometric
functions, so it is easy to deduce that the repetition period of the structure depends on the
type of function, e.g., for the sine, it will be of the length 27t. The above property makes it
possible to duplicate a single block of the TPMS structure many times, while maintaining
its continuity at the wall joints. Table 1 below lists some common periodic minimal surfaces,
while Figure 6 shows the possibility of combining TPMS structures into larger objects while
maintaining surface continuity [51].

Table 1. Summary of the most popular minimum surfaces.

Names . ] o
Structures Equation Visualization
Gyroid [52] sin(x)cos(y) + sin(y)cos(z) + sin(z)cos(x)

Schwarz
(53] cos(x) + cos(y) + cos(z)
Neovilius

[54] 3 x cos(x) + cos(y) + cos(z) + 4 x cos(x) x cos(y) X cos(z)
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Table 1. Cont.

Names

Structures Equation Visualization

sin(x) x sin(y) x sin(z) + sin(x) x cos(y) x cos(z) +

Diamond [55] cos(x) x sin(y) x cos(z) + cos(x) x cos(y) x sin(z)

5in(2 X x) x cos(y) x sin(z) + sin(2 X y) x cos(z) X sin(x) +
Lidinoid [54] sin(2 X z) X cos(x) x sin(y) — cos(2 x x) X cos(2 X y)
— c0s(2 X y) x cos(2 x z) — cos(2 x z) x cos(2 x x) +0.3

1.1 x (sin(2 x x) X sin(z) x cos(y) + sin(2 X y) x sin(x) x
cos(z) +
5in(2 x z) x sin(y) x cos(x)) — 0.2 x (cos(2 x x) x cos(2 x
Y) +cos(2 X y) X cos(2 X z) +
c0s(2 X z) X cos(2 x x)) — 0.4 x (cos(2 X x) + cos(2 X y) +
cos(2 X z))

Split P [55]

Figure 6. Lidinoid structure—a single segment with a side length of 27t (left) and the structure formed
by duplicating the base segment (right).

Previous studies of AM-made TPMS structures have shown that they have high
stiffness, high energy absorption capacity, high strength, no edges, which eliminates ar-
eas where mechanical stress can occur, and low weight, all due to their high surface-
to-volume ratio (they have localized cross-sectional porosity variation) [56]. Due to the
three-dimensional periodicity of the gyroidal network structure, the core of the exchanger
creates two identical channels to direct the flow of two separate fluids. As the fluids
flow through these channels, heat is exchanged between them as they are in thermal
communication. Creating TPMS geometries in CAD is challenging, but as technology
advances, minimal surface strategies are becoming more common. There are still too few
experimental studies in the available literature to provide an accurate picture of the full
application of TPMS structures in heat exchangers. There are mainly numerical studies
using CFD to estimate the flow resistance and the heat transfer coefficient when water
flows through a channel filled with TPMS. However, these studies clearly show a large
variation in the transfer coefficient compared to available heat exchangers with walls made
using traditional methods [56,57].
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The available literature describes an example CFD study in which Cheng et al. [58]
designed an exchanger based on minimal surfaces belonging to the gyroid, primitive,
diamond, and Schoen I-WP types. The flow was along a TPMS with the dimensions of
2.54 mm x 2.54 mm x 20.32 mm, for a structure porosity range of ¢ = 20% <+ 80%. The
researchers found that the higher the Re, the higher the flow resistance, with the lowest
for flow along the primitive structure, followed by the gyroid and I-WP, and the highest
(Re = 100, up to 36 times higher) for flow along the rhombic structure. Analogous to
the flow resistance, the value of the Nu number increased successively for the primitive,
gyroid, I-\WP, and diamond structures. They also showed that the optimal structures were
I-WP-based channels, where the thermal efficiency per unit flow resistance was 1.9 times
higher than for the diamond channel, and demonstrated that increasing the TPMS porosity
value had a positive effect on the Nu number. In another study, Khalil et al. [59] numerically
and experimentally investigated forced convection in heat sinks with a structure based on
triple periodic minimum surfaces (TPMS), i.e., diamond (D) or gyroidal (G), with a size
of 10 mm and a porosity of 80%. Based on their research, they showed that the gyroidal
plate structure has the lowest thermal resistance and the highest heat transfer coefficient
due to the highest surface density. This work opens the door to designing novel heatsinks
for 3D printing and testing their performance in thermal management systems. Another
example of research in this field is the study by Raja et al. [60], who presented a water
heater connected to a washing machine. This system comprised an electric heater placed
in a specially shaped elbow with an internal TPMS (gyroid) structure. The use of the
gyroid structure acted as an engineered heat transfer surface and a turbulator for the
water flow. According to the authors, they achieved a high efficiency in the implemented
design solution. Subsequently, Dixit et al. [61] carried out experimental studies and CFD
simulations on a cross-flow heat exchanger based on the gyroid-type TPMS. The actual heat
exchange surface consisted of 7 x 7 x 7 elementary structure cells with a side length of
4.6 mm and a relative density of 20% (porosity 80%). The authors showed that, depending
on the Re, the value of the heat transfer coefficient was 120-160 W/ (mz-K), while at the
same time recording a 55% increase in the efficiency of the exchanger compared to an
exchanger with equivalent thermodynamic properties. In addition, the researchers pointed
out that the proposed solution was 90% smaller than a comparable heat exchanger. An
example of a heat exchanger study using a TPMS gyroid structure is the work of Reynolds
et al. [56], who showed that the gyroid heat exchanger achieved a Nusselt number 112%
higher than that of a straight tube control with the same Reynolds number. In addition, it
was shown that the overall performance improvement of the TPMS heat exchanger was
about 13%. Fan et al. [53] used TPMS (primitive) to cool the battery. Experimental studies
and computer simulations (CFD) showed that the maximum temperature of the battery
was reduced by about 60 °C compared to water cooling in a conventional straight tube.

The limited number of experimental studies reported in the literature suggests the
need for further experimental studies to better understand the heat transfer coefficients and
fluid flow resistance in contact with TPMS. The optimization of designs with higher heat
transfer coefficients requires consideration of the energy required to operate the equipment,
which in turn requires flow under conditions of increased flow resistance. Of the many
TPMS types available, only four have been subjected to CFD and experimental testing:
primitive, gyroidal, diamond, and I-WP. The use of TPMS in heat transfer increases the
average Nu value many times over circular or flat surface channels, but also increases the
flow resistance. The flow rates in the channels based on TMPS depend, among other things,
on the geometry of the TMPS and have the same geometrical parameters (dimensions,
number of elementary minimum surface cells, relative density) and flow resistances; the
lowest flow resistances were obtained for primitive TMPS, followed by gyroidal, I-WP, and
diamond TMPS.

Further exemplary work describing the advantages of developing a working fluid-wall
interface (not TPMS) produced by AD techniques has been published in the following
papers: [62] (lattice structure); [63] (porous open cell aluminum foam); [64] (compact heat
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pipe); [65,66] (heat transfer from tetrahedral Kelvin foam to air); [67] (octet, D-cube, tetra-
hedral and cube); [68] (longitudinally ribbed tube); [69] (pin fin arrangements in annular
channels); [70] (diaphragm); [71,72] (inserts that turbulence the flow of the medium in the
tube); and [73] (study of the thermal conductivity of AlSil0OMg formed by melting powder
with a bed and modified by heat treatment). The ability to create complex geometries and
intricate internal structures using 3D printing has improved heat transfer performance in
several important ways. First, the creation of complex surface structures, such as fins and
microchannels, can significantly increase the surface area available for heat transfer [74].
An increased surface area allows for better heat dissipation or absorption, depending on the
application [48]. Jha et al. [75] designed and tested a microchannel tubular heat exchanger,
using high-density microgrooves (with fin widths of 100 um), designed for absorption
refrigeration applications. In both studies, a significant increase in the overall heat transfer
coefficient to 10,000 W /(m? K) was achieved, using water as the resident fluid. Andhare
et al. [76] tested a flat plate heat exchanger with a microchannel collector designed for
single-phase heat transfer, with equal water flow rates on both sides. As a result of the
tests, the authors obtained a total heat transfer coefficient of up to 22,000 W/ (m? K), which
is an extremely high value for single-phase heat transfer. Arie et al. [77] investigated an
air-water heat exchanger made from titanium produced using a 3D direct laser metal
sintering (DLMS) process. They found an increase in heat transfer of 15-50% compared to
state-of-the-art heat exchangers equipped with corrugated fins. Tiwari et al. [74] presented
the design and described the performance of a compact heat exchanger with a microchannel
tube collector. This heat exchanger uses an improved commercially available tube, which
has a ribbed structure on the outer surface and a spiral groove pattern (corrugation) inside
the tube. Experimental single-phase tests showed an overall heat transfer coefficient of
22,000 W/(m? K), and the shell side heat transfer coefficient was 45,000 W/ (m2 K), with
shell side and tube side water flow rates of 82 g/s and 806 g/s, respectively. The researchers
showed that the heat transfer coefficient on the shell side was an order of magnitude higher
than in the commonly used shell and tube and plate heat exchangers.

Recently, there has been a surge in research into regular metal meshes that can be
additively manufactured due to their “potential” to provide multifunctional and tunable
heat exchanger properties. Additively manufactured meshes, which differ significantly
from commercially available meshes, can result in much higher heat transfer coefficients.
Furthermore, the design freedom allows for different porosities to achieve higher effective
thermal conductivity. The use of regular meshes in tubular heat exchangers, as wicks in heat
pipes, as heat transfer enhancement elements in boiling heat transfer, and as transpiration
cooling mechanisms for turbine blades as an alternative to conventional technologies is
promising. The flexibility of 3D printing allows components to be tailored to specific
heat transfer requirements. Designers can customize structures at the microscopic level
to optimize thermal performance for a specific application [48]. For example, the studies
by Ho et al. [78] and Ho and Leong [79] on a lattice structure consisting of a rhombo-
octet unit cell topology in a rectangular block as well as a circular insert configuration
showed that these lattices provide significantly higher thermal performance compared
to open cell metal foams, conventional pin-fin heat sinks, and spiral inserts. Effective
thermal conductivity values for rhombohedral unit cells with porosities of ~0.84-0.85 were
measured to be about 5.5 times higher than those of stochastic aluminum metal foam
samples with similar strut diameters. Broughton and Joshi [80] conducted a comparison of
the performance of a mesh with a porosity of 0.865, additionally fabricated using DMLS
with AlSi10Mg. They found that the regular mesh had a 60% higher heat transfer coefficient,
with a ~66% higher pressure drop compared to stochastic metal foams. Liang et al. [54]
analyzed the effect of different strut shapes, including circular, rectangular and elliptical,
on heat transfer and pressure drop across the face. All strut shapes in cubic meshes had
the same porosity (~0.92) and were made from epoxy resin using the SLA process. The
round strut was shown to have the lowest heat transfer and pressure drop, but achieved
the highest thermal-hydraulic performance. The heat transfer through the end wall in the
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single cell thickness configuration was three times higher than in the flat channel using
FCC meshes. The elliptical and rectangular shapes provided approximately 27-31% and
25-26% higher heat transfer than the circular shape in FCC grids, due to the better mixing
and flow acceleration. In conclusion, the optimization of strut shapes with similar cell
topologies was shown to improve the performance of lattice heat exchangers.
Three-dimensional printing is particularly beneficial for heat flow optimization be-
cause of its ability to create complex structures and custom geometries. Table 2 shows some
specific examples of how 3D printing has been adapted for heat flow optimization.

Table 2. Summary of examples of 3D printing adaptation for heat flow optimization.

Sector

Application Optimization of Heat Flow References

Electronics cooling

Heat sinks with

Microchannels or fins—heat dissipation. [73,81,82]
complex structure

Aerospace Industry

Internal cooling channels in the aerospace
structures of components, improving [83-85]
resistance to high temperatures

Components with integrated
cooling channels

Production of wind turbines

Optimizing the shape of wind turbine
Optimization of the blades blades to increase efficiency and [86,87]
minimize drag

Components for optimizing Internal moderator components for heat

Nuclear Energy heat flow in reactors transfer improvement in nuclear reactors. [88,89]
Designing engine radiators with a more
Automotive Industry: Engine Cooling complex structure to increase cooling [90,91]
efficiency.
Custom cooling channels for liquid cooling
Liquid cooling in electronics Custom Cooling Channels systems tailored to specific electronics [92,93]

configurations

Production of heat

Design and manufacture heat exchangers

Channel geometry with optimal channel geometry that [61,94,95]

exchangers: optimization improves heat transfer efficiency
Heatsink design Custom radiators with De'.51gn heatsinks Wl.t h custom 8¢ ometry,
. tailored to the specific application and [96-98]
optimization complex shapes .
mounting space
Cooling in the Apparel Creation of microchannel structures that
gIn dustry pp Microchannels in textiles improve ventilation and cooling in sports [99-102]

or specialty apparel

With the ability to customize 3D printing to meet specific design requirements, heat
transfer can be optimized in a variety of applications, helping to improve energy efficiency
and system performance.

In summary, 3D printing’s ability to create complex geometries and internal structures
has revolutionized heat transfer applications, offering improved efficiency and customiza-
tion across a wide range of industries. This technology continues to play a key role in
the implementation of thermal management solutions for electronics, aerospace, power
systems, and many other areas.

2.2. Selecting Materials

Choosing the right 3D printing materials to optimize heat flow is critical, as different
materials have different thermal and mechanical properties. Table 3 shows some examples
of materials commonly used in 3D printing that focus on improving heat flow.
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Table 3. Summary of example materials used in 3D printing for heat flow optimization.

Type

Material

Characteristic

Application

References

Copper, aluminum,

Excellent thermal

Manufacture of heat sinks or cooling

[34,103-105]

steel conductivity components
Heat conductive Ecellent | Graphene na.r;opafitilcl(;stor gt;aphene
materials xcellent therma composites added to other B
Graphene conductivity properties 3D-printed materials to improve [106-108]
their thermal conductivity.
A thermOPlaSt.l N Manufacture of industrial
PEEK polymer with high
. components where both thermal and [109-111]
Polyetheretherketone mechanical strength . - .
. . mechanical properties are important
. . and chemical resistance
Engineering .
polymers Good mechanical Production of components where
Nvlon properties, relatively the balance between mechanical [112-115]
y li ,h ¢ strength and thermal conductivity
& efficiency is important
Aluminum alloy Production }01f co}cl)lmg Folinponents [103-105]
Lightweight metal with such as heat sinks
Metallic materials Aluminum with good thermal Components with soecial thermal
addition of other conductivity P P [116]
. properties
materials
High heat resistance Manufacturing components that
Ceramics Aluminum oxide and excellent thermal require efficient heat transfer under [117,118]
properties extreme conditions
The lightness of
Hybrid materials Carbon f'1ber polymers with t}}e'hlgh Both thermal anq mechanical [119-122]
composites thermal conductivity of properties are important
carbon fibers
A combination of . .
Metal-polymer thermal conductivity Advantageous in certain [123-126]

composites

applications

and flexibility

When selecting materials for 3D printing, it is important to understand the require-
ments of the application and balance the thermal, mechanical, and performance properties.
Different 3D printing technologies may require specific materials, so it is also important to
consider the availability of suitable materials for a given printing technology. For heat trans-
fer, metal additive manufacturing is a clear choice due to its higher thermal conductivity
and temperature capabilities compared to plastics or polymers [34]. In most cases, the main
challenge is to minimize metal oxidation, which can prevent layer adhesion due to lower
wettability by liquid metals. As a result, metal printers require an inert atmosphere (usually
argon), which contributes to their higher cost. The three most common types of 3D-printed
metals (considering all applications) are steel/iron-based alloys, titanium /titanium-based
alloys, and Inconel/nickel-based alloys [34]. Another developing trend is multi-material
additive manufacturing (MM-AM). Powder bed-based SLM printing of composite materi-
als mainly involves the use of two or more types of powders, where one of them acts as a
continuous (matrix) phase, while the other acts as a dispersed (reinforcing) phase. [127,128].
More advanced multi-metal printing can be achieved by using deposition-based processes,
for example in areas related to thermal management. Onuike et al. [129] combined IN718
with a copper alloy (GRCop-84), which increased the conductivity by about 300% compared
to IN718 alone. Heer et al. [130] fabricated magnetic-non-magnetic bimetallic structures of
graded composition using a laser-induced lattice shaping system (LENS). Their results con-
firm that non-magnetic SS316 can be gradually transformed into magnetic SS430L without
the need for a weld.
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2.3. Lightweight Design and Geometry Optimization

Lightweight design in 3D printing is particularly important for optimizing heat trans-
fer, especially in cases where component weight affects system performance or in applica-
tions such as those related to aerospace, the automotive industry, or power generation. De-
signing components with open structures, such as lattice structures, allows for lightweight
structures while maintaining a relatively high mechanical strength. Regular lattices fab-
ricated using AM technology have received considerable attention from researchers in
the biomedical and civil engineering fields [34,131]. Many previous studies have focused
on understanding their mechanical response, flow permeability, and fluid-induced shear
stress [131].

For example, Kamal and Rizza [132] described an example of an air cantilever that
reportedly provides greater stiffness than its traditionally manufactured counterpart, while
weighing 15% less. Another example can be found in the work of Bacellar et al. [133], who
achieved up to a 50% reduction in size and pressure drop in an optimized air—fluid heat
exchanger compared to a basic standard tube system through optimization. In another
example, Alshare et al. [134] optimized the flow in an oil manifold to minimize energy loss
using CFD numerical analysis; the resulting manifold, manufactured using 3D printing
technology, weighed 84% less than the original base model, while reducing the pressure
drop by 25%. In one example, Gutmann et al. [135] proposed a 316L reactor for difluo-
romethylation, where the reactor was wrapped around a serpentine heat exchanger core.
Thus, in many industrial heat exchange applications, greater efficiency of the systems will
be achieved by combining weight reduction, size reduction, and multitasking (integrated
unit operations). In addition to reducing assembly costs, consolidation further increases
the efficient use of materials. This means that more material is actively involved in heat
transfer. This fact may justify the use of costly, high-performance metals to further improve
performance. Additionally, the elimination of assembly will significantly reduce the risk of
leaks and other potential failures.

2.4. Localized Production

Localized 3D printing production, especially in the context of heat flow optimization,
can bring several benefits from both an economic and environmental perspective. Some of
the aspects of localized 3D printing production in the context of heat flow optimization are
as follows:

Local manufacturing allows components to be tailored to specific local infrastructure,
climate, or specific industrial requirements that may affect heat flow optimization. It
eliminates the need for long supply chains, which shortens component delivery times and
reduces transportation costs, which is important for sustainability. Shorter transportation
distances between manufacturing and application sites reduce the amount of transportation-
related waste. Local manufacturing allows for the better customization of components to
meet local needs, which can help to optimize heat transfer in specific climatic conditions. It
also eliminates the need for the transportation of components over long distances, resulting
in reduced logistics costs. It also contributes to better availability of local raw materials
and the use of specific materials available in a given region. Local manufacturing makes
it easier to comply with local standards and regulations, which is especially important
in industries where safety and regulatory compliance are critical. All of this adds up to
more sustainable production from an environmental perspective, as it reduces emissions
associated with transportation over long distances and energy consumption. There is also
the added benefit of stimulating local business and economic development, which is good
for the community. Localized production allows for flexibility in adjusting production
to meet current needs, which can be especially beneficial in situations where demand for
certain components may fluctuate.

Localized 3D printing production in heat flow optimization is therefore a solution that
takes into account both economic and environmental aspects while adapting production to
specific local conditions.
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2.5. Heat Exchangers Using 3D Printing Technology

With increasing environmental awareness and efforts to reduce energy consumption,
new generations of heat exchangers need to be more energy-efficient [34]. Improving the
efficiency of heat exchangers can help to reduce energy consumption in various sectors
such as industry, transportation, and construction [45,74]. Incremental 3D printing (AM)
opens up many possibilities for the design and manufacture of heat exchangers (HXs) [136].
Instead of a layout limited to the use of flat or tubular starting materials, heat exchangers
can now be optimized to reflect their function and use in a specific environment [132].
Tooling complexity is no longer a limitation, but an advantage. Instead of brazing compo-
nents, which results in rather inflexible standard components that are prone to leakage, AM
finally allows us to create seamlessly integrated and customized solutions from monolithic
material [34,131]. The unique advantages of HX with AM technology include optimized
geometries with improved surfaces, controlled surface roughness, fully controlled and or-
ganized porous structures, and the elimination of welding or soldering [137]. On the other
hand, there are several challenges that need to be addressed to fully realize the benefits
of AM technology. The introduction of more efficient heat exchangers can benefit from
reduced operating costs for heating, cooling, or power generation by using a biomimetic
and mathematical approach with parametric modeling. This results in unprecedented
configurations and pushes the boundaries of how we should think about heat exchangers
today. Investments in new technologies can pay for themselves through lower energy bills
and shorter payback periods [131,138-141]. There is a growing demand for advanced heat
exchangers that meet the specific needs of various industries. HXs are widely used in the
aerospace industry [142,143], the food industry [144], turbine technology [145], chemical
processing plants [143], electronic equipment [143,145-148], nuclear power plants [149],
solar energy receivers [149], waste heat recovery systems [74,150], building air condition-
ing [151], heat pipes [64,152,153], and so on. The application of heat exchangers thus ranges
from miniature electronic microcircuits to large buildings [34,74]. Table 4 shows some con-
cepts and applications of 3D printing in heat flow optimization related to heat exchangers.

Table 4. List of examples of heat exchangers, heat sinks, or related components manufactured using
incremental technology (3D printing).

3D Printing

SLM

Materials Advantages References
-The complex ribbed surface of the micro heat exchanger
: [154]
-The exchangers performed consistently.
316L stainlegs steel, -Experimental determination of the heat transfer characteristics and
6061 aluminum pressure drops of the four heat sinks. [155]

-The study showed an increase in the performance of the studied
exchangers.

Aluminum 6061,
stainless steel 316L

-Three heat sinks with a ribbed structure
-Better performance than conventional heatsinks [156,157]
-New geometries result in lower pressure drop

-Cylindrical geometry for internal channels built at different angles
-Surface roughness of internal channels varies with angle of [158]

AlSil0Mg construction
Ti6Al4V

-Qil Cooler

-Structure will transfer 15 kW of heat under design conditions [159]

Type 316 stainless steel printed tubes have higher mechanical
strength and lower ductility than annealed Type 316L stainless [160]

Stainless steel 316, steel.
stainless steel 316L -QOil cooler fabricated.

-Unique features include lenticular tubes with offset strip fins and [161]
angled plate-fins.
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Table 4. Cont.

3D Printing

Materials

Advantages

References

DMLS

AlSi10Mg

-DMLS can be used with a new type of alloy to create porous lattice
structures.

[162]

-Rough surfaces and ribbed surfaces had an average of 63% and
35% better convective heat transfer, respectively, than smooth
surfaces.

[147]

-Collector-microchannel heat exchanger
-The collector-microchannel geometry offers a significant
improvement over the state of the art.

[163]

Titanium alloy

-Air-to-water heat exchangers using a microchannel collector
design have shown a 45-100% increase in base conductivity and a
15% increase in heat transfer coefficient for the same pressure drop
compared to corrugated surfaces.

[771]

-Friction coefficients increased due to the higher ratio of roughness
to hydraulic diameter.

-Machined channels have relatively comparable thermal
performance to grooved channels.

[164]

-Three samples of corrugated channels, each containing channels of
different wavelengths, were designed and additively fabricated to
evaluate the pressure loss and heat transfer performance of the
channels.

[165]

-Cylindrical channels were built in three different orientations,
while teardrop and rhombic channels were built horizontally.
-Channels built vertically had the lowest coefficient of friction,
while channels built diagonally had the highest coefficient of
friction.

[166]

-A heat transfer correlation is presented that translates the Nusselt
number of flow through DMLS microchannels based on predictions
or friction coefficient measurements.

[164]

-The process of improving the thermal performance of a twisted
shell-and-tube heat exchanger using CFD modeling and extended
AM fabrication space is presented.

-A 40% increase in heat transfer coefficient was modeled.

[167]

-Oil cooler

-The weight and volume of the heat exchanger is 66% and 50% less,
respectively, than a fuel-cooled oil cooler of similar capacity and
performance.

[168]

Stainless steel,
titanium alloy,
aluminum

-Three prototype air-to-water heat exchangers in a power plant
-Improved gravimetric heat transfer density compared to a
corrugated fin heat exchanger.

[169]

LPBF

-Bare tube heat exchanger.

-Achieves a ~20% reduction in size, a ~20% reduction in air
pressure, a ~40% reduction in material volume, and a ~2%
reduction in surface area compared to a micro-channel heat
exchanger.

[133]

Ti-6Al-4V

-L-PBF used to fabricate a Ti-6Al-4V multilayer oscillating heat pipe
(ML-OHP)
-The thermal performance of ML-OHP is characterized.

[170]

Wire-Arc
Spraying

-Dense 625 alloy was deposited on the surface of 10 pores per inch
(PPI) and 20 PPI nickel foam sheets to produce compact heat
exchangers.

[171]




Inventions 2024, 9, 60 16 of 30

Table 4. Cont.

3D Printing Materials Advantages References

-The 20 PPI foam exhibited higher flow resistance and heat transfer
than the 10 PPI foam due to its smaller pore size and larger internal [172]
surface area.

-The effect of changing the fin height and density of the pyramidal

fins has been studied.

-Increasing the height or density of the fins also increases the [173]
overall thermal conductivity at the expense of higher pressure drop.

at the expense of higher pressure drop.

-Two new fin geometries were created; pyramidal and trapezoidal.
-The two new geometries have better heat transfer performance [174]
than traditional rectangular fins, but higher pressure drop.

aluminum
CGDS nickel
stainless steel 34

-Pyramidal rib arrays were fabricated with varying volume

fractions of aluminum and alumina.

-The use of aluminum-alumina powder as an alternative to pure [175]
aluminum eliminates the need for expensive polymer nozzles that

wear out quickly.

-Produces near-net-shape pyramidal fin arrays in a variety of

materials, including aluminum, nickel and Class 34 stainless steel. [176]
-Pyramidal Ribs

-Classic double recirculation and flow bypass structures observed [177]
in areas of trailing ribs.

-Pressure drops and convection coefficients for square, round, and

diamond fins. [178]

-Alternating configurations produce higher convection coefficients
and higher pressure drop..

-The cross-flow micro heat exchanger was developed to provide a
LIGA funct1op similar to that of a car radiator. . [179]
-The micro heat exchanger demonstrated a good ratio of heat

transfer rate to volume.

-Air-to-water heat exchanger
-The polymer heat exchanger required 85% less weight but 35%
more volume than a corrugated metal heat exchanger of the same [126]
capacity.
LPW -COP increased by 27%.

-Microfluidic channels in the fins of the liquid-liquid heat
exchanger.

-The walls, which were 0.032 mm to 0.1 mm thick, could be
carefully cleaned, but they deformed slightly under pressure.

[180]

-Air-water heat exchanger.
Polyjet -The thin wall (150 um) reduces the thermal resistance of the wall to [181]
only 3% of the total thermal resistance.

-Air-to-water heat exchanger
-Improving the thermal conductivity of the printed polymer

directly affects the performance of the heat exchanger, but the [182]
relationship is non-linear.
FDM
-A polymer composite heat exchanger called a belt-and-tube heat
exchanger. [183]

-The design is shown to perform similarly to a plate-and-rib heat
exchanger, but uses less material.
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Table 4. Cont.

3D Printing

Materials Advantages References

LOM

-Complex ceramic heat exchangers can be built using LOM

processes. [184]
-The ceramic heat exchanger can be manufactured at a reasonable

cost.

-The creation of complex designs using LCM was demonstrated.

-Components with over 99% post-sinter density were obtained [185]

LCM

-LCM has enabled the production of alumina and zirconia

components. [139]
-A heat transfer area of more than 3500 mm?2 and holes as small as

0.2 mm in diameter can be achieved.

Three-dimensional printing for heat flow optimization in heat exchangers and cooling
systems opens up new design possibilities that can lead to more efficient and customized
solutions compared to traditional manufacturing methods.

2.6. Integration with Renewable Energy Systems

The energy transition is one of the greatest challenges facing our society. To ensure a
smooth transition to a sustainable future energy scenario, various technologies need to be
developed and implemented. Among the most important options for energy generation are
solar cells or windmills and chemical storage in batteries, supercapacitors, and hydrogen.
New production methods based on additive manufacturing increase the potential to achieve
the highly efficient and intelligent technologies needed to make clean energy technologies
more competitive with fossil fuels. In this context, this roadmap highlights the enormous
potential of 3D printing as a new way to fully automate the manufacture of energy devices
designed as digital files [186]. Integrating 3D printing with renewable energy systems
to optimize heat flow opens up a number of opportunities for designing efficient and
sustainable solutions. Table 5 presents several concepts and applications of this integration.

Table 5. Summary of the main 3D printing materials and technologies for the analyzed applications.

Application

3D Printing Materials Reference

Fuel cells and
electrolyzers

Electrode materials, stabilized zirconium electrolytes
SLA, EFF, DIW (lanthanum-based perovskite oxides and

nickel-based composites), glass sealants [187-195]

Polymer electrolytes (nafion) and electrodes

DIW, SLS (precious metals), metallic metallics (stainless steel)

Solar cells

Current collectors (silver, copper, tin, indium),
DIW, R2R, IL carriers (polymers), cells (P3HT: PCBM, organic [196-204]
perovskites, CIGS)

Thermoelectric cells

EFF, DIW, SLS, SLA Bi2Te3, BiSbTe, Cu2Se, PbTe [205-213]

Batteries

Polymer electrolytes (PVDF-co-HFP), electrodes
DIW, EFF (LiFePOA4-LPF, Li4Ti5012-LTO, graphene oxide [214-223]
composites)

Supercapacitors

Polymer electrolyte (KOH/polyvinyl alcohol),
electrodes (activated carbon, Ti3C2Tx MXene
DIW, EFF nanosheets, manganese dioxide nanowires, silver [224-232]
nanowires, and fullerene), current collector (Ag
nanoparticles), package (polypropylene)
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Table 5. Cont.
Application 3D Printing Materials Reference
Ti alloys, Ni-based superalloys, high-temperature
Rotating Machines DED, SLS Fe-based alloys, Ti or Fe-based intermetallic [233-237]

materials

Reactor (stainless steel, aluminum oxide), catalyst

Chemical reactors DIW, DLP, EFF carrier (metal oxides), catalyst (precious metals) [238-244,244,245]
Sol'ld-state SLS, DED, EFF, DIW, SLA Ferroelectric/ ferromagne'tlc/ ferroelastic caloric [246-253]
refrigerators materials
CO; capture and Metals or alloys with high thermal conductivity N
separation SLS (Aluminum AlSi10Mg) [254-260]
Metals or alloys with high thermal conductivity
Electronics Cooling SLS (Al-Si10Mg, Al 6061, CuNi2SiCr) and polymer [261-267]

composites

3. Challenges of 3D Printing Technology in the Context of Sustainability

Three-dimensional printing plays an important role in several aspects of the energy
sector. Three-dimensional manufacturing is an integral part of the vision of digital manufac-
turing, which is part of a wider industrial trend known as the fourth industrial revolution,
or Industry 4.0. Three-dimensional printing is an inherently more sustainable process as it
builds material layer by layer, reducing material waste and energy consumption [37,44,268].
Incremental manufacturing has evolved from a tool that was originally used for prototyping
into a key technology for producing functional parts that are used in an increasingly wide
range of fields, such as aerospace and medicine [35,36,269-272]. Leading aerospace sectors
are using AM technology to produce wind tunnel models, UAVs, engine components, flight
test parts, unmanned aerial vehicles, wall panels, metal structural components, and air
ducts, illustrating just some of the many possibilities [37]. The design freedom offered by
additive manufacturing allows engineers to explore innovative and optimized designs that
may not be feasible using traditional manufacturing methods [265]. An example of this is
the use of a TPSM gyroid structure in heat exchangers [61], where a Nusselt number 112%
higher than the control of a simple tube at the same Reynolds number was achieved. A
good example is also the air-to-water heat exchanger made from titanium, produced using
the 3D direct laser metal sintering (DLMS) process, where an increase in heat transfer of
15-50% was observed compared to the latest heat exchangers equipped with corrugated
fins [142]. This can lead to more efficient and effective energy systems. Additive technology
enables the use of advanced materials, including high performance alloys and composites.
This opens up new opportunities to create components with improved properties such as
increased strength, heat resistance, or conductivity. Traditional manufacturing methods
often generate significant amounts of waste [262,264]. Despite this, existing unresolved
issues continue to prevent AM from becoming a mainstream manufacturing technique
in an industrial context. The main limitations of 3D printing are mainly the anisotropic
properties of the final product material, limited material resources, lengthy certification
procedures (if any), high raw material prices, the cost of production in large quantities, and
the lack of repeatability and reproducibility. In the traditional approach, large-scale objects
are defined as those with at least one of the three dimensions exceeding 1 m [273].

Recent advances in adapting 3D printing for energy and environmental applications
provide a competitive advantage by improving productivity and product flexibility and
reducing costs, which will contribute to industry breakthroughs [274,275]. Methodologies
such as continuous and high-speed printing have increased the speed and efficiency of 3D
printing, enabling the rapid production of objects. It is also important to adjust printing
parameters such as temperature, print speed, and fill density to reduce energy consumption
and optimize the printing process. Modern technology has also enabled multi-material
and multicolor printing, making it possible to create complex and practical designs in a
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single print. The use of hydropower and renewable electricity can temporarily reduce the
environmental impact of the AM process in the pre-production and production stages until
AM technology is developed to reduce energy consumption [274,276,277].

Additive technology has the potential to contribute to sustainable development in
many areas through innovation, waste reduction, and the optimization of manufacturing
processes. However, while it offers many potential sustainability benefits, there are still a
number of challenges that could impact its development and effectiveness. Some of the
key challenges that could impact the development of additive technology in the context of
sustainability are as follows:

1.  Many current 3D printing materials are based on plastics, which can cause pollution
and are difficult to recycle. There is an urgent need to develop more sustainable
materials, such as those that are biodegradable or based on renewable resources.
Recycling processes for these materials must be made more efficient and widely
available to minimize their negative impact on the environment.

2. The generation of excessive waste and energy consumption during the 3D print-
ing process can be detrimental to sustainability. Research into new methods and
technologies that minimize waste and energy consumption is essential.

3. Future research should focus on improving the sustainability of AM technology by
developing lower-energy powder manufacturing technologies, analyzing the impact
of key parameters (such as specific energy consumption, build rate, powder yield,
etc.) on the life cycle assessment of the AM process, optimizing key parameters for
an efficient result, and increasing the production speed of the AM process. This will
also improve the economics of the AM process by reducing the cost of producing the
required parts [277].

4. As 3D printing grows in popularity, there is a need to ensure the scalability of manu-
facturing processes and the availability of suitable raw materials. It is important to
ensure that raw materials are ethical, sustainable and do not lead to the depletion of
natural resources.

5. The use of 3D printing in some sectors, such as medicine or aerospace, may require
compliance with strict safety standards and norms, posing a challenge for the technology.

6. Many people, both consumers and businesses, may not be aware of the potential
benefits and challenges of 3D printing in the context of sustainability. Education and
awareness are key to the sustainable adoption of 3D printing technology.

7. The lack of consistent standards and regulations for 3D printing can make it difficult
to control the technology’s environmental impact. Establishing consistent standards
for sustainable 3D printing is essential. Developing 3D printing with these challenges
in mind can help to create more sustainable and environmentally friendly practices in
the manufacturing industry. Separately, research into additive manufacturing applied
to process/chemical engineering is a rapidly growing field. As technology advances
and environmental awareness increases, it is expected that these challenges will be
addressed and contribute to the further development of sustainable solutions in the
field of 3D printing.

4. Conclusions

Three-dimensional printing can be a significant factor in optimizing heat transfer in a
variety of applications, while contributing to sustainability. Incremental technology enables
the creation of complex cooling structures and the production of coolers with custom shapes
and sizes tailored to specific application needs that are difficult to achieve using traditional
manufacturing methods. As a result, heat transfer performance can be optimized while
minimizing material consumption, achieving very high compactness, in the order of 700 to
even 5000 m?/m?.

Incremental technology enables the design of lightweight structures and the use of
advanced high-thermal-conductivity materials (an example is the printing of MM-AM
and the production of composites with increased conductivity of up to approximately
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300%) adapted to the 3D printing process, which is particularly important in industries
where weight is an issue (such as aerospace, e.g., an aerospace bracket with greater rigidity
than its conventionally manufactured counterpart, while weighing 15% less). This helps
to reduce energy and material consumption. Three-dimensional printing makes it possi-
ble to produce complex structures and designs without traditional material processing,
minimizing waste. These processes can be more sustainable if raw materials are selected
and processed according to sustainable principles. In the electronics sector, 3D printing
can support the development of more efficient cooling systems, which is important for
increasing the performance of electronic devices (15-65% increase in heat transfer com-
pared to conventional heat exchangers). At the same time, it enables the production of
custom heat exchangers tailored to specific applications. This increases the efficiency of
heat exchange and minimizes energy loss. In the construction industry, 3D printing can be
used to create smart structures that optimize heat exchange within buildings, improving
energy efficiency. Currently, the main applications include prototyping, proof of concept,
research/education/research and development, manufacturing, and the production of
spare parts, more or less evenly distributed across various industries such as aerospace,
technology, consumer goods, automotive, industrial goods, medical, and education. It is
also clear that multidisciplinary and interdisciplinary collaboration, particularly between
materials scientists, modelers, engineering practitioners, and 3D printing specialists, will
be critical to delivering “next-generation” process engineering concepts.
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Nomenclature

AM Additive manufacturing

CAD  Computer-aided design

CAM  Computer-aided manufacturing

CGDS Cold gas dynamic spray

DMLS  Direct metal laser sintering

FDM  Fused deposition modeling

LCM  Lithography-based ceramic manufacturing
LIGA  Lithography, electroplating, and molding
LOM  Laminated object manufacturing

LPBF  Laser powder bed fusion

LPW  Laser polymer welding

SLM Selective laser melting

SLS Selective laser sintering

UAM  Ultrasonic additive manufacturing

SLA Stereolithography

DIW Direct inkjet writing

R2R Roll-to-roll

IL Imprint lithography

EFF Extrusion free forming

DED Directed energy deposition
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