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Abstract

:

Cold spray additive manufacturing (CSAM) is generally used to repair worn components and build complex on-demand parts by depositing metal powder layer-wise using compressed air. Previous studies on CSAM were focused on printing parameters, materials properties, and printed part mechanical performance. However, the energy consumption and environmental impacts of CSAM processes have not yet been investigated, which are essential factors for sustainable manufacturing. This study aims to investigate the carbon footprint of the CSAM process and compare it with conventional machining processes and other additive manufacturing. The life cycle assessment methodology was followed to calculate the carbon footprint of a pipe flange, considering rod or tube as a feedstock. Results revealed that the machined flange from the tube had the lowest CO2-eq emissions of 31 kg CO2-eq due to low rough machining energy consumption and scrap production, compared to the machined flange from a rod and a printed flange from powder. Moreover, the life cycle carbon emissions increased by 8% and 19% in case of the printed and machined flanges, with uncertainties of 4% and 9%, respectively, when changing feedstock CO2 emissions. From a regional perspective, the CSAM process was responsible for the lowest CO2-eq emissions in Tasmania and South Australia.
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1. Introduction


The increasing rate and impact of climate change has elevated concern in both the public and private stakeholders to reduce CO2 emissions by harnessing renewable energy resources and ensuring energy conservation in various sectors (energy generation, distribution, and consumption) [1]. Globally, the manufacturing sector is responsible for 15% and 35–40% of primary energy consumptions and material production, respectively. Thus, it contributes around 37% of total CO2-eq emissions in the world [2]. According to the IEA (2014) report, energy use in the manufacturing sector is expected to increase by 70% by 2035 [3]. In the meantime, material demand will be increased by factors of 2.6–3.5, 1.8–2.4, 1.8–2.2, and 1.4–1.7 for aluminum, paper, steel, and cement, respectively [4]. Energy and materials consumption in manufacturing processes has been reduced by adopting new manufacturing technology and energy conservation measures, recycling materials waste, and repairing worn or broken components instead of producing new components [5].



The traditional manufacturing processes are energy-intensive, with high material wastes due to melting and machining metals into desirable shapes. These processes have adverse environmental impacts due to the consumption of low-grade fossil fuels [6]. Several energy conservation measures, such as upgrading control systems, introducing induction furnaces, and switching to clean fuels, were adopted to reduce energy consumption and CO2 emissions in the metal casting industry. However, systemic optimization has not only reduced the energy consumption in rough and surface finishing, but also minimized the scraping. Servomotors have replaced traditional mechanical control systems within the forging and rolling industry, resulting in dynamic operations with minimum energy consumption. However, through the application of energy and resources conservation approaches, these processes are still consuming significant amounts of energy due to high mechanical pressures, repeated heating, and massive material waste. Therefore, an alternative manufacturing technology is required to reduce energy consumption, materials waste, and CO2-eq emissions in the manufacturing sector [7,8].



Additive manufacturing (AM) is a direct layer-wise technique to manufacture metal and non-metal components, coalescing powder and joining wires in the absence of tools and dies. AM prints complex and sophisticated components that are difficult to machine and forge in conventional manufacturing processes without changing their design parameters and operating conditions. AM is an economic, time-effective, resource-efficient and on-demand rapid prototyping technology, which is capable of producing multifunctional and multiple shape components [9,10] on-demand, reducing production capacity, over-production, inventory, and parts delivery [11]. It develops a new service-based business model for producing on-demand parts for aerospace, automotive, electronics, healthcare, agriculture, and defense under direct digital manufacturing that combines equipment, computers, and software [12,13]. However, AM parts have some drawbacks such as their limited production due to layer-wise printing [14]. The additively printed part size is limited to the size of printer, and it has poor strength and a rough surface; this requires additional heat treatment and machining because the layer-wise deposition process creates anisotropic defects and looseness between the layers and particles [15,16]. Mainly, AM technologies are energy-intensive due to the high-pressure, thermal and beam spray used to join two layers together to print a desired component. Consequently, they have adverse environmental impacts [17].



Several studies were conducted to compare the environmental impacts of AM and TM processes, in order to investigate the environmentally sustainable metal and non-metal components for different applications. For instance, Kellen et al. [18] conducted a comprehensive literature review to analyze the environmental impacts of various AM technologies, considering material production, printing, use, and disposal. The life cycle assessment (LCA) revealed that printing parts using recycled materials and repairing worn components exhibited the lowest environmental impacts. Peng et al. [19] found that the laser-cladded impeller was responsible for the lowest CO2 emissions (252 kg CO2-eq) when compared to repaired 8975 kg CO2-eq, and machined a 713.2 kg CO2-eq impeller, without considering recycled materials. Ingarao et al. [20] found that a printing process had lower CO2 emissions than machining and forming processes in the case of producing complex geometry parts at low solid-to-cavity ratios, and vice versa [21]. Yang et al. [22] found that selective laser melting (SLM) produced lower CO2 emissions than machining process, resulting in more than 30% scrap. Similarly, Torres-Carrillo et al. [23] determined that the printed blade with SLM emitted 7.02 tons CO2, which was lower than a machined blade (7.32 tone CO2-eq). Wippermann et al. [24] found that hybrid manufacturing processes were more energy- and resource-efficient than machining and SLM, resulting in better environmental performance. Zhang et al. [25] discovered that the hybrid deposition and micro rolling (HDMR) process reduced forging process energy consumption by 33% in fabricating Ti-6Al-4V components by substituting metal compression.



Repairing and remanufacturing are economical and time-effective processes to extend the service life of components, and reducing life cycle environmental impacts. Additively repaired components have shown better mechanical and thermal performance than conventionally welded parts due to the absence of surface corrosion and cracking associated with oxidation and thermal expansion [26,27]. For instance, Priarone et al. [28] observed that repairing internal combustion engine cylinder heads with wire arc additive manufacturing (WAAM) consumed 50% less energy than conventional milling (186 MJ/part). Another parametric study found that the wire feed rate and travel speed were mainly responsible for high deposition efficiency and life cycle CO2 emissions [29]. WAAM creates metallurgical defects due to the remelting of substrates, resulting in low mechanical strength. Consequently, Petrat et al. [30] used direct metal deposition (DMD) to avoid metallurgical defects in repairing turbine blades, because it repairs parts without exceeding their metallurgical limits. Saboori et al. [26] compared a DMD process with a cold spray additive manufacturing (CSAM) process. They found that the DMD process consumed more energy than CSAM and printed parts with high surface roughness due to the high reflectivity and thermal conductivity of aluminum alloy and copper alloy [31,32]. Moreover, powder melting and vaporization consume more power than forced coalescence of powder in CSAM, without surface radiation losses [33]. Aluminum alloy [16,34], copper [34], and Ti6Al4V alloy [35] based components were printed by various researchers to study their mechanical properties, surface morphologies, and heat treatment effects. They observed that the printed parts in CSAM have comparable mechanical properties and surface finishes to selective laser melting (SLM) and DMD processes. They found that the interface adhesion shear strength was inversely proportional to the surface topology of the component. Therefore, the hard powder was heated before printing a part, in order to achieve the required mechanical strength. Recently, Parashar and Vasudev [36] conducted a comprehensive review study that considered process parameters, powder characteristics, and printed parts properties in a CSAM process, in order to identify potential benefits and challenges. They found that the CSAM process did not produce any dangerous emissions and harmful fumes during the printing process for repairing, restoration, and manufacturing different components. However, the energy consumption in CSAM processes and their adverse environmental impacts have not thus far been studied from a life cycle perspective, to the best of our knowledge. Moreover, comparing CSAM processes in terms of CO2 emissions with traditional manufacturing has not been reported in previous studies, which is critical for further applications of this technology in the metal manufacturing industry.



This study aims to calculate the energy consumption and CO2-eq emissions of CSAM using a life cycle assessment, and comparing it with conventional machining. The objectives of present study were the following:




	
To conduct a life cycle assessment (LCA) of a CSAM process to print an aluminum alloy flange, considering cradle-to-gate boundary conditions, and considering aluminum alloy because of its low density, good balance between strength and ductility, high resistance to corrosion, recyclability, and compatibility with CSAM to manufacture agricultural components [16].



	
To determine the impact of different feedstock materials on the LCA of CSAM and conventional machining (CM) processes.



	
To investigate the impacts of scrap and powder recycling, transportation, and regional emissions factors on the environmental performance of CSAM and CM processes.








The methodologies adapted to achieve the objectives of the present study are described in detail in Section 2.




2. Materials and Methods


The life cycle assessment (LCA) is a process-based methodology for evaluating the life cycle energy use and environmental impacts of commercial products, processes, and services in accordance with ISO 14040 [37]. The LCA methodology includes three consecutive steps, (i) goal and scope, (ii) inventory analysis, and (iii) impact assessment, and their interpretation is used for proposing environmentally sustainable recommendations for the developed product, as shown in Figure 1. The details of each stage are presented in the following sections.



2.1. Goal and Scope


This study aimed to improve the decision making in metal parts manufacturing by evaluating the life cycle energy consumption and CO2-eq emissions of CSAM and CM processes using two different feedstocks (standard solid bar and hypothesized tube [20]).



2.1.1. Life Cycle Phase


The scope used for the LCA was cradle-to-gate, producing the ingot from raw materials to complete manufacturing of the part. The left side of Figure 2 shows the CM process considering the rod and bar, and right side shows the CSAM process.




2.1.2. Process Flow and System Boundary


Aluminum was produced from bauxite ore through ore processing and by electrolytic extraction. This study assumed that the same primary production of aluminum alloy was used for CM and CSAM. The computerized numerical control (CNC) machine was considered traditional manufacturing, which included the machining of a standard size bar and hypothetical tube to fabricate a flange, as seen in Figure 3. The bar was bored and cut into the required dimensions of the flange using an abrasive water jet machine, and was further rough machined using the CNC machine to shape the part. However, the CNC machine was only used to rough machine the tube with a dimensional tolerance of 1 mm [20]. In both cases, the finish machining process shaped the flange to the required dimensional accuracy and surface quality, with a dimensional tolerance of 0.5 mm [20]. This standard solid bar was also considered in a previous study related to aluminum alloy [20]. The extrusion and machining processes produced 5% and 15% permanent materials waste in the conventional machining process, respectively [20]. Therefore, this study considered 20% to be the permanent waste of materials for recycling.



In the CSAM approach, the gas atomization process produced feedstock powder, which was dried in a dryer before depositing on the substrate to form a shape. This study considered LightSPEE3D metal printing technology, which is a low-pressure metal printing technology [38]. It comprised a compressor, the LightSPEE3D printer (SPEE3D, Melbourne, Australia), and an extraction system. These consumed electric power to print and repair the required geometric parts and components, respectively. The air compressor pressurized air and stored it in a tank with a 10% duty cycle. The stored air was mixed with powder in a feeder, and it was heated before deposition. The heated feed was flown through a convergent–divergent nozzle to increase the powder velocity above its critical velocity for plastic deformation onto a substrate to make it coalesce with the pre-deposited layer. The extraction system was used to collect the scattered powder for recycling, and to prevent adverse environmental impacts of the metal particles. The servomotors controlled and operated the system equipment, such as the rotary mixer, robot arm, and water circulation pump. These consumed electric power to assist the SPEE3D machine to print a flange. The printed flange was semi-finished due to geometric losses of the printing process, and it had residual stresses due to plastic deformation [36]. The heat treatment and finish machining processes were adapted to reduce residual stresses and remove surface unevenness, increasing the mechanical properties and practicality of the flange, respectively [15,16].




2.1.3. Process Flow and System Boundary


The functional unit is the production of an aluminum alloy flange from extracted resources, as seen in Figure 5. The part has a simple geometry, thus eliminating the adverse effects of part complexity for mass and energy conservation. The part’s geometric parameters are tabulated in Table 1. The primary energy consumption and environmental impacts per single part production were considered as the basis for the comparison between CSAM and CM.





2.2. Life Cycle Inventory Analysis


This section provides details regarding the material and energy inputs and outputs throughout each life cycle stage of the CSAM technology and conventional machining processes. The material inventory is discussed in Section 2.2.1, considering the primary and secondary production of the aluminum alloy.



2.2.1. Feedstock Material Production


The ecological properties of a material depend on the adopted manufacturing processes for it. They are a measure of the energy consumption and CO2-eq emissions to convert the raw or recycled material into ingot production. The associated energy consumption and CO2-eq emissions are termed the embodied energy and the embodied carbon, respectively. The embodied energy and embodied carbon of aluminum alloy (Al6061) are tabulated in Table 2. Moreover, the aluminum alloy ingot was remelted to produce the round bar and tube and the powder through the extrusion and gas atomization process, respectively. The extrusion process consumed a specific energy (SECE) of 6.86 MJ/kg [39] and emitted CO2-eq at approximately 4.16 kg CO2-eq/kg [40] to produce the bar and tube, with a permanent material loss of 5% [41]. The gas atomization (SECGA) accounted for 8.1 MJ/kg in case of the natural gas-fired furnace [42]. This study considered a standard aluminum alloy bar and a hypothetical tube with acceptable dimensional tolerance, as stated in [43]. Figure 3 shows the material flow for the selected manufacturing technologies for printing and machining the bar. The embodied energy and embodied carbon values for the cutting tool and cutting fluid were obtained from available literature [44].



This study considered the substation method to calculate the environmental impacts of production and supply of the material in regards to recycling, according to Hammond and Jones [45]. For instance, the feedstock material of flange (    m   C M     a n d     m   C S A M    ) was calculated using Equations (1) and (2) for CM and CSAM, respectively. Their respective embodied energies (    E   C M     a n d     E   C S A M   )   were calculated using Equations (3) and (4).


    m   C M   =     m   p a r t       η   e x t     η   C M      



(1)






    m   C S A M   =     m   p a r t       η   g a      



(2)






    E   C M   =   m   C M   ·   E E   i n g o t    



(3)






    E   C S A M   =   m   C S A M   ·   E E   i n g o t    



(4)




where ηext and ηga are resource efficiencies of the extrusion process and gas atomization, respectively, i.e., 95%; ηCM is the resource efficiency of CM, which is a fraction of the volume of the part to the volume of the bar; ηCSAM is the powder deposition efficiency, which is the ratio of mass of the part to powder (78%) [46]. The energy consumed to produce the bar and powder are denoted as ECM and ECSAM, respectively, and their respective raw material energy consumption is denoted by EEingot. The energy consumption of the production process was also calculated using Equation (5) [20] in the case of recycling the scrap (rs).


    E   C M , r   =   m   C M   ·     E E   i n g o t   −   r   s     η   C M     E E   r e c y c l e d      



(5)







According to a U.S. aluminum manufacturing report, the extrusion process consumes 6.86 MJ/kg to produce a rod with maximum carbon emissions of 4.16 kg CO2-eq/kg [39,40]. The aluminum alloy was gas automized to produce powder with an SEC of 8.10 MJ/kg based on its vaporization energy [42]. The energies used in pre-manufacturing of the rod, tube, and powder for the CM and CSAM processes were calculated with Equations (6) and (7), respectively.


    E   P M , C M   =   E   C M   +   m   b a r   ·     S E C   E    



(6)






    E   P M , C S A M   =   E   C S A M   +   m   p   ·     S E C   G A    



(7)









 





Table 2. Ecological properties of different aluminum alloy ingots [14,41,44,47,48].






Table 2. Ecological properties of different aluminum alloy ingots [14,41,44,47,48].





	
Description

	
Notation

	
Unit

	
Quantity






	
Ingot production

	
     E E   i n g o t     

	
MJ/kg

	
150–270




	
     E C   i n g o t     

	
kg CO2-eq/kg

	
12.7–15.1




	
Recycled aluminum alloy

	
     E E   r e c y c l e d     

	
MJ/kg

	
34.3




	
     E C   r e c y c l e d     

	
kg CO2-eq/kg

	
2.7




	
Recycling ratio (extrusion)

	
     r   e x t     

	
%

	
95




	
Recycling ratio (scrap)

	
     r   s     

	
%

	
80–85




	
Cutting tool

	
     E E   C T     

	
MJ/edge

	
1.38




	
     E C   C T     

	
kg CO2-eq/kg

	
0.11




	
Cutting fluid

	
     E E   C F     

	
MJ/kg

	
1.37




	

	
     E C   C F     

	
kg CO2-eq/kg

	
0.11




	
Consumption rate of cutting fluid

	
       m  ˙    C F     

	
kg/h

	
0.48










2.2.2. Conventional Machining


The inventory of CM includes all significant factors, such as scrap recycling, tooling, and cutting fluid, and assumes a standard size bar and hypothetical tube with acceptable dimensional tolerances, as seen in Figure 4. Abrasive water jet cutting was selected for cutting and boring the rod due to its smaller specific energy consumption with minimum metal oxidation and cutting material waste. Abrasive water jet cutting is advantageous over laser cutting and CNC milling due to the high reflective losses in laser cutting and the high energy consumption of boring [49]. Jankovic et al. [50] calculated an SEC of 36.09 MJ/cm3 for cutting a 40-millimeter-thick aluminum alloy sheet using an abrasive water jet cutting machine. This study considered the same specific energy consumption (SEC) value for its abrasive water jet cutting process, which is a measure of operational energy use to manufacture a part or component. The CNC machine was used to fabricate the flange from the tube, with a rough machining tolerance of 1 mm. Moreover, the same finish machining process was adopted for the rod and tube-based flange, with the CNC machine having an allowance of 0.5 mm [20].



The rough and finish machining process was achieved by means of a tungsten carbide tool to fabricate the flange [20]. Kara and Li validated the developed empirical model for the SEC of different CNC machines, with actual power consumption in the turning process, which is a function of the material removal rate (MMR), as provided in Table 3 [49]. The MRR was calculated using the machining parameters as tabulated in Table 4. The calculated SEC for the turning process was slightly different from the experimentally measured value because the energy consumption depends on the machine tool architecture, equipment, and size [51]. The energy consumption in the rough and finish machining was calculated by multiplying the average SEC with the volume of material removed during the rough and finish machining processes.


    E   M   =   S E C   R M   ·   V   R M   +   S E C   F M   ·   V   F M    



(8)




where, EM denotes energy use in the machining process, SECRM and SECFM represent the SEC in the rough and finish machining, respectively, and VRM and VFM show the volume of the rough and finish machining, respectively.




2.2.3. Cold Spray Additive Manufacturing


Description of Experimental Setup


This study measured the actual power consumption of the CSAM process equipment, including the compressor, the LightSPEE3D machine, the extraction system, the dryer, and the heat treatment oven, using the Acti 9 SmartLink systems by Schneider Electric (Sydney, Australia), as shown in Figure 4 [52]. This system was used to monitor and measure the electrical distribution boards via the Modulus TCP/IP communication network by collecting real-time data from the electrical distribution board. This system consists of an Acti 9 SmartLink SI device, Power Tag energy sensors, and pre-wired cables (Schneider Electric, Sydney, Australia). The Power Tag energy sensor is a wireless device that is mounted upstream or downstream of the ACTi 9 circuit breaker, and is connected to the Acti 9 SmartLink SI device (Schneider Electric, Sydney, Australia) through wireless communication. The circuit breaker auxiliary measures energy, power, and alarm during voltage loss.



Based on the CSAM operating procedure, the electric power consumption was divided into three operational modes: warm-up until 10 min, build-up for 68 min, and cool-down period of 10 min for the cleaning and idle modes. During the build-up and cool-down periods, the extraction system is active in powder dispersion in the atmosphere. The air compressor operates with a duty cycle of 90%. The heat treatment furnace takes 30 min during the warm period, and it takes 12 h to anneal the flange at a duty cycle of 10% below the recrystallization temperature for aluminum alloy. The specifications of the different equipment and the average electric power measurements are tabulated in Table 5. The power consumption of the CSAM process is shown in Figure 5. The air compressor and LightSPEE3D machine consumed 45 MJ/kg and 36 MJ/kg, respectively, to print the flange, with average power consumption values of 10 kW and 12 kW, respectively. The extraction system consumed half of the energy consumed by the electric oven to anneal the flange (4.77 MJ/kg). Moreover, this study considered the SEC for finish machining with a maximum tolerance of 1 mm for the semi-finished part in the CSAM process [20]. The CO2-eq emissions were calculated by multiplying the energy consumption in CSAM with the electricity emissions factors of different Australian regions, according to national CO2-eq account factors [53].




Analytical Model for CSAM Process


This section develops a generic expression for estimating the operational energy use in the CSAM process to deposit 1 kg of powder for printing a metal component. Equipment operating hours (trun) are the sum of product hours (ton) and idle hours (tidle). Production hours measure the time when gas or air flow is on. Idle hours are the preheating equipment, powder refilling, and maintenance of equipment times. The air compressor was not turned off during idle hours, due to the delays in preheating and restarting. However, the powder feeder was turned off to save powder during idle hours. Thus, the operating hours of the equipment were calculated as follows:


    t   r u n   =   t   o n   +   t   i d l e    



(9)







The mass of powder required to produce a unit weight flange was calculated as follows:


    m   p   =     m   f     ( 1 + G L )     η   d      



(10)




where mp and mf are the masses of the powder and flange, respectively; GL represents the geometric losses, which is a measure of the virtual augmentation of the workpiece extended surface due to powder pile up at the turning point of the spray track; ηd shows the powder deposition efficiency (78%) of the SPEE3D machine for printing the aluminum flange.



The powder feed rate is the rate of powder deposition to print a part. It is a ratio of the mass of powder and printing hours, and is calculated as follows:


      m   p    ˙  =     m   p         t   o n      



(11)







The gas or air flow rate (      m   a    ˙   ) is calculated as follows:


      m   a    ˙  =       m   p    ˙    α    



(12)




where, α is the ratio of the powder to gas mass flow rate.



The energy analysis of the CSAM process was conducted using the first law of thermodynamics. The CSAM technology includes the air compressor, the powder and air mixer, the nozzle, and the heater. The air compressor increases air pressure. The mixer mixes powder and compressed air, which are accelerated through a nozzle to increase the momentum and energy of the powder for powder deposition to achieve the desired geometry. Finally, the printed part was heat-treated to increase the mechanical properties of the printed part. The energy loss through the powder carrier line was neglected, due to the small surface of the tube and the high velocity of the powder. The energy use in the air compressor was calculated as in [54].


      W  ˙    a c   =     m  ˙    a       c   p       T   a m b           r   p       γ   a   − 1     γ   a       − 1     η   a c       =  3  · V · I · P F  



(13)




where cp is the specific heat capacity of air, Tamb is the ambient air temperature (25 °C) [55], rp is the is the measured air pressure at the exit and inlet of the compressor, γa is the specific heat ratio of air (1.4), and ηac is the efficiency of the air compressor (91%). The heat energy loss in the air–powder mixer, the air–powder carrier line, and the nozzles were neglected due to their low surface areas and times to transfer heat. Therefore, the energy use in the printing process is the measured electric power used for the mixer, printing arm, and substrate rotation, and is calculated as follows:


      W  ˙    p r i n t e r   =  3  · V · I · P F  



(14)




where V, I, and PF are the voltage, current, and power factor of electric energy use in the SPEE3D, respectively. The undeposited powder was collected in the extraction system, and is calculated as follows:


      W  ˙    E x t r a c t i o n   = ρ ·     V  ˙  ·   ∆ P   =  3  · V · I · P F  



(15)




where ρ is the density of air,     V  ˙    is the flow rate of the air and powder mixture through the extraction filter, and ∆P is the pressure difference. The energy used to anneal the printed part in the heat treatment furnace was calculated as follows:


      Q  ˙    p a r t   =   m   p a r t     c   p a r t     T −   T   a m b      



(16)




where mpart and cpart are the mass and the specific heat capacity of the part, respectively, and T and Tamb are the temperatures of annealing and the ambient air, respectively. Finally, the part was machined to achieve desirable surface properties. The energy used in machining was calculated using the empirical model provided in Table 3, considering a 1 mm tolerance for the finish machining [20]. The total energy used to manufacture the flange with CSAM technology is the sum of the energies used in each individual process.


     E   C S A M   =     W  ˙    a c   ·   t   o n , c   +     W  ˙    p r i n t e r   ·     t   o n , p r i n t e r   +   t   i d l e     +     W  ˙    E S   ·   t   o n , E S      +     Q  ˙    p a r t   ·     t   o n , o v e n   +   t   i d l e , o v e n     +   S E C   F M   ·   V   F M     



(17)









 





Table 5. Mechanical and electric parameters of CSAM process.






Table 5. Mechanical and electric parameters of CSAM process.





	
Parameter

	
Compressor

	
Printer

	
Extraction

	
Oven




	
Feeder

	
Nozzle






	
Temperature (°C)

	
Inlet

	
25

	
40

	
300–350

	
-

	
25




	
Outlet

	
40

	
40

	
542

	
-

	
500




	
Pressure (MPa)

	
Inlet

	
0.10

	
3.45

	
3.45

	
0.05

	
0.10




	
Outlet

	
3.60

	
3.45

	
3.00

	
0.11

	
0.10




	
Feed rate (g/min)

	
15

	
-

	
-

	
-

	
1.44 *




	
Rotation (RPM)

	
3600

	
-

	
-

	
-

	
-




	
Current (Ampere)

	
22.2

	
32

	
400

	
240




	
Voltage (V)

	
415

	
415

	
6.7

	
14.5




	
Power factor

	
0.87

	
0.85

	
0.85

	
0.85








* Units: kg














2.3. Impact Assessment


This study used the cumulative energy demand (CED) and cooperative effort on process emission in manufacturing (CO2PE) methodologies for the life cycle energy consumption and CO2-eq emissions, using a cradle-to-gate life cycle assessment methodology [56]. The cumulative energy use is the sum of energy use in the production of feedstock, transportation to the processing unit, and the CSAM process, and their respective emissions are life cycle carbon (LCC) emissions.


    L C E   C S A M   =   E   i n g o t   +   E   p o w d e r   +   E   T r a n s p o r t   +   E   C S A M    



(18)






    L C C   C S A M   =   C E   i n g o t   +   C E   p o w d e r   +   C E   T r a n s p o r t   +   C E   C S A M    



(19)







The life cycle energy use and emissions in conventional machining were investigated considering the rod and tube as the feedstock material.


    L C E   C M − r o d   =   E   i n g o t   +   E   r o d   +   E   T r a n s p o r t   +   E   C M    



(20)






    L C C   C M − r o d   =   C E   i n g o t   +   C E   r o d   +   C E   T r a n s p o r t   +   C E   C M    



(21)






    L C E   C M − t u b e   =   E   i n g o t   +   E   t u b e   +   E   T r a n s p o r t   +   E   C M    



(22)






    L C C   C M − t u b e   =   C E   i n g o t   +   C E   t u b e   +   C E   T r a n s p o r t   +   C E   C M    



(23)









3. Results and Discussion


3.1. LCE Consumption and LCC Emissions of CSAM


Figure 6 shows the energy consumption and CO2 emissions for the printed aluminum alloy flange from the CSAM technology. Powder feedstock materials account for two-thirds and one-third of the LCE consumption (319 MJ) and LCC emissions (27 kg CO2-eq) for the printed part, respectively. The feeder alloy was gas atomized to produce powder, with energy use and CO2-eq emissions of 17 MJ and 5 kg CO2-eq, respectively. The printing process consumed less energy than feedstock material production because of its lower energy use in powder heating below the recrystallization temperature and in print arm movements, but it was responsible for high CO2-eq emissions due to a higher electricity emissions factor in Victoria than for natural gas consumption, which is a measure of the total CO2 emissions per unit (kWh) of electricity generated in a particular region. Thus, the operational energy consumption and CO2 emissions were 131 MJ and 35 kg CO2-eq to print the aluminum flange with a deposition efficiency of 78%. The printing process includes the average energy use and CO2 emissions in the air compressor, SPEE3D printer, and exhaust with SECs of 47 MJ/kg, 38 MJ/kg, 5.0 MJ/kg, and 1.0 MJ/kg, respectively. In post-manufacturing, semi-finish flange is annealed to release residual stress associated with the plastic deformation of metallic powder that occurs during printing. It consumes as much electric energy as 8 MJ and produces CO2 emissions of 2 kg CO2-eq. Finally, the heat-treated flange was machined to achieve desirable surface traits. Finish machining hardly consumed more electric energy than 1.03 MJ, emitting negligible CO2-eq. The auxiliary power consumption in the printing and machining process was eliminated due to negligible tooling and working fluid consumption in the machining process, and the absence of printer maintenance due to intermittent operation.




3.2. LCE Consumption and LCC Emissions of CM


Figure 7 shows the LCE consumption and LCC emissions in different process of conventional machining, considering the rod and tube. The primary energy use in producing the bar was three times that of tube production, due to the higher solid to cavity ratio of the flange produced from the standard bar than the tube. The conventional machining of flange had a part to cavity ratio of 85%, which is close to 87% for the machining of the aeroplane part [57]. Overall, the energy use and CO2-eq emissions in different processes of the conventional machining of the bar were three times the energy use and CO2-eq emissions in the conventional machining of of the tube to machine the flange. The ingot production and extrusion processes consumed energies of 1376 MJ and 442 MJ to produce the bar and rod, respectively; they emitted 114 kg CO2-eq and 36 kg CO2-eq, respectively. The conventional machining processes in the abrasive water jet cutting machine and the CNC machine consumed 9 MJ and 4 MJ energy to fabricate the flange using the rod and bar, respectively. The machining process energy consumption was 1% of LCE use, and it was responsible for 1% of the LCC emissions in conventional machining of the flange.




3.3. Parametric Analysis


3.3.1. Effect of Energy Use and Emissions Associated with Ingot Production in LCE Consumption and LCC Emission of Printed and Machined Flange with and without Recycling


Figure 8a,b show the effect of the material-embodied energy and embodied carbon on LCE consumption and LCC emissions in the CM and CSAM processes, considering primary materials production and the recycling of scrap and powder waste. The LCE consumption and LCC emissions in the machined flange and the printed flange increased with the increase in embodied energy and embodied carbon because of the rod, tube, and powder production, which were responsible for 97%, 95%, and 70% of energy use and CO2 emissions, respectively. Consequently, the LCE consumption in the machined flange increased by 50% for both feedstock materials, with an uncertainty of 8% by changing the embodied energy from 150 MJ/kg to 230 MJ/kg. Similarly, the LCE consumption in the printed flange increased by 35%, with an uncertainty of 6% by increasing the embodied energy by 70 MJ/kg. The changes in the embodied energy and embodied carbon had a similar impact on LCC emissions in the machined and printed flanges, at estimated uncertainties of 9% and 4%, respectively.



The comparative analysis of the machined and printed flanges revealed that the machined flange that used extruded tube had the lowest environmental impact of 38–45 kg CO2-eq due to the smaller waste production involved, as seen in Figure 8b. The printed flange had moderate emissions of 70–75 kg CO2-eq without any recycling of powder. When the powder and the machined scrapings of the rod and the tube were recycled, the LCC emissions were reduced to 52–62 kg CO2-eq (powder), 31–37 kg CO2-eq (tube), and 61–70 kg CO2-eq (rod), respectively. In the case of recycling, the machined flange from the tube had the lowest environmental impacts, followed by the printed flange, and the machined flange from the rod. Thus, the CSAM technology is an environmentally sustainable alternative to CM of flange from rod instead of tube, due to its high electricity consumption in the printing process. The LCC emissions depend on the emissions factor of electricity. Therefore, the impact of regional emissions factors on LCC emissions associated with the printed and machined flanges are discussed in Section 3.3.2. Considering the emissions factor of Victoria, the machining of the tube is the most eco-efficient process to fabricate flanges for agricultural applications in Victoria.




3.3.2. Impacts of Regional Electricity Emissions Factors on LCC Emissions of the Printed and Machined Flanges from Rod and Tube


Table 6 lists information related to regional emissions factors of electricity in Australia. Tasmania mainly generates electricity from renewable energy resources such as hydro power, resulting in the lowest emissions factor of 0.16 kg CO2-eq/kWh, while the Victorian electricity production sector heavily relies on fossil fuels, accounting for the highest emissions of 0.96 kg CO2-eq/kWh. To calculate the LCC emissions of the flange made from various processes in different regions, the regional emissions factor was multiplied with the operational energy consumptions of those processes. Figure 9 shows the impact of regional emissions factors on the LCC emissions of the printed flange and machined flange from the rod and tube, considering powder and scrape recycling. The unit emissions factor increases from Tasmania (0.16 kg CO2-eq) to Victoria (0.96 kg CO2-eq). The LCC emissions of a printed flange in Victoria are three times higher than the same flange printed in Tasmania, i.e., 34.1 kg CO2-eq and 26.7 kg CO2-eq with powder recycling, respectively. Changing the machining of a flange from Tasmania to Victoria increases the LCC emissions by 25–27% and 8–12%, considering tube and rod feedstock, respectively. Considering the present regional emissions factors in Australia, CSAM technology is a more eco-efficient process than CM for rods throughout Australia, with and without scrape recycling. However, it is the only more environmentally sustainable option than machining for tubes in Tasmania and South Australia.




3.3.3. Impact of Regional Electricity Emissions Factors on LCC Emissions of the Printed and Machined Flanges from Rod and Tube


Figure 10 compares the specific energy consumption of CSAM technology with other metal manufacturing technologies. The CSAM process consume less energy to print a part than AM technology, because it coalesces metal powder without melting or heating above the recrystallization temperature. However, other AM technologies use lasers, electron beams, and heating sources to melt or heat powder to combine with each other to make a part in SLM [59], SLS [60], EBM [61], and DMD [62]. However, hybrid technologies and wire arc additive manufacturing consume slightly less or equivalent energy to print a part than CSAM [25]. Moreover, the specific energy consumption depends upon the materials’ properties and deposition rates. For instance, SLM consumes ten times more energy than CSAM to print an aluminum alloy part because it has a lower deposition rate (0.075 g/min) than CSAM (175 g/min) [42]. Moreover, laser-based technologies consume 32 MJ of energy to preheat the printer bed for powder deposition, whilst CSAM consumes only 10 MJ to preheat the printer for a short period of time with compressed air, without using an additional heat source.



However, using aluminum alloy as a raw material in SLS, EBM, and DMD processes can be difficult. These processes use laser beams that reflect from the aluminum surface due to the higher reflectivity of aluminum, which may result in rough surfaces and higher energy consumption [20]. Furthermore, these methods produce aluminum parts by melting the powder above its recrystallization temperature, and thereby introduce metallurgical defects.





3.4. Qualitative Comparison of CSAM Technology with Conventional Manufacturing


The study considered the energy consumption for CM and CSAM, but there are also some intangibles that need to be considered. For example, the lead time needed to procure a part through the supply chain may affect the production capabilities of CM. The cost and energy losses can be substantial, and these were not considered in this investigation. This is especially true for time-critical industries such as farming, where the weather is beyond control. This may also be true for defense forces in the middle of a war. Such losses can be mitigated through producing parts using digital manufacturing methods like CSAM.



Moreover, the storage of parts requires large warehouses and manpower to manage. Sometimes, the stored parts may have to be kept in controlled environmental conditions. Furthermore, when a design modification must be made in conventional manufacturing, significant money, time, and energy must be spent on changing molds or dies. Hopefully, the changes are acceptable within the first iteration. However, in digital manufacturing, there is little effort required to make changes, as the manufacturing is freeform. Time considerations and change cycles consume energy downstream, and these can be substantial. Further research is needed to resolve some of these issues.





4. Conclusions


This study investigated the environmental impacts of a metal flange printed with a CSAM process compared with that of machined flange process. An aluminum alloy flange was considered as the functional unit. While calculating the environmental impact of various processes, the impacts of the embodied energy and embodied carbon of various ingot materials and metal recycling were also considered. The comparative analysis revealed that the tube-based machined flange (31 kg CO2-eq) accounted for one-third of the LCC emissions associated with the rod-based flange (114 kg CO2-eq). However, the printed flange had moderate LCC emissions of 70–75 kg CO2-eq, which were reduced to 52–62 kg CO2-eq when recycling of the powder was considered. The increasing embodied energy and embodied carbon of aluminum alloy increased LCE consumption by 49–50% for the machined flange and 35% for the printed flange. Similarly, the LCC emissions increased by 19% and 8% for the machined and printed flanges, with estimated uncertainties of 9% and 4%, respectively.



Finally, the impacts of regional emissions factors on LCE consumption and LCC emission were also investigated. Regional production of the printed and machined flanges revealed that the LCC emissions of the printed flange in Victoria were three times higher than that for the printed flange in Tasmania. For the same region, the machined flange resulted in only 8–12% and 25–17% increases in LCC emissions for the tube and rod feedstock, respectively.



In conclusion, CSAM is a more eco-efficient process than CM for flanges in Tasmania and South Australia. For other Australian regions, CM of flange from tube is the most environmentally friendly process.




5. Future Research Directions


The following are potential future research directions:




	
The present study will be compared with conventional metal forming processes, considering the mass production of components and complex geometric parts. Hence, previous studies also demonstrated that AM processes are only eco-efficient for complex geometry parts from a life cycle perspective [23].



	
Life cycle cost analyses should be conducted to investigate the economic benefits of CSAM technology over other CM processes and AM technologies.



	
A detailed parametric study will be conducted by developing a theoretical analytical model considering several design and operating parameters of CSAM processes, using the law of mass conservation, and the first and second laws of thermodynamics.



	
A comprehensive life cycle assessment will be conducted for different additive and traditional manufacturing technologies considering the same materials, and the operational energy use in each process will be monitored through a pilot case study.








CSAM processes will be a sustainable option throughout Australia due to their complete transition from fossil fuels to renewable energy production.
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Nomenclature




	     m   C M     
	Raw material used in CM (kg)



	     m   C S A M     
	Raw material used in CSAM (kg)



	     m   p a r t     
	Mass of part (kg)



	     η   e x t     
	Resource efficiency of extrusion (%)



	     η   C M     
	Resource efficiency of CM (%)



	     η   C S A M     
	Deposition efficiency (%)



	     E E   i n g o t     
	Embodied Energy of ingot (MJ/kg)



	     E E   r e c y c l e     
	Embodied energy of recycled material (MJ/kg)



	     E E   C T     
	Embodied energy of cutting tool (MJ/kg)



	     E E   C F     
	Embodied energy of cutting fluid (MJkg)



	       m  ˙    C F     
	Mass flow rate of cutting fluid (kg/h)



	     E   C M     
	Primary energy production in CM (MJ/kg)



	     E   C S A M     
	Primary energy production in CSAM (MJ/kg)



	MRR
	Material removal rate (mm3/sec)



	SEC
	Specific energy consumption (MJ/kg)



	AM
	Additive manufacturing



	CED
	Cumulative energy demand



	CM
	Conventional machining



	CSAM
	Cold spray additive manufacturing



	CNC
	Computerized numerical control



	CO2PE
	Cooperative effort on process emissions in manufacturing



	DMD
	Direct metal deposition



	FDM
	Fused deposit modeling



	GHG
	Greenhouse gas emissions



	HDMR
	Hybrid deposition and micro rolling



	IEA
	International Energy Agency



	LPBF
	Laser powder bed fusion



	LCC
	Life cycle carbon



	LCE
	Life cycle energy



	MIP-SL
	Mask-image-projection-based stereolithography



	MJF
	Multi-jet fusion



	SLM
	Selective laser melting



	SLS
	Selective laser sintering



	SLA
	Stereolithography



	WA
	Wire arc
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Figure 1. Life cycle assessment methodology (ISO 14040). 
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Figure 2. Life cycle phase of considered manufacturing technology. 
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Figure 3. Aluminum alloy (a) rod, (b) tube, and (c) flange. 
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Figure 4. Acti 9 SmartLink SI device. 
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Figure 5. The electric power consumptions of different components in CSAM. 
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Figure 6. LCE consumption and LCC emissions in CSAM processes. 
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Figure 7. Life cycle energy consumption in CM process. 
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Figure 8. Effects of material embodied energy (a) and embodied carbon (b) on LCE consumption and LCC emissions in CM and CSAM processes with and without recycling. (Note: R denotes recycling process, and error bars show uncertainty). 
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Figure 9. Impact of regional emissions factors on LCC emissions of CSAM and CM technologies. 
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Figure 10. Comparison of specific energy consumptions in CSAM (Note: Green bar denotes the measured SEC of CSAM in this study). 
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Table 1. Aluminum alloy flange.






Table 1. Aluminum alloy flange.





	Description
	Unit
	Quantity





	Density of Al6061
	g/cm3
	2.7



	Volume
	cm3
	531.67



	Mass
	kg
	1.44



	Length
	mm
	45



	Inner diameter
	mm
	202



	Outer diameter
	mm
	245



	Powder feed rate
	kg/h
	2



	Deposition efficiency
	%
	78



	Finishing tolerance
	mm
	1



	Operation period
	min
	87










 





Table 3. Empirical model for SEC of different CNC machines [49].
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	Machine Type
	Manufacture Information
	SEC (kJ/cm3)
	R2
	Idle Power (Po) (kW)





	Colchester Tornado A50
	Colchester Machine Tool Solutions, West Yorkshire, United Kingdom
	SEC = 1.494 + 2.191/MRR
	0.993
	1.16



	Mori Seiki NL2000MC/500
	DMG Mori Co., Ltd., Tokyo, Japan
	SEC = 3.6 + 2.445/MRR
	0.927
	1.58



	IKEGAI AX 20
	Ikegai, Massachusetts, USA
	SEC = 2.093 + 4.415/MRR
	0.981
	1.77



	Mori Seiki SL-15
	Mori Seiki, Melbourne, Australia
	SEC = 2.378 + 2.273/MRR
	0.94
	1.48



	Nakamura TMC-15
	Nakamura-Tome Precision Industry Co., Ltd., Mainz-Bingen, Germany
	SEC = 3.73 + 2.349/MRR
	0.929
	1.54










 





Table 4. Machining parameters for aluminum alloy.
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	Process Parameter
	Units
	Roughing
	Finishing





	Cutting speed (set constant), vc (mm/min)
	mm/min
	200,000
	225,000



	Maximum spindle speed, nmax (rpm)
	rpm
	4000
	4000



	Feed, f (mm/rev)
	mm/rev
	0.3
	0.15



	Depth of cut, ap (mm)
	mm
	1.5
	0.25



	Lubrication conditions
	
	Wet cutting
	Wet cutting







Note: R2 shows the accuracy of the empirical model in calculating the SEC of the cutting process under different cutting conditions. The higher the R2, the greater the accuracy of the empirical model.













 





Table 6. Electricity emissions factors of electricity generation in different states of Australia [53,58].
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	State
	Emissions Factor, kg CO2-eq/kWh





	Tasmania
	0.18



	South Australia
	0.33



	Darwin Katherine Interconnected System (DKIS) in the Northern Territory
	0.55



	Northern Territory (NT)
	0.58



	North Western Interconnected System (NWIS) in Western Australia
	0.61



	South West Interconnected System (SWIS) in Western Australia
	0.77



	New South Wales and the Australian Capital Territory
	0.79



	Queensland
	0.88



	Victoria
	0.92







Note: The emissions factors is the sum of scope 2 and scope 3 emissions of purchased electricity from a grid.
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