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Abstract 8 

Additive manufacturing (AM) has significant advantages over conventional manufacturing 9 

technologies, including freedom of design, mass customization, and the ability to produce 10 

complex structures. Because reducing manufacturing energy is an essential challenge for industrial 11 

sustainability and national economics, the trend toward AM motivates us to explore the energy 12 

consumption of AM to address energy efficiency. Existing energy consumption quantitation 13 

methods for AM parts require complex models, and the energy consumption characteristics of AM 14 

equipment muse be considered in the quantitative analysis process. Therefore, a feature-based 15 

energy consumption quantitation method for complex AM parts is proposed that uses a simple 16 

model and can be applied to different AM technologies. A feature segmentation method is first 17 

proposed to divide complex AM parts into typical AM features (AMFs). Then, the energy 18 

consumption model is developed for each AMF to quantify the energy consumption during 19 
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fabrication of the entire part. Finally, the energy consumption characteristics of a typical 20 

mechanical part manufactured by three different kinds of AM processes—fuse deposition 21 

modeling (FDM), stereolithography (SLA), and selective laser melting (SLM)—are investigated 22 

using the proposed feature-based energy consumption quantitation method and measured in an 23 

experimental case study. The results show that the proposed method can effectively and quickly 24 

predict the energy consumption of AM part manufacturing. Moreover, the efficiency of different 25 

types of AM processes is compared and discussed to address applicable efficiency improvement 26 

methods. This method can predict the energy consumption of complex AM parts, and can be 27 

integrated into the AM three-dimensional software model, providing a reference for structural 28 

optimization of AM parts. 29 

Keywords: Additive manufacturing; Energy consumption; Feature-based; Complex parts; Typical 30 

AM features 31 

1 Introduction 32 

Additive manufacturing (AM) technology has developed rapidly in recent years, and is now a 33 

widely used manufacturing process by which any complex digital model can be translated to an 34 

entity quickly. The recent growth in AM has increased manufacturing industry return and 35 

enhanced industrial competitiveness. China is paying more attention to the development of AM 36 

technology. The report “Made in China 2025” states that it is important to accelerate the research 37 

and development of AM technology and equipment. Three-dimensional (3D) printing is an 38 

important AM technology. According to a research report on the market prospect and investment 39 

of the 3D printing industry in 2019, the market scale of China’s 3D printing was 2.36 billion RMB 40 
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in 2018, with a growth rate of nearly 42% [1]. In addition, Wohlers Report 2020 shows that the 41 

application proportion of AM technology in the automobile, aerospace, and industrial machinery 42 

industries is increasing every year [2]. 43 

AM technology can produce parts with complex shapes that cannot be processed by 44 

traditional manufacturing technology such as reducing, forging, and casting [3]. Moreover, AM 45 

technology improves the machinability of materials that are difficult to process, which greatly 46 

expands its application in engineering [4, 5]. However, AM is a large energy consumer because it 47 

uses high-energy beams (such as laser beams, electron beams, plasma, etc.), and the 48 

manufacturing efficiency is low and the production cycle long because of layer-by-layer stacking. 49 

High energy consumption increases the production cost of AM products and causes environmental 50 

problems. For example, a large amount of fossil fuel combustion for power generation produces a 51 

large amount of greenhouse gas (GHG) emissions (China’s GHG emissions are up to 1.03 × 109 t 52 

[6]), which increases the greenhouse effect. Therefore, the energy consumption and environmental 53 

impact of AM have attracted a great deal of attention [7]. 54 

At present, the energy consumption analysis methods for AM can be divided into two 55 

categories. One is the direct energy consumption measurement of AM equipment in parts 56 

processing. Laser AM is of particular concern for its high energy consumption, and it has been the 57 

focus of many developments in this category. Baumers et al. divided the energy consumption of 58 

the laser sintering (LS) AM process into job-dependent, time-dependent, geometry-dependent, and 59 

z-height–dependent energy consumption, and investigated them through power test experiments 60 

[8]. Telenko et al. compared the energy efficiency of selective laser sintering (SLS) and injection 61 

molding in the fabrication of nylon parts through experimental tests [9]. Zhu et al. analyzed the 62 
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energy consumption and mechanical properties of selective laser melting (SLM) under different 63 

process parameters, which can provide a reference for process parameter optimization [10]. Song 64 

et al. divided the energy consumption processes of fuse deposition modeling (FDM) into standby 65 

period, preheating process, and printing process, and analyzed the energy consumption of these 66 

three processes through tests to identify the energy loss caused by human or printer error [11]. 67 

Peng et al. analyzed the influence of process parameters on energy consumption and product 68 

surface roughness in FDM processing [12]. Ajay et al. measured the energy consumption of FDM 69 

and proposed an energy consumption optimization method known as 3DGates [13]. 70 

The other method of energy consumption quantitation for AM is energy consumption 71 

modeling using the process parameters. Peng established an energy consumption model for FDM 72 

by dividing the energy consumption of AM into primary energy consumption and secondary 73 

energy consumption [14]. Simon et al. established an energy and material consumption model for 74 

the 3D printing process and verified the accuracy of the unit-level process model through 75 

experimental data, which was also used a basis for 3D printing lifecycle analysis [15]. 76 

Hettesheimer et al. developed an energy consumption model for SLS and compared the SLS 77 

manufacturing process with the traditional process [16]. Based on an equipment energy 78 

consumption test, Xu et al. established a binder jetting AM energy consumption model that 79 

considered the part shape and process parameters [17]. Based on the convex function method, Paul 80 

et al. proposed an SLS energy consumption model based on part geometry, slice thickness, and 81 

printing direction process parameters, and proposed an optimization model to analyze the 82 

minimum energy consumption required in the AM process [18]. Ma et al. outlined an energy 83 

consumption model based on the SLS scanning speed, scanning gap, and layered thickness 84 
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process parameters. To improve energy efficiency, a multi-objective genetic algorithm was used to 85 

optimize the process parameters [19]. 86 

Research on the environmental evaluation of AM processes is mainly carried out from two 87 

perspectives. One is the comparison of the AM process with other processes from the perspective 88 

of environmental benefits. Typical examples of this approach in the literature include Huang et al., 89 

who estimated the net changes in lifecycle primary energy and GHG emissions associated with 90 

AM technologies for lightweight metallic aircraft components to shed light on the environmental 91 

benefits of a shift from conventional manufacturing to AM processes in the U.S. aircraft industry 92 

[20] and Kellens et al., who compared the environmental impact of different AM processes from 93 

the existing lifecycle inventory data, considering energy consumption and material consumption in 94 

the AM unit process [21]. 95 

The other aspect of environmental evaluation of AM is the sustainability assessment of AM 96 

considering multiple factors. Bourhis et al. developed environmental impact prediction models to 97 

analyze the environmental impact of electric energy and raw material consumption in the AM 98 

process [22]. Li et al. established a cost model, energy consumption model, and model of product 99 

surface roughness of AM parts, with the aim of evaluating the manufacturing cost and 100 

environmental impact of different AM methods [23]. Kellens et al. evaluated the environmental 101 

footprint of SLS, including the energy resource consumption and process emissions in its 102 

manufacturing process, but energy consumption was the only quantitative indicator used for 103 

environmental impact assessment [24]. Rejeski et al. described the potential environmental impact 104 

of AM related to issues such as energy utilization, occupational health, waste, lifecycle analysis, 105 

cross cutting, and policy issues, and introduced the latest technologies and research needs of AM 106 
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into this discussion [25]. Peng et al. analyzed the energy consumption and environmental impact 107 

of AM from a sustainability perspective [26]. 108 

As these studies indicate, many analysis methods and quantitation models have been 109 

proposed to address the energy consumption and environmental impact of AM. Nevertheless, 110 

these methods are usually focused on only one AM process, such as FDM, stereolithography 111 

(SLA), or SLS; no general modeling method for AM has yet been proposed. The existing 112 

established processing energy consumption models for different AM processes are based on 113 

energy measurement of different equipment. Hence, different AM parts have different energy 114 

consumption models, which leads to a difficult energy consumption modeling process and slow 115 

energy consumption quantitation process. Therefore, there is still a lack of a common model and 116 

quantitation method for the energy consumption of complex AM part processing by different kinds 117 

of AM technologies. Based on previous research on energy consumption modeling and estimation 118 

methods applicable to different AM processes, a feature-based energy consumption quantitation 119 

strategy for complex AM parts is proposed in this study. Based on this method, the energy 120 

consumption and environmental impact of AM processes can be predicted before the 121 

manufacturing process, providing a basis for process optimization. In addition, real-time 122 

prediction of AM energy consumption can be implemented by integrating this method into the AM 123 

3D software model, which would provide a reference for structural optimization of AM parts. 124 

The remainder of this paper is organized as follows. In Section 2, the feature-based energy 125 

consumption and efficiency indicators for AM manufacturing of complex parts are analyzed and 126 

the models are developed. Then, a case study is set up to study the energy characteristics of three 127 

different kinds of AM processes by manufacturing typical mechanical parts to verify the feasibility 128 
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and effectiveness of this method in Section 3. The result, including the deviation and limitations of 129 

the proposed method, are presented and discussed in Section 4, and efficiency improvement 130 

strategies for AM are addressed. Finally, the conclusion and plans for future work are presented in 131 

Section 5. 132 

2 Feature-based energy consumption model for AM parts 133 

The energy consumption of AM can be divided into two categories: primary energy 134 

consumption and secondary energy consumption. Primary energy consumption refers to the 135 

energy used to change the form and properties of materials in the AM process, which can also be 136 

considered as the essential energy consumption or direct energy consumption in the AM process. 137 

The other energy used is called secondary energy consumption, which refers to the energy needed 138 

by the auxiliary components of AM equipment, such as the energy consumption of the motor or 139 

energy used for heating the workbench, to realize and support the AM process. It can also be 140 

regarded as indirect energy consumption, and is a process-dependent energy component that is 141 

highly influenced by the capability of the equipment (consumer components), product design 142 

(geometry and dimensions), and settings and conditions (e.g., layer thickness and part orientation). 143 

The energy consumption of necessary environmental safety equipment, such as a ventilation 144 

system, is also included in secondary energy consumption. This section presents the proposed 145 

model for quantitation of the energy consumption of AM part manufacturing. 146 

2.1 System boundary 147 

The energy consumption analysis and modeling of AM parts begins with the definition of the 148 

boundaries of the AM process. Figure 1 shows the system boundary for the feature-based energy 149 
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consumption analysis. Three dimensions of environmental impact factors are considered for 150 

analyzing the manufacturing process of AM parts: energy consumption, material consumption, 151 

and time consumption dimensions. 152 
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Figure 1 System boundary of feature-based energy consumption analysis of additive manufacturing (AM) parts 154 

The energy consumption dimension includes the primary and secondary energy consumption 155 

of each manufacturing feature of the processed parts. The primary energy consumption used to 156 

change the material properties. The secondary energy consumption included in this model is only 157 

that directly related to part processing. The other energy consumed by the equipment has been 158 

analyzed and discussed in previous studies [27, 28], and is therefore not considered in this method. 159 
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The time consumption dimension includes the printing time and time needed for pre- and 160 

post-processing. The printing time refers to the duration from the time of beginning workpiece 161 

forming to the end of fabrication. The time consumed in the pre-processing and post-processing 162 

stages of the parts is also considered in the entire time consumption evaluation. 163 

The material consumption dimension is also an important factor in the environmental impact 164 

of AM. It includes the direct material consumption for forming the part as well as the auxiliary 165 

material consumed by printing supporting and adhesive structures. Moreover, the material 166 

consumption is directly proportional to the energy consumption in the AM process. However, the 167 

material consumption of AM parts was not the focus of this study; the proposed model directly 168 

addresses only the energy consumption dimension. 169 

2.2 Method description 170 

AM parts are processed using layered stacking, and each manufacturing feature of the part 171 

can be directly produced. The AM system can be divided into the following hierarchy, as shown in 172 

Figure 2: the AM feature (AMF) layer, AM part layer, and AM equipment layer. All levels in the 173 

system are related to each other through energy flow and material flow. An AMF is the basic 174 

manufacturing unit of the system, and an AM part is composed of a series of AMFs. Therefore, the 175 

energy consumption of each AM part can be obtained by analyzing the energy consumption of its 176 

basic manufacturing features. Finally, the energy consumed by the material processing of the AM 177 

equipment is also considered. 178 

In the feature segmentation–based energy consumption analysis method, the AM parts are 179 

divided into simple basic manufacturing features, AMF 1, AMF 2, … AMF n, on the basis of the 180 
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geometric features of the processed AM parts. Energy consumption models of each AMF are 181 

established, and the final energy consumption of the processed parts is determined by combining 182 

the AMFs. In this strategy, a part is decomposed into an aggregation of AMFs to collapse its 183 

geometric complexity for energy consumption calculation. Thus, the overall energy consumption 184 

of a complex AM part depends on the energy consumption analysis of each AMF. Consequently, 185 

the strategy is suitable for computer simulation. 186 

Part 2 …… Part n

Printing platforms

Execute motor
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X stepper motor

Y stepper motor
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……
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Feature 5

Feature 1

 187 

Figure 2 Schematic view and features of additive manufacturing (AM) system hierarchy 188 

Using this analysis method, a complex profile AM part can be considered as a combination of 189 

its AMFs, regardless of the complexity of the final shape. Therefore, the total energy consumption 190 

for an AM part used to form the desired shape, AMPE , is also the combination of the energy 191 

consumption of each AMF, and can be calculated by 192 
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AMP 1 AMF1 2 AMF2 3 AMF3 AMFn nE i E i E i E i E    L
,
 (1) 

where, i1, i2, …, in are the counts of each AMF and EAMF1, EAMF2, … , and EAMFn are the energy 193 

consumption of each AMF. 194 

2.3 Energy consumption model of AMFs 195 

2.3.1 Assumptions and descriptions 196 

Based on the geometric features of AM fabricated parts and basic manufacturing features 197 

obtained by feature segmentation, five typical manufacturing features are selected as AMFs for 198 

analyzing and modeling the energy consumption of various AM parts in this study. The five AMFs 199 

investigated are shown in Figure 3: hexahedron, sphere, cylinder, circular cone, and tetrahedron. 200 

The assumptions and explanations for the models are as follows: 201 

 It is assumed that all AMFs are manufactured with uniform material distribution and no 202 

cracks or defects. 203 

 The energy consumed by support manufacturing of AM parts could also be analyzed using 204 

the same feature-based energy consumption method. The influence of support on the energy 205 

consumption model of AMFs is not considered.  206 

 Different manufacturing directions of AMFs affect the modeling method, but the final 207 

material consumption of the AMF is the same. The influence of manufacturing direction on 208 

the energy consumption model is ignored in the developed models. All the investigated 209 

energy consumptions of the AMFs are modeled using the manufacturing directions shown in 210 

Figure 3. 211 

 Only five typical AMFs are taken as examples to model the energy consumption of AMFs, 212 

but this does not mean that there are only five basic AMFs. The energy consumption model 213 
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analysis methods of other features can be obtained by analogy to the proposed analysis 214 

methods. 215 
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 216 

Figure 3 Typical additive manufacturing features (AMFs) and their related parameters 217 

2.3.2 Energy consumption model of basic AMFs 218 

The geometric parameters, layering mode, and manufacturing direction of each AMF 219 

modeled here are shown in Figure 3. According to the definition of the system boundary, the 220 

energy consumed directly by processing the AMF is considered during the energy consumption 221 

modeling process. Different processing paths and different AM methods will affect the energy 222 

consumption and models. The following four processing paths are considered, as shown in Figure 223 

4: (a) square circle, (b) line, (c) grid, and (d) triangle. Three different AM methods are considered 224 

in energy consumption modeling of basic AMFs: FDM, SLA, and SLM. 225 
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a b c d

 226 

Figure 4 Different object in-fill patterns: (a) Square-circle; (b) Line; (c) Grid; (d) Triangle 227 

The energy consumption of an AMF can be divided into two parts based on different AM 228 

equipment features. One is the main energy consumption, that is, the energy consumption used to 229 

change the material properties and form, such as the nozzle heating (in FDM), laser irradiation (in 230 

SLA), or laser melting (in SLM). This part of the energy consumed in this process is influenced by 231 

manufacturing parameters, and the processing parameters such as the layer thickness of the parts, 232 

scanning speed, and scanning gap. The other part is the auxiliary energy consumption, that is, the 233 

energy consumption of the actuator movement process, that is, the energy consumed by the 234 

scanning action of the nozzle or laser, which is influenced by the processing path, the movement 235 

of the plate, etc.. The energy consumption analysis for each basic AMF is as follows: 236 

(1) Energy consumption model of the AMF hexahedron 237 

Considering the geometric features of the hexahedron, and according to the slicing method 238 

shown in Figure 3, each layer has the same shape and size. The main energy consumption required 239 

for each layer of the AMF hexahedron, layer

hexE , can be described as 240 

layer

hex hex hex lay matE a b l P ,  (2) 

where ahex and bhex are the bottom length and width of the AMF hexahedron, respectively; llay is 241 

the layer thickness; and Pmat is the energy consumption required to change the properties and state 242 

of the unit volume material. 243 
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The main energy consumption of the whole AMF hexahedron, 
main

hexE , can be obtained by the 244 

following: 245 

main

hex hex hex lay mat

1

k

E a b l P ,  (3) 

hex

lay

h
k

l
 , (4) 

where hhex is the height of the AMF hexahedron and k is the number of layers of AMF 246 

hexahedrons. 247 

The model of Pmat is different for different AM technologies. For FDM, Pmat can be obtained 248 

using Eqs. (5) and (6). 249 

mat-h =1000P c t , (5) 

mat-m =P q , (6) 

where Pmat-h is the energy consumption of material heating, Pmat-m is the energy consumption of 250 

material melting, c is the specific heat capacity (kJ/kg•°C), ρ is the mass of material per unit 251 

volume(kg/m3), ∆t is the temperature difference (°C), and q is the enthalpy of fusion (J/kg). 252 

For crystalline materials or eutectic mixtures, which have a fixed temperature in the melting 253 

stage (melting point), this part consists of two sub-components: heating energy and melting energy. 254 

For non-crystalline materials, the temperature continues to rise during the melting process; 255 

therefore, only Eq. (5) can be applied. 256 

For SLA and SLM, in which a laser is used to change the material properties, Pmat-l can be 257 

obtained by analyzing the laser energy consumption. 258 

las
mat-l

las

=
s

P
P

v A

 
,  (7) 

where ω is the material absorptivity, Plaser is the rated power of the laser, vlaser is the laser scan 259 
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speed, and As is the area covered by the laser beam spot. 260 

Because the laser beam passes through the lens, it is a Gaussian beam, so the laser energy in 261 

the spot follows a Gaussian distribution, and a parabolic shape is formed at the critical point of the 262 

sintering cross section. Thus, the area can be written as 263 

las lay2
=

3
s

h l
A ,  (8) 

where hlas is the gap distance. 264 

Therefore, Pmat can be also given as 265 

las
mat-l

las las lay

3
=

2

P
P

v h l

 

. 
 (9) 

The auxiliary energy consumption of the AMFs is affected by the processing time and 266 

movement speed of the actuator. Mathematically, the energy used for the auxiliary movement is 267 

defined as follows: 268 

 2

1

aux

hex aux
1

k t

t
E P t dt , (10) 

where Paux is the power consumption of an auxiliary process, including the movement of the 269 

worktable, scraper, and powder feeding device; t1 and t2 are the starting and ending times of a 270 

single auxiliary action, respectively; and k is the number of auxiliary units. 271 

Therefore, the total energy consumption of the AMF hexahedron, Ehex, is  272 

 
hex

lay
2

1
hex hex hex lay mat aux

1 1

h

t k
t

t
E a b l P P t dt   . 

 (11) 

(2) Energy consumption model of the AMF sphere 273 

The AMF sphere is sliced as shown in Figure 3, and circles with different radii are obtained 274 

for each sliced piece. The main energy consumption required for processing each layer of the 275 
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AMF sphere, 
layer

spE , can be given as follows: 276 

 layer

sp sp lay mat2E z r z l P  , (12) 

where rsp is the radius of the AMF sphere. 277 

The main energy consumption of the whole AMF sphere, 
main

spE , can be obtained using the 278 

following equation:  279 

 spmain

sp sp mat
0

2
r

E z r z dzP  . (13) 

Therefore, the total energy consumption of AMF sphere, Ehex, is 280 

   sp 2

1
sp sp mat aux0

1

2
kr t

t
E z r z dzP P t dt    . (14) 

(3) Energy consumption model of the AMF cylinder 281 

Similar to the energy consumption analysis method of the AMF hexahedron, the AMF 282 

cylinder is sliced as shown in Figure 3. The shape and size of each sliced piece are the same, and 283 

the main energy consumed by processing each layer of the AMF cylinder, 
layer

cyE , can be 284 

expressed as 285 

layer 2

cy cy lay matE r l P , (15) 

where rcy is the radius of the AMF cylinder bottom. 286 

The main energy consumption of the whole AMF cylinder, 
main

cyE , can be given as 287 

cy

lay

main 2

cy cy lay mat

1

h

l

E a r l P , (16) 

where hcy is the height of AMF cylinder. 288 

Therefore, the total energy consumption of AMF cylinder, Ehex, is 289 

 

cy

lay
2

1

2

cy cy lay mat aux
1 1

h

l k
t

t
E a r l P P t dt   . (17) 

(4) Energy consumption model of the AMF circular cone 290 
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The AMF circular cone is sliced as shown in Figure 3, and the shape of each layer is a circle 291 

with a gradually reduced radius. The main energy consumption required for processing each layer 292 

of the AMF circular cone, 
layer

spE , can be expressed as follows: 293 

 22

co colayer

co lay mat2

co

r h z
E l P

h



 , (18) 

where rco is the bottom radius of the AMF circular cone and hco is the height of the AMF circular 294 

cone. 295 

Therefore, the total energy consumption required for processing the AMF circular cone, Eco, 296 

is 297 

   co 2

1

22

co co

co mat2 aux0
1co

k
h t

t

r h z
E dzP P t dt

h



   . (19) 

(5) Energy consumption model of the AMF tetrahedron  298 

The AMF tetrahedron is sliced as shown in Figure 3. The shape of each layer is an equilateral 299 

triangle with gradually reduced side length. The main energy consumption required for processing 300 

each layer of the AMF tetrahedron, 
layer

teE , can be expressed as follows: 301 

 22

te telayer

te lay mat2

te

3

4

a h z
E l P

h


 . (20) 

where ate is the length of the AMF tetrahedron bottom and hte is the height of the AMF 302 

tetrahedron. 303 

Therefore, the total energy consumption required for processing AMF hexahedron, Ete, is 304 

   te 2

1

22

te te

te mat2 aux0
1te

3
+

4

k
h t

t

a h z
E dzP P t dt

h


   . (21) 
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2.3.3 General model of energy consumption for AMFs 305 

Based on the energy consumption analysis and modeling method for the five basic AMFs 306 

described in Section 2.3.2, the AMF obtained by feature segmentation is manufactured in the 307 

direction of the least support method. A series of similar figures are obtained when the AMFs are 308 

sliced along the direction parallel to the workbench. The shape feature equation of each layer can 309 

be expressed as f(x, y, z), and the general model of the main energy consumption for processing 310 

each layer of the AMF, 
layer

geneE , can be described as 311 

 2 2

1 1

layer

gene lay mat, ,z
y x

y x
E f x y dxdyl P   , (22) 

where x1 and x2 are the limits of each layer shape on the x-axis, and y1 and y2 are the limits of each 312 

layer shape on the y-axis. 313 

Taking the auxiliary energy consumption of the AMFs into account, the general model of 314 

energy consumption for AMFs, 
geneE , can be given as follows: 315 

   2 2

1 1
gene mat aux0

1

, ,z
kh y x

y x t
E f x y dxdydzP P t dt


     . (23) 

where h is the height of AMF, and ∆t is the interlayer auxiliary action time.  316 

The general model of AMFs can be used to analyze and quantify the energy consumption of 317 

all kinds of multi-feature AM parts. The basic AMFs can be obtained by the feature segmentation 318 

method. In the process of feature segmentation, the divided basic features should be as simple as 319 

possible to improve the efficiency and reliability of the energy consumption quantitation results. 320 

2.4 Efficiency indicators of AM 321 

Based on the proposed energy consumption quantitation strategy of AM and energy 322 

efficiency analysis method for machine tools, the energy and production efficiency of AM 323 
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machines are analyzed for the following work of energy-saving optimization and production 324 

efficiency improvement of the workshop. The indicators of AM energy efficiency and time 325 

efficiency are developed in this section.  326 

2.4.1 Energy efficiency of the AM machine 327 

Based on the energy consumption models developed in Section 2.3, and the energy 328 

consumption stages of the AM process, including the pre-processing preparation stage, parts 329 

shaping stage, post-processing stage, and machine waiting, the effective energy consumption of 330 

the AM process is mainly used for the parts shaping process. Thus, the energy efficiency of 331 

different AM machines can be expressed as 332 

AMP
e

T

E

E
  , (24) 

in which 333 

 T = is different stage in AM processi

n

E E i ,  (25) 

where ηE is the energy efficiency of the AM machine, ET is the total energy consumption of the 334 

whole AM process, and Ei is the energy consumption of different stages in the AM process, which 335 

are pre-stage, forming stage, post-processing stage, and idle stage. 336 

2.4.2 Time efficiency for the AM process 337 

Time consumption of AM has a significant impact on inventory cost, production planning, 338 

and scheduling in an AM factory. The time efficiency of AM can be defined as the ratio of the 339 

effective forming time of a part to the total length of the AM process, which can be expressed as 340 

AMP
t

T

t

T
  , (26) 
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 T = is different stage in AM processi

n

T t i , (27) 

where ηP is the time efficiency of the AM machine; tAMP is the forming processing time of the 341 

parts; TT is the total time consumption of the whole AM process; Ti is the energy consumption of 342 

different stages in the AM process, which are the pre-stage, forming stage, post-processing stage, 343 

and idle stage. 344 

3 Case study 345 

To verify the accuracy and feasibility of the proposed feature-based energy consumption 346 

quantitation strategy, a case study was conducted. The energy consumption models of typical 347 

AMFs were applied to evaluate the energy consumption of the AM parts shown in Figure 5. The 348 

shape and size parameters of the selected parts are listed in Table 1. In order to verify the 349 

generality of the developed models, the predicted energy consumption was compared with 350 

experimental results obtained using different AM methods. Three kinds of AM technologies were 351 

used to fabricate the part: FDM, SLA, and SLM.  352 

r3

r2

h1

l1

l3

l5

r1

l6

h2

l4 l2

h3

 353 

Figure 5 Computer-aided design (CAD) model of the processed additive manufacturing (AM) parts 354 
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Table 1 Shape and size parameters of the processed additive manufacturing (AM) parts 355 

Parameter Value (mm) 

l1 40 

l2 28 

l3 28 

l4 16 

l5 7 

l6 4 

r1 8 

r2 6 

r3 3 

h1 6 

h2 12 

h3 16 

The process parameters of the three types of AM processing method were determined to 356 

ensure the forming quality of the processed parts. The main parameters for FDM, SLA, and SLM 357 

are shown in Table 2.  358 

Table 2 Parameter for different additive manufacturing g(AM) technology processes 359 

Processing 

mode 

Material 

Layer 

thickness llay 

(mm) 

Nozzle heating 

temperature t 

(°C) 

Laser power 

Plas (W) 

Scanning speed 

v (mm/s) 

Scanning 

path 
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FDM PLA 0.1 210 - 100 (c) Grid 

SLA 

SOMOS 

Imagine 8000 

resin 

0.1 - 0.8 232 (c) Grid 

SLM 316L powder 0.02 - 500 7000 (c) Grid 

3.1 Feature division of the manufactured AM part 360 

According to the shape features of the AM parts and the proposed feature segmentation 361 

method, the parts are divided into seven AMFs, as shown in Figure 6. The obtained AMF1 is a 362 

cylindrical feature, AMF6 is a removed cylinder feature, and AMF3, AMF4, and AMF5 are 363 

hexahedral features. The manufacturing features of AMF2 are approximated by hexahedral 364 

manufacturing features. AMF7 is a quarter cylinder manufacturing feature, and four AMF7s form 365 

a whole cylinder. 366 
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 367 

Figure 6 Manufacturing feature segmentation of processed additive manufacturing (AM) parts 368 

3.2 Theoretical energy consumption model of the investigated AM part 369 

Based on the energy consumption analysis and modeling method of typical AMFs, and the 370 

shape and size parameters of the processed AM parts in Table 1, the total energy consumption of 371 

the investigated AM part, EAMP, is obtained based on each AMF in Figure 6, which can be 372 

expressed as 373 

AMP AMF1 AMF2 AMF3 AMF4 AMF5 AMF6 AMF7 aux2 2 2 4 4E E E E E E E E E        , (28)
 

where EAMF1, EAMF2, EAMF3, EAMF4, EAMF5, EAMF6, and EAMF7 are the energy consumptions of 374 

AMF1, AMF2, AMF3, AMF4, AMF5, AMF6, and AMF7, respectively, and Eaux is the auxiliary 375 

energy consumption. The auxiliary energy consumption of all segmented manufacturing features 376 

is comprehensively considered to simplify the calculation. 377 
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Based on the energy consumption model established for the AMF cylinder, considering the 378 

shape and size parameters of the investigated AM part, the energy consumption of AMF1, AMF6, 379 

and AMF7 can be obtained by Eqs. (25)–(27). 380 

3

lay

2

AMF1 1 lay mat

1

h

l

E r l P , 
(29) 

1

lay

2

AMF6 3 lay mat

1

h

l

E r l P , (30) 

1

lay

2

AMF7 2 lay mat

1

1

4

h

l

E r l P  . (31) 

Based on the energy consumption model established for the AMF hexahedron, the energy 381 

consumption of AMF2, AMF3, AMF4, and AMF5 can be obtained by Eqs. (32)–(35). 382 

2

lay

AMF2 4 5 lay mat

1

h

l

E l l l P , (32) 

1

lay

AMF3 2 3 lay mat

1

h

l

E l l l P , (33) 

1

lay

AMF4 2 2 lay mat

1

h

l

E l r l P , (34) 

1

lay

AMF5 2 3 lay mat

1

h

l

E r l l P . (35) 

The auxiliary manufacturing process is different in different AM machines with different 383 

processing modes. The auxiliary energy consumption for FDM, SLA, and SLM AM machines are 384 

considered separately. 385 

For the FDM process, the auxiliary energy consumption is consumed by the process of plate 386 

movement, maintaining the plate temperature and nozzle movement, and the energy consumption 387 

of the auxiliary system of the LCD screen and LEDs, which can be described as follows:  388 
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FDM

aux pla hea noz sys= + + +E E E E E . (36) 

Considering the parameters and processing process of the AM part, it can also be expressed 389 

as 390 

       
1 3

lay

1 2 3

FDM

aux mot1 hea mot2 sys

1

= + + +

h h
l

t t t T
E P t dt P t dt P t dt P t dt



       , (37) 

where Pmot1 is the driven motor power of the plate, Phea is the power for maintaining the plate 391 

temperature, Pmot2 is the driven motor power of the nozzle, Psys is the power of the machine 392 

auxiliary system, and T is the part processing time. 393 

For the SLA process, the auxiliary energy consumption for the parts mainly includes the 394 

energy consumption of plate moving, scraper movement, and auxiliary system, which can be 395 

calculated by the following equation:  396 

     
1 3

lay

4 5

SLA

aux mot1 mot3 sys

1

= +

h h
l

t t T
E P t dt P t dt P t dt



 
    , (38) 

where Pmot3 is the driven motor power of the scraper. 397 

For the SLM process, the auxiliary energy consumption includes the energy consumption of 398 

plate moving, scraper movement, power feeding movement, protective gas filling, cooling system, 399 

and auxiliary system, which can be calculated by the following equation:  400 

         
1 3

lay

6 7 8 9

SLM

aux mot1 mot3 mot4 cool sys

1

= + + +

h h
l

t t t t T
E P t dt P t dt P t dt P t dt P t dt



   
      , (39) 

where Pmot4 is the driven motor power of the powder-feeding device, Pcool is the power of the 401 

cooling device, and ∆ti (i = 1–9) is the action time of the corresponding moving parts. 402 

3.3 Energy consumption measurements of different printing modes 403 

An AWS2103S Plus power measurement three-phase power analyzer was used to perform the 404 
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energy measurement of the three kinds of AM machines, which are JGAURORA-A8S (FDM 405 

machine), UNIONTECH-RS3000 (SLA machine), and BLT-S210(SLM machine). This power 406 

meter has an accuracy of 0.5% ± 0.15% of range error and ± 0.15% of sensor error, with a 0.01s 407 

sampling interval. The power consumed for each set of samples can be distinguished through 408 

observations during the part forming processes and using the power-consumption-versus-time 409 

profiles. The consumed electrical energy of each set of samples was calculated by the product of 410 

the power and the time taken for the corresponding set of samples. Because of the two-phase 411 

power input in the three AM machines, a single power measurement mode of the power meter is 412 

selected to conduct the power measurement. The detailed output power date processing of the 413 

power meter is as follows: 414 

In single-phase power measurement, the load voltage and current are simultaneously 415 

measured. A voltage unit and a current unit are used to measure the voltage and current in real 416 

time. The apparent power can be obtained by multiplying the measured voltages U and I, and then 417 

multiplying by the power factor, as shown in Eq. (40). 418 

 t cosP UI  ,  (40) 

where Pt is the measured apparent power and cos φ is the power factor. 419 

The voltage and current signals are digitized to obtain the voltage sequence U[n] and current 420 

sequence I[n], and then the instantaneous power sequence P[n] is obtained. The average value of 421 

the instantaneous power sequence P[n] is the true power value, which is also known as the true 422 

active power Pm. 423 

      *P n U n I n  (41) 
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  1

m 0

n

i
P P n n




 ,  (42) 

where U[n] and I[n] are the measured voltage and current sample sequences in the power meter, 424 

respectively.  425 

In the experiment processes, three kinds of AM machines were used to process the parts 426 

shown in Figure 5 under the process parameters listed in Table 2. The voltage probe was plugged 427 

into the two-phase power inlet of the AM machines to measure the voltage value in real time. The 428 

current clamp was plugged directly into the stripped supply power cable in the power socket exit. 429 

Hence, the energy loss due to the electric transformer was taken into account for the electrical 430 

energy study. The measured instant power data were saved and processed to the power meter 431 

software on a computer. Figure 7 shows the electrical assembly diagram. 432 

Energy 

input

Power meter

A1 A2 A3 V1 V2 V3

C urrent 10A/20A Max Volta ge 500V Max

P

RS232 Cable

Live wire

Zero wire

Ground wire

Power meter

FDM:JGAURORA-A8S SLA:UNIONTECH-RS3000 SLM:BLT-S210

AM equipment

Manufactured AM parts

 433 

Figure 7 Schematic of the experimental testing system 434 
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4 Results and discussion 435 

4.1 Experimental verification of proposed energy quantitation method 436 

The consumed energy of each process in forming the same AM part was measured according 437 

to the energy consumption measurement method for each AM machine. The obtained power 438 

consumption vs. time curves for the FDM, SLA, and SLM machines are shown in Figure 8, Figure 439 

9 and Figure 10, respectively.  440 

For the FDM forming process of a given part, the power variation curve of the machine after 441 

the slice model of the part was imported into the machine system is shown in Figure 8. The power 442 

measurement started while the machine was in standby mode. In this mode, the machine is not 443 

printing; however, a small amount of electrical power is consumed because of the LCD screen and 444 

LEDs. Then, the operator pressed the cycle start button and the warm-up stage began. The first 445 

level of power corresponds to the rising temperature of the heat bed plate. The second level of 446 

power corresponds to the nozzle warm-up. During this second level, the heat bed plate continues 447 

to warm up until the temperature set point is reached. After all the components have finished their 448 

warm-up stage, the forming stage starts. The forming process of a part includes bottom supporting 449 

structure processing, which is mainly used for the connection of parts and plate, and the structure 450 

processing of the part. 451 

For the SLA forming process of a given part, after the processing model is imported into the 452 

AM machine, the processing begins with work platform preparation, as shown in Figure 9. In the 453 

initialization stage, the workbench moves to the highest level of resin to prepare for the part 454 

forming process. The energy consumption in this stage depends on the power of the workbench 455 
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motor and other auxiliary structures of the machine. After that, the part is processed in the next 456 

stage, which includes the forming process of the supporting structure and part structure. Although 457 

there is no cantilever or hollow structure in the designed part, a 3 mm mesh solid support is added 458 

at the bottom of the designed model for easy removal of the part from the workbench and to 459 

ensure the dimensional accuracy of the part. The electrical energy consumed in the part processing 460 

stage is determined by the part volume, build direction, support design, number of layers, and 461 

machine auxiliary energy consumption. After the part has been finished, the workbench moves up 462 

slowly from the resin to the highest position, and then the machine waits. 463 

For the SLM forming process of a given part, after the processing model is imported into the 464 

AM machine, the SLM process begins in a pre-processing stage, as shown in Figure 10. The 465 

pre-processing stage includes pumping out air and filling with inert gas, and an intermittent 466 

cooling cycle of the whole machine. After the pre-processing stage, the processing stage begins 467 

with the formation of the bottom 3 mm mesh solid support and the structure of the part. The 468 

energy consumed in this stage depends on the powder layering, laser scanning parts and supports, 469 

and air pumping and aerating and cooling cycles. The post-processing stage starts after the entire 470 

part is built. The machine is in standby mode in this stage. The electrical energy consumed in the 471 

pre- and post-processing stages is determined by the SLM system and is relatively stable for each 472 

SLM process. 473 

The different AM machines have different processing stages during manufacturing the same 474 

part. Based on the obtained power consumption curves for the three AM processing modes (Figure 475 

8, Figure 9 and Figure 10), the corresponding measured energy consumption 
ex -

AMP

jE  (j = FDM, 476 

SLA, or SLM), which is the energy consumed in the parts forming stage, and the total energy 477 
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consumption of the three different AM processes 
ex -

T

jE , and the corresponding time consumption 478 

are shown in Table 3. The efficiency indicators, including the energy efficiency of the AM 479 

machine 
E

j , and the time efficiency for the AM process 
t

j  can be obtained based on Eqs. 480 

(24)–(27). 481 

 482 

Figure 8 Power consumption vs time for an entire FDM process 483 

 484 

Figure 9 Power consumption vs time for an entire SLA process 485 

 486 

Figure 10 Power consumption vs time for an entire SLM process 487 
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On the basis of the developed energy consumption model of AM parts based on the feature 488 

segmentation method, after all the parameters were substituted into Eqs.(28)–(39), the theoretical 489 

forming energy, 
th-

AMP

jE , was obtained by the models for different processing modes, as shown in 490 

Table 3. The deviation rate ∆Ej between the part processing energy obtained by the models and 491 

experiments can be calculated using Eq.(43). A comparison of the results is shown in Figure 11.  492 

   
th- ex-

AMP AMP

th-

AMP

100% , is FDM,SLA or SLM

j j

j j

E E
E j

E


   . (43) 

Table 3 Energy consumption and efficiency indicators comparison for different AM mode 493 

Processing 

mode 

ex -

AMP

jE  

(kJ) 

th-

AMP

jE  (kJ) 

ex -

T

jE
 

(kJ) 

AMP

j
t  (s) 

T

j
T  (s) ∆Ej 

E

j  
t

j  

FDM 1222.908 1201.899 1361.763 6582.498 8599 1.75% 89.80% 76.55% 

SLA 1840.781 1728.424 2316.870 6349.441 8598 6.50% 79.45% 73.85% 

SLM 23669.116 17948.360 28144.673 20813.919 32855.881 9.02% 84.10% 63.35% 

FDM SLA SLM

0

5000

10000

15000

20000

25000

30000

35000

E
n

er
g

y
 c

o
n

su
m

p
ti

o
n

 (
k

J)

 Experimental energy consumption of AMP

 Theoretical energy consumption of AMP

0%

20%

40%

60%

80%

100% Deviation rate

 Energy efficiency

 Time efficiency

P
er

ce
n

ta
g

e

 494 

Figure 11 Energy consumption and efficiency indicators comparison under different AM technologies 495 
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The comparative results (Figure 11) show good coincidence for different AM technologies 496 

between the part processing energy consumption obtained from the proposed models and the 497 

experiments. The deviation is within the range of 10%, which means that the model catches the 498 

forming principle of the AM process. The energy consumption of the same part processed by 499 

different AM methods is quite different. From the efficiency analysis, it can be seen that the 500 

energy efficiency of the three different AM machines is approximately 80%, among which the 501 

FDM machine has the highest energy efficiency in the parts processing process. However, the time 502 

efficiency of the machines is relatively low: 76.55%, 73.85%, and 63.35% for FDM, SLA, and 503 

SLM, respectively. The time efficiency of the SLM process was the lowest. 504 

4.2 Discussion 505 

4.2.1 Deviation analysis 506 

The comparison of the theoretical and experimental results verified that the developed 507 

models are adequately accurate for the energy consumption prediction of AM parts manufacturing. 508 

However, the process energy in all experimental runs was overestimated, which is a systematic 509 

deviation related to the error of the auxiliary system energy consumption between the calculated 510 

theoretical energy consumption and measured experimental energy consumption. The main reason 511 

is that the power of each energy consumption unit in the auxiliary system fluctuates in the 512 

processing process, and there is a gap between the actual power and its rated power value. The 513 

error between the model and actual energy consumption increases gradually with the number of 514 

energy consumption units in the AM system. The gap between the model and experience can be 515 

further reduced by considering the power fluctuation of the auxiliary energy consumption units. 516 
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In addition, in the development of the theoretical models, some basic assumptions are 517 

essential to simplify the complexity of the calculation, which may cause deviation from the true 518 

energy consumption quantity. In these models, some AMFs with irregular shapes and structures 519 

obtained after segmentation are simplified. For example, the manufacturing features of AMF2 are 520 

simplified into hexahedral manufacturing features in model development, but it is unchanged in 521 

the experimental process, which also causes a systematic deviation. In order to achieve more 522 

accurate models, some correction coefficients could be used to decrease these deviations. 523 

Finally, in the experimental energy consumption measurement, the electrical energy 524 

consumption of the input terminal is measured directly by a power meter. Hence, the energy loss 525 

due to the electric transformer was taken into account for the experimental electrical energy study. 526 

In addition, owing to machine aging, reduced accuracy of the machine control system, the 527 

scanning speed, and the power of the laser could also lead to deviation. 528 

4.2.2 Power consumption feature analysis 529 

From the forming stage of the FDM process, many disruptions can be observed during this 530 

last stage. These oscillations are not generated by the stepper motors. Indeed, values of current and 531 

voltage are the same throughout the forming stage because of the nature of the motors. 532 

Oscillations are generated by the maintenance of the heat-bed plate. Figure 12(a) shows a 533 

zoomed-in section of the forming stage. This physical phenomenon lasts only 1–2 s and is 534 

repeated throughout the forming stage. 535 

From the power consumption vs. time curve of the whole SLA process, it can be seen that the 536 

forming power of the machine is basically stable within a certain power range, and there is no 537 
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large power fluctuation. A zoomed-in section of the SLA forming stage is shown in Figure 12(b). 538 

The reason is that the laser power of the SLA machine is small, and a plate warm-up stage is not 539 

needed. The energy consumed in the whole forming process is mainly determined by the auxiliary 540 

system, stepper motor of each axis, and laser galvanometer motor. Hence, the power fluctuation is 541 

not large in the SLA process. 542 

For the power consumption vs. time curve of the SLM process, the power consumption in the 543 

processing stage shows periodic fluctuations of different frequencies with large amplitude and 544 

small amplitude, as shown in Figure 12(c). Periodic power fluctuations with large amplitudes and 545 

low frequencies are caused by the periodic cooling water circulation of the machine system. The 546 

amplitude of the process is stable, and the cycle period is stable. For small amplitude and 547 

high-frequency power fluctuation, the main reason is the power fluctuation caused by the energy 548 

consumption of laser scanning for each layer of parts, and the cycle of the power fluctuation is 549 

related to the laser scanning time. 550 

 551 

(a)                      (b)                        (c) 552 

Figure 12 Zoomed-in section of power during the forming stage: (a) FDM process, (b) SLA process, (c) SLM 553 

process 554 
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4.2.3 Efficiency improvement methods 555 

Based on the above comparison results of energy consumption and efficiency indicators, it 556 

can be found that although the energy efficiency of AM machines is higher, there is still room for 557 

improvement. Based on power consumption–time curves for FDM, SLA, and SLM machines and 558 

power consumption feature analysis for different AM processes, the following measures can be 559 

taken to improve the energy efficiency and production and processing time energy efficiency of 560 

AM: 561 

(1) Reduce auxiliary energy consumption of equipment. The reason for the relatively low 562 

energy efficiency of the SLA and SLM machines is that their auxiliary energy consumption is 563 

higher. Therefore, for different AM machines, there are different means to reduce the auxiliary 564 

energy consumption. 565 

For the FDM machine, select a reasonable heating plate and nozzle heating temperature, and 566 

optimize the machine cooling system to reduce the energy consumption of the heating and cooling 567 

processes, and reduce the waiting time of the machine. 568 

For the SLA machine, the auxiliary energy consumption caused by too many auxiliary energy 569 

consumption units can be improved by optimizing the equipment structure and simplifying the 570 

auxiliary unit. 571 

For SLM machines, the energy efficiency of the auxiliary equipment of the machine should 572 

be optimized, such as improving the energy efficiency of the equipment cooling system and 573 

reducing the waiting time of the machine.  574 

(2) Reasonable placement design and production batches of the parts. According to the 575 

platform size of different AM machines, make full use of the platform to form multiple parts at a 576 
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time. Selecting parts with similar structures and heights to be processed in a batch can not only 577 

improve the energy efficiency of the equipment, but also increase the effective processing time 578 

and production efficiency of the process. 579 

5 Conclusions 580 

To solve the problem of energy consumption quantitation of complex AM parts and improve 581 

the energy and production efficiency of AM, this paper proposes a feature-based energy 582 

consumption quantitation method and develops a comprehensive model of energy consumption 583 

for complex AM parts. In this strategy, a feature segmentation method is proposed to divide 584 

complex AM parts into typical AMFs. The energy models of each AMF were established to 585 

predict the energy consumption of the whole part. The energy consumption characteristics of a 586 

typical mechanical part manufactured by three different kinds of AM processes, namely FDM, 587 

SLA, and SLM, were studied by the proposed feature-based energy consumption quantitation 588 

method and compared with experimental energy consumption measurements. The results show 589 

that the proposed method can effectively and quickly predict the energy consumption of AM parts. 590 

To clarify the equipment energy efficiency and production efficiency of the three different 591 

technologies, the corresponding energy efficiency indicators were established, and the energy 592 

efficiency and time efficiency characteristics of the three AM processes were analyzed and 593 

compared. Corresponding suggestions and methods to improve the energy efficiency and 594 

production efficiency of AM were proposed. This model allows users to predict the energy 595 

consumption and environmental impact of their AM parts during the product design stage.  596 

Future work will be devoted to integrating the method into the 3D software post-processing 597 
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analysis of different AM machines, so as to realize the energy consumption prediction of different 598 

AM machines before part processing, which can provide a reference and basis for the research of 599 

AM parameter optimization and energy-saving methods for AM machines. 600 
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Figures

Figure 1

System boundary of feature-based energy consumption analysis of additive manufacturing (AM) parts



Figure 2

Schematic view and features of additive manufacturing (AM) system hierarchy



Figure 3

Typical additive manufacturing features (AMFs) and their related parameters

Figure 4

Different object in-�ll patterns: (a) Square-circle; (b) Line; (c) Grid; (d) Triangle



Figure 5

Computer-aided design (CAD) model of the processed additive manufacturing (AM) parts



Figure 6

Manufacturing feature segmentation of processed additive manufacturing (AM) parts



Figure 7

Schematic of the experimental testing system

Figure 8



Power consumption vs time for an entire FDM process

Figure 9

Power consumption vs time for an entire SLA process

Figure 10

Power consumption vs time for an entire SLM process



Figure 11

Energy consumption and e�ciency indicators comparison under different AM technologies

Figure 12

Zoomed-in section of power during the forming stage: (a) FDM process, (b) SLA process, (c) SLM process


