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Abstract. Manufacturing significantly contributes to global warming due to its substantial carbon 
emissions. United Nations sustainable development goals support the reduction of carbon emissions in 
the manufacturing sector, which can be accomplished by making the manufacturing process sustainable 
with a minimal carbon footprint. This is also appropriate for novel manufacturing processes such as 
additive manufacturing. This study introduces the investigation of the additively manufactured specimen. 
Prior research delves into examining the impact on the energy consumption of solid specimens under 
distinct printing process parameters. Nonetheless, the influence of electrical energy consumption and 
total carbon footprint for the additively manufactured solid and lattice structure has yet to be investigated. 
The current study fills the research gap by assessing layer thickness and infill density on both specimens' 
electrical energy consumption and total carbon footprint. The presented study offers insight into the 
impact of layer thickness and infill density for the solid and lattice structure specimens and their 
comparison of electrical energy consumption and total carbon footprints. The results demonstrated that 
a rise in an infill density directly correlates with increased energy consumption and carbon footprints. 
However, rising layer thickness resulted in a reduction in both power consumption and carbon footprints. 
Furthermore, it was observed that the triangular, octagonal, and hexagonal cellular structures manifest 
higher power consumption when the infill density is set at 50% and 80%, respectively. Moreover, when 
assessing a solid specimen at 100% infill density, the total carbon footprint exhibits increases of 12%, 
21%, 23%, and 41% in comparison to triangular, octagonal, hexagonal, and square lattice structures, 
respectively. 

1 Introduction 
Climate change, an immanent global concern, is substantially influenced by the exploitation and degradation of 

our planet[1]. Global warming is being expedited by increasing carbon dioxide levels in the atmosphere, which are 

usually considered as the primary cause[2]. Human activities appeared to be the cause of this surge[3], [4]. Nearly 25% 

of the planet greenhouse gas emissions and 33% of its energy consumption are associated to industry, with the 

industrial sector accounting for the majority of these emissions either directly or indirectly [5], [6]. The carbon 

footprint metric, expressed in carbon dioxide equivalents (CO2e), is used to quantify GHG emissions [7]. To alleviate 

the emission challenge United Kingdom decided to adopt a set of proposal, The UK aims to become a modern, 

resource-efficient, and competitive economy with zero net carbon dioxide emissions by 2050[8]. Additive 

manufacturing, or AM, has gained recognition as a potentially revolutionary technology that can greatly mitigate 

manufacturing's adverse environmental impacts [9], [10]. Light weight structure and products are in highly demanded 

these days. Therefore, it is vital to accomplish the highest strength when the products with it minimal weight[11][12]. 

However, sometimes, reaching the highest strength when the product’s weight is at the lowest is not possible. Thus, 
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the material extrusion process gives the opportunity to build complex and porous products that cannot be built by 

conventional methods[13], [14].This led the development of topology optimization and alleviated the structural 

constraints in additive manufacturing process[15]. Topology optimization is a technique that determine the optimal 

mass distribution to manage the load with in a predefined volume domain. The first method is generative design which 

is also known as density-based and the second method is incorporation of cellular structure by replacing the solid 

region of component with lattice structure with a specific relative density to attain a optimal mass distribution 

respectively [12], [16], [17], [18], [19]. Acquiring this approach leveraging high strength to weight ratio, high energy 

absorbing, high porosity and surface area to volume ratio, suitable for Prosthesis, heat transfer application respectively. 

It is important to note that manufacturing process are the critical factor that influence the sustainability [20]and it can 

be evaluated by the level of the measures it is influenced by, such as energy consumption[21], [22]. Recent research 

article investigated the impact of printing parameters on the energy consumption. Peng et al revealed that layer 

thickness is the significant factor that contribute significantly to energy consumption[23].Extensive research has been 

conducted on process parameters and their impact on energy consumption. Several researchers used DOE to optimize 

the influential process parameters. Nevertheless, till date there is no such investigation present in the literature that 

thoroughly compare the energy consumption of solid specimen and cellular structure and more importantly their 

carbon footprint of both printer and material consumed in the process.                                                                     The 

study herein tries to compare the electrical energy consumption and total carbon footprint of electrical energy per kWh 

and PLA per kg Carbon dioxide of solid and lattice structure tensile specimen of the same size in accordance with 

ASTM standard Type I specimen fabricated through material extrusion technique under various printing process 

parameters that affect electrical energy consumption.  The current study concentrates on manipulating layer thickness 

and infill density to investigate the electrical energy consumption and carbon footprints of for both solid and cellular 

structure specimen. Section 3 presents the result and discussion that were collected for different levels of layer 

thickness and infill density, With the use of data from the printing, the energy spent during MEX is calculated and the 

carbon footprint is estimated. The level that causes most of the emissions is determined. 

 

 

2 Materials and Methods  
To determine the carbon footprint of solid and lattice structure specimen in compliance with ASTM standard 

D634-14 type I Specimen. A hexagonal, octagonal, triangular, square cellular structure along with the solid specimen 

were printed using material extrusion (MEX) 3D printing technique by melting a 1.75mm diameter PLA filament 

through a nozzle of 0.4mm diameter. An open source CURA 5.40 software were used to translate CAD geometry into 

G-Codes. The current study focuses on the impact of printing parameters on the energy consumption ultimately the 

carbon footprints and their outcomes were carefully examined. In this context previous research regarding printing 

parameters effects the printing time and ultimately the electrical energy consumption of printed samples.  Markos et 

al. inferred that layer thickness; infill density and raster angle significantly affects the energy consumption[24]. 

Shubhada et al. optimize the printing parameters against the energy consumption as they are 0.14 mm layer thickness, 

65% Infill% and 92.52 mm/s printing speed[25]. Based on the above findings it is crucial to conduct investigation on 

the carbon footprint of additively manufactured solid and cellular structure specimen under distinct printing 

parameters. This will explore a thorough understanding of carbon footprints of additively manufactured specimen 

under influential printing parameters. A summary of the printing process parameters is outlined in the Table 1.  

Moreover, the printing parameters that significantly impact the energy consumption were evaluated at certain levels; 

layer thickness (0.10mm, 0.15mm, 0.20mm, 0.30mm,) and infill density (50%, 80%, 100%) respectively to estimate 

the printing time for each specimen. Notably, the printing time and mass of the specimen is calculated for each sample 

including solid and cellular structure. The current drawing of the printer was calculated with the help of Ammeter as 

shown in the Figure 1. Moreover, the average value has been taken to calculate the actual power consumption of the 

printer for each specimen. Furthermore, the carbon footprint for electrical energy consumption in United Kingdom 

with an average of 162g of carbon dioxide per kilowatt hour [26]and mostly the material is imported from china and 

their production carbon footprint of PLA is 1.8 kg CO2 and this values varies in different regions of the world wise[27]. 

On the basis of the above data the carbon footprint of electrical energy and material consumed were calculated. 

Moreover, the data has been plotted and presented against each level of layer thickness and infill density. 
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Table 1. Printing Process Parameters 

Printing Process Parameters 

Nozzle Diameter 0.4𝑚𝑚 

Nozzle Temperature 215℃ 

Bed Temperature 60℃ 

Raster angle 45° 
Build Direction Horizontal 

Printing Speed 60 𝑚𝑚
𝑠𝑒𝑐⁄  

Infill Pattern Line 

Layer thickness 0.1, 0.15, 0.20, 0.30, 0.40 

Infill Density 50%, 80%, 100% 
 
 

 
 

 
Figure 1 Measuring the current consumption of the printer  

 
 

3 Result and Discussion  

3.1  Impact of layer thickness and infill density on electrical energy consumption 

The impact of layer thickness and infill density on electrical energy consumption is shown in Figure 2. It has been 

observed that the increase in the infill density raises the electrical energy consumption. Nevertheless, as the layer 

thickness increases, the electrical energy consumption decreases. Moreover, the depicted figures contain a solid and 

different cellular structure specimen plot for different levels of infill density. It is worthwhile to note that, for the first 

two levels of infill density triangular and octagonal lattice structure specimen has the highest power consumption 

followed by the hexagonal. At the same time, the square lattice structure has the lowest value of power consumption, 

followed by the solid specimen. It is obvious that when the infill density rises to 100%, then, the solid specimen 

experiences a sharp rise in electrical energy consumption compared to lattice structures. It is pertinent to note that, at 

100% infill density, the power consumption of both triangular and octagonal hexagonal, square cellular structures is 

reduced by 12%, 23%, and 35%, respectively. The current finding suggests that layer thickness is the influential  factor 

in electrical energy consumption, and it  is in line with the reported literature [28]. 
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Figure 2. Electrical energy consumption against different layer thickness for each infill density level 

 
 

3.2 Total Carbon footprints of additively manufactured specimen  

The total carbon footprint of additively manufactured solid and cellular structure specimens via material extrusion 

technique is shown in Figure 3. As the infill density increases, the total carbon footprint rises substantially. However, 

varying material deposition thickness to a higher level yields a significant decline in the total carbon footprint. It is 

due to the fact that a thicker layer minimizes the print time substantially[29]. It is important to note that higher infill 

density significantly impacts the weight of the part[28]. Therefore, the total carbon footprint of the sample surges 

drastically at the maximum infill density. This trend can be seen for each layer thickness, thereby showing that infill 

density is a substantial parameter that increases the weight of the sample. Furthermore, the presented figures outline 

a solid and triangular, octagonal, hexagonal, and square lattice structure specimen total carbon footprint at various 

levels of layer thickness. It has been observed from the figure that when the infill density is lower than 100%, the 

carbon footprint of the square lattice structure has the least value followed by the solid specimen. Contrary to that, a 

gradual increase in the layer thickness resulted in the carbon footprint being marginally higher for solid structures than 

for the lattice structures specimen. Notably, at the highest level of infill density, the solid specimen yielded the highest 

carbon footprint in comparison with the lattice structure. Moreover, the carbon footprint is gradually decreasing as the 

layer thickness increases, and this trend can be seen for all levels of infill density. It vital to mentioned that, at 100% 

infill density the percentage decrease in the carbon footprint of the triangular octagonal, hexagonal and square is 21%, 

21.5%, 23% and 41% respectively. 

 

 

 

 

Figure 3.Total Carbon footprint of additively manufactured sample 
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4 Conclusion  
In this work, meticulous investigation of the effect of layer thickness and infill density on the electrical energy 

consumption and, more importantly, the total carbon footprint of consumed electrical energy and material, specifically 

PLA-made solid and various cellular structure specimens, fabricated with the MEX 3D printing process was conducted 

and the conclusion drawn from the present study as the electrical energy consumed in the process lowers when the 

layer thickness rises. Although it increases with an increase in the infill density. Moreover, the solid specimen has the 

highest value of energy consumption at 100% infill density and it is 12% 12% and 23% and 35% for triangular, 

octagonal, hexagonal, square lattice structures respectively.  The carbon footprint increases with the rise in infill 

density. The difference between the solid and lattice structures decreases as the infill density rises and becomes higher 

among the other specimens when the infill density is maximum. At 100% infill density, the total carbon footprint of 

the solid specimen is 21%,21.5%, 23% and 41% higher than triangular, octagonal, hexagonal and square structures, 

respectively. The study opens the opportunity to further investigates the strength to weight ratio of each lattice 

structure meticulously, compare their carbon footprint and optimize the process parameters, mechanical behavior and 

their geometrical parameters to accomplish the design requirement of material extrusion printed products. 
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