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Abstract

With a wide variety of techniques and compatible materials, three-dimensional (3D) printing is 

becoming increasingly useful in environmental applications in air, water, and energy. Through the 

advantages of quick production, cost-effectiveness, customizable design, the ability to produce 

complex geometries, and more, 3D printing has supported improvements to air quality monitors, 

filters, membranes, separation devices for water treatment, microbial fuel cells, solar cells, and 

wind turbines. It also supports sustainable manufacturing through reduced material waste, energy 

use, and carbon emissions. Applications of 3D printing within four environmental disciplines are 

described in this article: sustainable manufacturing, air quality, water and wastewater, and 

alternative energy sources.

Introduction

Three-dimensional (3D) printing is a method of producing three-dimensional objects by 

joining materials layer-by-layer under the direction of a computer. The development of 

computer-aided 3D modeling technology supported the emergence of 3D printing in the 

1980s [1]. This technology allows for more customizable products, complex structures, and 

lightweight design. It also offers the advantages of speed, flexibility, sustainability, risk 

reduction, and accessibility. Cost is cited as both an advantage and disadvantage of 3D 

printing as it depends on the printing technique, material, and quantity. Small quantities can 

be printed at a relatively low cost using simple methods such as fused deposition modeling. 

Still, mass-production, especially with more complex printing methods, has not been widely 

implemented due to high costs [2]. Some additional challenges to the widespread use of 3D 

printing include the limited ability to produce large structures, print defects, and low 

selection of compatible materials [2]. Addressing these challenges can help to increase the 

potential applications of 3D printing.
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As new fabrication methods and printable materials continue to be developed, 3D printing is 

becoming progressively useful in a diversity of applications, including the automotive, 

aircraft, medical, food, and robotics industries. Some environmental uses of this technology 

have been developed for air, water, and energy. Although most of these are small, individual 

devices for sampling, sensing, or separating [3], these early applications demonstrate that 3D 

printing has the potential to make significant impacts within environmental applications in 

the future. As the challenges within 3D printing are further researched and addressed, the 

technology is likely to bring improvements to separation devices, sensors, alternative energy 

technologies, and more. Additionally, 3D printing supports sustainable manufacturing by 

reducing waste, energy demand, and carbon emissions. This article describes four broad 

areas of environmental applications that are benefitting from advancements in 3D printing: 

sustainable manufacturing, air quality, water and wastewater, and alternative energy sources. 

These areas are outlined in Figure 1.

Sustainable manufacturing

3D printing offers a new approach to manufacturing that changes environmental implications 

throughout the entire product life cycle and increases the potential for sustainability. 

Resource demands and manufacturing waste can be significantly reduced because additive 

manufacturing builds products layer-by-layer rather than cutting away from a larger volume. 

Conventional production requires raw material to be altered and formed into a product 

through subtractive processes, which inherently create waste [4•]. Because 3D printing is an 

additive process, scraps are not produced. The only material losses are generally support 

structures printed with the product which are cut out following production, and these 

materials can be reused in most 3D printing methods [5]. 3D printing also reduces waste 

from defects [4•]. This resource efficiency reduces material-related energy demands. 

Ghobadian et al. [4•] suggest that 3D printing has the potential to reduce or eliminate waste 

from manufacturing significantly, but the technology needs to first be legitimized so that it 

can be more widely adopted.

3D printing also lowers the energy demands of manufacturing by shortening the process and 

making production more direct [5]. These efficient manufacturing processes also reduce 

CO2 emissions [5]. Additionally, 3D printing can lower the carbon emissions associated with 

shipping. With the ability to print items on-site, firms and consumers could produce their 

materials from digital files rather than rely on shipping [6]. For example, John Deere has 

developed a distributed manufacturing system so that locations can download digital designs 

and print products in place of ordering them form warehouses [4•]. This can reduce both 

material waste [4•] and shipping distances, lowering the associated carbon footprint [6]. 

Gebler et al. [5] suggest that 3D printing technologies could have the potential to eventually 

cut net CO2 emissions and energy use from industry provided that they can be implemented 

in mass production, production speed can be improved, and printable materials become more 

available. They also caution that the sustainability benefits of 3D printing could be offset by 

a ‘rebound effect’ if the overall activity is increased as a result of improved efficiency.

Material choice drives part of the environmental impact of 3D printing. In the laser metal 

deposition technique, a stream of metal powder is introduced to a pool of melted metal 
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formed by a laser to absorb and deposit the metal from the powder stream. The materials 

involved are much more easily reused than those in fused deposition modeling techniques 

[7], where a thermoplastic polymer filament is heated and extruded onto a surface [2]. More 

material waste is associated with this method because support structures must often be 

printed with the product to hold disconnected or overhanging elements in place. These 

support structures were previously thought to be unsuitable for reuse [5]. However, DePalma 

et al. [8] outlined a process to mill the supports and extrude them into new filament along 

with virgin material. The acrylonitrile butadiene styrene (ABS) plastic used, however, 

undergoes thermal degradation during FDM printing. The development of different plastics 

could enhance the capability for reuse [8]. Although ABS is currently one of the most 

common materials in 3D printing, it is viewed as unsustainable because it is petroleum-

based. Polylactic acid (PLA), also suitable for FDM, can be made from corn, which has the 

advantage of being renewable but requires high water inputs. Researchers are analyzing 

different methods to procure natural materials such as cellulose-chitin material, coffee 

grounds, and algae as 3D printing materials for more sustainable production [6]. While 

material choice can affect the sustainability of 3D printing, the ecological impacts of most 

printers are dominated by the energy demand of the machine, which is also an area for 

improvement [9].

While methods involving the melting of metal powder, including laser metal deposition, 

have the environmental advantage of material reuse, they are energy-intensive. FDM 

methods have a much lower energy demand in comparison but have a unique disadvantage 

of emissions [10]. Kim et al. [11] found that FDM using ABS plastic released high 

concentrations of nanoparticles and volatile organic compounds (VOCs), including toluene, 

ethylbenzene, and formaldehyde, a known carcinogen. These emissions were reduced when 

PLA was used in place of ABS, producing significantly less particulate matter and no VOCs, 

though Chan et al. [12] showed that VOCs were emitted during 3D printing processes with 

PLA. The concentrations of VOCs following printing at a typical and worst-case scenario 

were below occupational exposure limits and presented a low risk of adverse health effects. 

The study by Kim et al. further supports the environmental advantages of PLA over ABS.

Mohammed et al. [13••] proposed a technology called EcoPrinting, a 3D printing process 

that uses waste polymers as source material and has a near-zero carbon footprint. The 

EcoPrinting system is equipped with a solar charging battery system and several low power 

devices to reduce energy demand [13••]. This system was used for humanitarian aid in the 

Solomon Islands to repair water transmission infrastructure by printing pipe couplers and 

plumbing seals [13••]. The EcoPrinting process was optimized for ABS plastics and was 

used with plastic from car parts and electronic waste sourced from a landfill and local 

businesses in the Solomon Islands [13••]. The resulting filaments from recycled material 

showed the same tolerances as commercial-grade filaments [13••]. The EcoPrinting system 

worked effectively, demonstrating promising developments in 3D printing by both operating 

without electrical connection and by using collected ABS plastic waste as the printing 

material.
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Air quality

3D printing can be used to develop instrumentation for air quality monitoring. Salamone et 
al. [14] used 3D printing to produce a nano environmental monitoring system, nEMoS, to 

quantify indoor air quality. nEMoS, shown in Figure 2, was designed using low-cost sensors 

and an Arduino board housed in a 3D printed case to be inexpensive and give consistent data 

[14]. It reports CO2 concentration in addition to lighting levels, airspeed, radiant 

temperature, air temperature, and relative humidity [14]. Under controlled conditions, 

nEMoS gave readings within 5% of those by commercial tools [14]. Casings for other 

monitors, including iAir for indoor air quality [15] and the HOPE sensor for outdoor air 

quality [16] have also benefitted from the customization capabilities of 3D printing. Wang et 
al. [17] developed another personal monitor using 3D printing, but for particulate matter. 

This was intended to be small, portable, and wearable for work and health-related 

environments [17]. Their system was printed using a digital light projection method and 

features microchannels that separate the incoming aerosol particles by mass and size [17]. 

Once separated, the mass concentration of the aerosol particles is measured by capacitance 

sensors [17]. The system developed by Wang et al. demonstrates progress toward more 

accurate miniaturized sensors [17]. 3D printing technologies facilitated the smaller design of 

their system.

In addition to producing instruments to detect air pollution, 3D printing can be used to create 

devices such as filters and scrubbers for the removal of pollutants. Xu et al. [18•] developed 

a flexible air filter from a 3D printed grid that acts as a photocatalyst to remove NO from the 

air. 3D printing facilitated the sophisticated interior of the filter and allowed the product to 

be scalable for other applications [18•]. The filter was optimized experimentally and through 

simulation, and the final product obtained 52.6% NO conversion [18•]. Scrubber components 

can also be produced via 3D printing, such as the circular channel of the Vortecone scrubber 

used by Kumar et al. [19]. In this application, 3D printing offered the advantage of 

producing the unique geometry of a curved surface.

Water and wastewater

Advancements have supported a variety of techniques for water and wastewater treatment in 

3D printing, including developments to membranes. Membrane technology is replacing 

many conventional methods for treatment because it is cost-effective and highly efficient 

[20]. Because 3D printing supports designs with multiple levels of hierarchy, it has the 

potential for use in membrane production [20] and can offer a lower-cost alternative to 

traditional membranes [21]. 3D printing works well with ceramic membrane-based 

treatment materials [22] but is limited because printers cannot efficiently print below 

submicron resolution [20]. Another limitation is that only certain materials are compatible 

with specific 3D printing techniques [22], and not all will provide desired membrane 

characteristics such as wettability [20]. The development of new materials for 3D printed 

membranes and increased strength are topics for future research to support their improved 

performance [21]. Akowanou et al. [23] demonstrated the viability of 3D printed ceramic 

water filters.
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Similarly, the ceramic meshes developed by Chen et al. [24] to separate oil and water were 

3D printed and combined with aluminum borate whiskers that grew in situ. 3D printing 

allowed the team to develop different, complex internal structures optimized for three 

specific situations. Another device for oil/water separation, a superhydrophilic membrane, 

was developed by Li et al. [25] and printed using direct inkjet writing. The ceramic mesh 

and superhydrophilic membrane both performed with high separation efficiency, 

demonstrating the potential for future 3D printed separation devices.

Beyond membranes and other ceramic separation structures, additional applications of 3D 

printing in water treatment involve photocatalysts and microdevices. Martín de Vidales et al. 
[26••] mixed photocatalyst TiO2 with printable LDPE and demonstrated its use in the 

removal of ofloxacin, a modal organic pollutant, from synthetic wastewater. TiO2 requires 

UV radiation to activate, so by combining with low-density-polyethylene (LDPE), the device 

floats on water and uses sunlight as an activator [26••]. The catalytic activity of this system 

was improved with increases to the active surface, which is made possible by 3D printing 

[26••]. Bernasconi et al. [27] also used 3D printing to develop a device with photocatalytic 

properties in addition to antimicrobial activity. This team’s microrobots, shown in Figure 3, 

were produced using a stereolithography 3D printing method combined with wet 

metallization [27]. This method allows for the possibility of mass production because many 

devices can be metalized at a time [27]. Both the microrobots and the floating photocatalysts 

are effective, low-cost treatment solutions.

Alternative energy sources

A fourth environmental application of 3D printing is renewable energy, where microbial fuel 

cells, wind turbines, and solar cells have all been tested with printed components. Microbial 

fuel cells (MFCs) can harvest electrons to produce power while simultaneously oxidizing 

organic pollutants in wastewater [28]. Improvements to the anode of these systems, where 

bacteria are carried, can significantly improve the overall performance of the MFC [29]. 

Bian et al. [29] developed a porous carbon anode using 3D printing and carbonization. The 

porous structure supports microbial growth, which further increases the area available for 

adhesion. Because of the 3D anode’s greater surface area and stronger microbial adhesion, it 

performed significantly better than the typical 2D anode [29].

3D printing has also been incorporated into more popular renewable energy technologies 

such as photovoltaic (PV) cells. An area of interest for applying 3D printing in the solar 

industry is the production of solar cells on flexible surfaces, which may include metal foils 

and translucent plastics [30]. Alternatively, 3D printing can be used to create ultra-thin 

arrays of microcells with flexible front electrodes that perform nearly as well as traditional 

solar cells [30]. In a third application, three-dimensional photovoltaic cells produced by 3D 

printing have been demonstrated to obtain higher energy densities than conventional flat, 

stationary panels [30]. Because these structures are printed, their geometries can be 

optimized, and the complex structures are easily manufactured.

As solar cells grow in demand, alternatives to the traditional p–n junction devices are being 

evaluated, such as dye-sensitized solar cells (DSSCs). DSSCs collect sunlight using dye 
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molecules that are adsorbed to the surface of oxide semiconductors [31•]. These thin films 

are generally produced using random assembly sintering processes, but Knott et al. [31•] 

used a two-photon polymerization 3D printing method. This gave a higher level of control 

and allowed them to implement light scattering designs, which enhanced the cell’s 

photocurrent up to 25% [31•].

Additionally, 3D printing is being used to produce parts for wind energy applications. 

Momeni et al. [32] printed turbine blades to mimic plant leaves. The unique geometry was 

made possible by the printing process and reduced strain within the blades. A self-heating 

mesh for blade de-icing was developed by Ming et al. [33] and produced using 3D printing 

to enhance turbine performance. Functional small-scale wind turbines have even been built 

for residential use using 3D printing. A turbine designed by Davis et al. [34] was printed 

from ABS plastic and equipped with a generator and bearings for a total cost of 21.63 USD. 

It could generate 0.2 kW, useful for charging 12 to 24-volt batteries, or as part of an array for 

residential electricity generation. Lipian et al. [35] also produced a small-scale wind turbine 

rotor using 3D printing for its quick production abilities. The components of the turbine are 

shown in Figure 4. The ‘fast track’ method presented in the study may help to simplify and 

expedite experimental aerodynamics in the future, as 3D printing can produce a prototype 

within a day. 3D printing offers the advantages of speed, low cost, and the ability to form 

complex shapes to support improvements to wind turbines and their parts.

Conclusion and perspectives

As 3D printing becomes more prominent, it has presented new opportunities for sustainable 

manufacturing, air pollution monitoring and filtering, water treatment, and renewable 

energy. While there are trade-offs between different printing techniques and materials, the 

technology generally reduces waste compared to traditional manufacturing methods. It also 

brings the benefit of more customized design, enabling innovations like light-scattering 

designs in solar cells and the optimization of oil–water separation devices for a variety of 

situations. Increases in surface area, and therefore performance, of microbial fuel cells and 

floating photocatalysts were possible because of high-resolution printing techniques. Other 

intricate designs facilitated by 3D printing include the flexible air filter and microchannels 

within the personal particulate matter sensor.

Additionally, printed products can be designed to be lightweight and portable, which are 

essential design considerations for floating photocatalysts and personal air quality 

monitoring systems. The cost was kept low in some systems but is an area for improvement 

in others. Improvements in production speed, the scaling-up of printing processes, and the 

development of materials compatible with a variety of 3D printing techniques will provide 

even more opportunities for environmental applications.

Disclaimer

The U.S. Environmental Protection Agency funded and collaborated in the work described here. It has been 
subjected to the Agency’s review and has been approved for publication. Note that approval does not signify that 
the contents necessarily reflect the views of the Agency. Mention of trade names, products, or services does not 
convey official EPA approval, endorsement, or recommendation.
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Figure 1. 
Summary of environmental applications of 3D printing.
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Figure 2. 
nEMos system for indoor air quality monitoring (taken from Ref. [14]).
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Figure 3. 
The final appearance of microrobot following deposition and plating (taken from Ref. [27]).
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Figure 4. 
A printed turbine blade (a), blade connection to the hub (b), and printed rotor in operation 

(c) (taken from Ref. [35]).
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