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polymer composites
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In recent years, additive manufacturing (AM), especially large-format additive manufacturing (LFAM),
has gained momentum in the manufacturing industry. While LFAM offers benefits over conventional

. manufacturing processes, such as minimizing material waste and providing vast geometric

. freedom, assessing its sustainability remains challenging due to limited data, particularly on energy

. consumption. Most existing data pertain to small-scale or desktop AM and are not directly applicable

. to LFAM. In this study, we conducted real-time measurements of electricity usage for a type of LFAM

© known as big area additive manufacturing (BAAM), which typically uses fiber-reinforced polymer
pellets as feedstock. We collected electricity usage data from fifteen printing jobs over two months

: in anindustrial production setting. These data fill the existing gap and can be reused to enhance

. the community’s understanding of LFAM electricity usage, support further research, and promote
sustainable development in advanced manufacturing technologies.

: Background & Summary
: Additive manufacturing (AM), or 3D printing, stands at the vanguard of advanced manufacturing'. It lever-
ages computer-aided design and precise control to print near-net shape final parts layer by layer, offering vast
geometric freedom. This process minimizes material waste and has the potential to promote sustainable man-
. ufacturing practices. Most AM systems today are typically desktop or small-scale and primarily used for rapid
. prototyping®. However, the industry is increasingly interested in transitioning from prototyping to manufactur-
© ing end-user products and scaling up to produce large and fully functional items>*. These products have appli-
cations in wide-ranging sectors, including aerospace>®, automotive’~?, energy'®-', construction', tooling!¢-18
and marine'®?.
: Large-format additive manufacturing (LFAM) represents a considerable advancement in AM technology.
© AM systems with a print volume exceeding one cubic meter can be classified as LFAM, which offers higher
. throughput and energy efficiency than desktop systems**~2*. LFAM processes vary based on the material— such
as metal, ceramic, polymer, and fiber-reinforced composites—and technologies employed, including vat pho-
: topolymerization, powder bed fusion, and material extrusion?**. Among these technologies, Big Area Additive
* Manufacturing (BAAM) stands out. Developed by Cincinnati Incorporated and the U.S. Department of Energy’s
: (DOE) Oak Ridge National Laboratory, BAAM features a print volume of more than 26 cubic meters (6 m by
2.5mby 1.8m)".
BAAM demonstrates its high flexibility and throughput by using pellets as feedstock, unlike Fused Filament
Fabrication (FFF) and Fused Deposition Modeling (FDM) systems, which use filaments*. These pellets are typ-
ically fiber-reinforced polymer composites, made by blending discontinuous fibers (typically, carbon fiber (CF)
. and glass fiber (GF); research is also being done on natural fibers, such as wood pulp and flour®®) and thermo-
. plastic polymers, such as acrylonitrile butadiene styrene (ABS), polyphenylene sulfide (PPS), polyethyleneimine
- (PEI), polyphenylsulfone (PPSU), polycarbonate (PC) and Polylactic acid (PLA)?. Since these pellets consist

of short fibers (less than 3 mm)?*%, they provide greater flexibility, allowing them to be formed into complex
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Fig. 1 (a) Image of BAAM system. (b) Schematic of the BAAM system (adapted from!®%7).

shapes. This contrasts with the continuous fiber-reinforced polymers commonly used in conventional manu-
facturing methods like autoclave and pultrusion. Additionally, using pellets can achieve a higher throughput,
enabling the printing of large structures at process rates of up to 50 kg/h*.

As shown in Fig. 1, the BAAM system can be considered a large-scale FDM or FFF system. Before each print-
ing job, feedstock (i.e., pellets) is placed in a desiccant dryer to remove moisture, which can affect the quality of
the final product. The dried pellets are then fed into the hopper, where the rotating single screw extruder and
external heating barrel generate heat to melt the pellets. The screw pushes the molten pellets, which are then
extruded through the nozzle. At the same time, the gantry drive controls the x and y directions, while the heating
bed controls the z direction to form the final parts. The parts are printed on a constant temperature heating bed,
typically consisting of an aluminum table covered by an ABS sheet. To ensure high-quality printing, BAAM’s
operational parameters—such as nozzle diameter, screw speed, heating barrel temperature, gantry travel speed,
pellet feeding rate, heating bed temperature, and other variables—are carefully selected and controlled based on
the different feedstock materials and the geometry of the final product®?*3!.

Existing literature on energy consumption and sustainability analysis of polymer-based AM mainly focuses
on desktop or small-scale systems**-**, with limited studies addressing LFAM or BAAM. Gutowski et al. explored
the relationship between process rate and energy intensity across various manufacturing processes, demonstrat-
ing that BAAM can substantially reduce electricity consumption compared to conventional FDM technologies
thanks to its higher process rate, which is comparable to mass production methods such as injection molding*.
Kulkarni et al. performed a comparative life cycle assessment (LCA) of injection molding and BAAM to pro-
duce NdFeB-bonded permanent magnets*’. Subsequently, Zhou et al. conducted a techno-economic assessment
(TEA) using injection molding and BAAM to manufacture the same type of permanent magnet*®. Notably,
Kulkarni et al. utilized energy consumption data from a similar but smaller-scale AM process as a proxy for
BAAM. Moreover, the studies by Gutowski et al. and Zhou et al. relied on data for BAAM from the U.S. Electric
Power Research Institute (EPRI) in 2014. However, this data is limited to a single point and lacks material spec-
ification and operational parameters*. To the best of our knowledge, no studies have provided updated and
detailed energy consumption data for LFAM since 2014, especially BAAM. To thoroughly explore the sustain-
ability of evolving advanced manufacturing technologies, more recent and comprehensive data are essential.

To help bridge the data gap in energy requirements for LFAM, we conducted real-time measurements for a
BAAM system over two months in an industrial production setting. This effort resulted in a database containing
fifteen datasets of electricity use across different printing jobs. These printing jobs encompass a range of feed-
stock materials, including CF and GF reinforced with different polymers such as ABS, PEI, and PC, as well as
parts of varying sizes and geometries.

Here, we present these datasets, which are valuable for promoting sustainable development in the field of
advanced manufacturing technologies. We believe these datasets can help the community pave the way towards
a better understanding of LFAM's sustainability, provide a benchmark for validating the technology, and improve
the energy efficiency of the manufacturing process. Furthermore, these datasets can be used in assessment tools
that support decision-making, such as LCA and TEA. In this paper, we will thoroughly describe the data collec-
tion process and analysis of the data.
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Fig. 2 Main components of BAAM and the measurement setup.

Methods
Our measurements were taken at Additive Engineering Solutions (AES)’ manufacturing facility, located in Ohio,
USA, for one of its BAAM systems. The data collection period spanned from June 2023 to August 2023.

Figure 2 shows the main components that require electricity during the operation of the BAAM system and
the measurement setup. Since BAAM is an integrated system, it is challenging to measure each component
individually, such as the drive motor, gantry, and external heating barrel. Therefore, we measured the electricity
usage at the main cables in the main breaker box, which supply power to all components of the BAAM system.
Others may use our data to study and break down energy consumption in further detail (See Usage Notes
Section).

We used Onset HOBO current clamps and installed them in the main breaker box (shown as Measurement
Set 1 in Fig. 2). The BAAM power supply system is an industrial three-phase voltage system and with three
cables. Due to space limitations, we installed clamps on only two of the three-phase cables, using one clamp
per cable. One clamp, configured as a CT'V-B 50 A, has a maximum current measuring capacity of 50 A, and
the other, configured as a CTV-C 100 A, has a maximum current measuring capacity of 100 A. We selected
this configuration to avoid potentially exceeding the clamps’ maximum measuring capacities during different
print jobs (the maximum current on the nameplate of this system is 120 A). These clamps were connected to an
Onset HOBO 4-channel analog logger (UX120-006M), with the measurement interval set to 10 seconds. This
setup was kept in place and maintained continuously throughout the two-month measurement period without
any interruptions. At the end of this period, we extracted the data from the analog logger using the HOBOware
software™.

The BAAM system operates based on job requirements and was not continuously running (24/7). We only
reported the electricity usage from the start to the end of each printing job, excluding periods such as machine
startup, warm-up, idle time, sample printing parts, cooldown, and maintenance (See Data Record Section). The
mass of each printed part was measured directly at the end of manufacturing. The voltage provided by the man-
ufacturing facility was assumed to remain constant at 460 V throughout our measurement period. The power
factor (PF) for this manufacturing facility was assumed to be 0.9.

First, the electricity usage for each print job, as measured by a single clamp, is calculated using Eq. 1. Then,
the final electricity usage is determined by averaging the values obtained from both clamps.

E=3" I x VxXPFx3 xt (1)

where I is the current measured for each 10-second interval; V is the voltage, which is 460 V; PF is the power
factor, which is 0.9; and ¢ is the interval, which is 10 seconds.

Moreover, specific energy consumption (SEC) is a metric, typically expressed as an average value, used in
manufacturing to measure the energy consumed per unit of production output*®>*2, Here, we quantify the SEC
by dividing the calculated electricity usage per printing job by the total weight of that job (Eq. 2).

E
SEC = —
m @

where E is the final calculated electricity usage per printing job and m is the weight of that job.
The desiccant dryer is a separate system and is not part of BAAM. Beyond the BAAM measurement, we also

applied the same method and measured the current of the desiccant dryer using one clamp (CTV-B 50 A), as
shown as Measurement Set 2 in Fig. 2. For more information, see Data Records and Usage Notes.
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Fig. 3 Current profiles for each printing job of the BAAM system, with the profiles for Clamp 1 (50 A) and
Clamp 2 (100 A) differentiated by color.

Data Records
The dataset is available at the Figshare repository (https://doi.org/10.6084/m9.figshare.26311921.v2%). The file
is in XLSX format and contains a total of twenty sheets.

The first sheet, “Meta Data,” includes essential information regarding each printing job (Job 1 to Job 15), such
as date, start time, end time, duration, feedstock material, product weight, bed temperature, melting tempera-
ture, layer thickness, bead width, part geometry, extrusion and gantry speed. Moreover, it shows the calculated
results for the processing rate, total electricity usage, and SEC for each print job based on Egs. 1, 2.

From the second to the sixteenth sheet, labeled “Job 1” to “Job 15,” detailed current data for each printing job
are recorded separately from the two clamps at 10-second intervals. The current profiles for each printing job
are shown in Fig. 3.

The next sheet, labeled “Raw Data_BAAM,” aggregates all the raw current data for both clamps. This sheet
shows the continuously recorded current from the beginning of the measurement setup to the end of the meas-
urement period. It should be noted that even outside the reported operation period for BAAM, the current
value may not be zero for some periods. This may be due to machine startup, warm-up, idle periods, printing
sample parts, cooling, and maintenance. However, detailed information about these periods is not included in
our database.

The last three sheets provide the electricity usage data for the desiccant dryer. The ‘Desiccant Dryer Summary’
sheet includes essential information for two drying jobs: start time, end time, duration, and the drying mate-
rial. It also provides statistical information on the current values, including the minimum, interquartile range,
maximum, mean, and standard deviation. The ‘Desiccant Dryer-PC 20GF’ and ‘Desiccant Dryer-ABS 20CF
sheets contain detailed current data for drying polycarbonate with 20% glass fiber (PC-20GF) and Acrylonitrile
Butadiene Styrene with 20% carbon fiber (ABS-20CF) feedstock materials, respectively.

Technical Validation

First, the measurement setup was maintained continuously throughout the two-month period without any
interruptions, and we accurately recorded the start and end times of each printing job. Therefore, there is no
missing data in our database.

Second, the manufacturer’s specifications indicate that the accuracy of the current clamps and analog logger
is +2.1%, which falls within our acceptable range™*.

Third, the current data recorded by both clamps did not exceed the lower maximum capacity of 50 A, verify-
ing that all obtained current data were valid except for Job 7, where the maximum current recorded was 56.72 A
from the clamp with a maximum capacity of 100 A.

Fourth, Table 1 shows the statistical summary of current values for each printing job. We note that there are
some variations in the values (i.e., maximum, minimum, and mean) measured by these two clamps. These var-
iations could be attributed to the load imbalance caused by the intermittent operation of BAAM components,

SCIENTIFICDATA|  (2024) 11:1362 | https://doi.org/10.1038/s41597-024-04240-w 4


https://doi.org/10.1038/s41597-024-04240-w
https://doi.org/10.6084/m9.figshare.26311921.v2

www.nature.com/scientificdata/

Clamp 1-50A (A) Clamp 2-100A (A)
Standard Standard
Job | Minimum | 25% percentile | 50" percentile | Maximum | Mean deviation | Minimum | 25" percentile | 50 percentile | Maximum | Mean | deviation
1 0.4746 3.5080 7.2541 21.0529 8.0295 4.7236 1.6938 7.1382 9.7566 24.3595 10.7452 | 4.4616
2 1.3588 3.2898 4.0414 12.8321 4.4809 1.7258 0.2884 1.8326 2.3293 12.1218 29516 1.7731
3 1.4603 2.9290 3.5470 16.0838 4.5908 2.5682 0.3876 1.7419 2.0493 17.0565 3.3922 | 29112
4 1.5389 3.2624 3.8625 8.8815 4.1760 1.2214 0.3799 2.1611 2.6345 10.8659 3.0312 1.4146
5 1.1070 7.4935 9.9627 37.9225 10.7956 4.3782 0.0885 5.3422 9.1081 36.0906 9.6886 5.0394
6 1.3779 4.6853 5.7153 27.0436 8.2052 5.3275 0.3174 3.4161 3.9246 30.7836 7.1841 6.1286
7 1.3802 7.3198 12.9641 49.9992 17.4515 12.8189 0.3601 5.8221 10.0160 56.7193 16.7007 | 14.4434
8 1.8006 9.5846 13.1327 46.5988 16.7009 9.6106 0.4456 7.8504 13.2189 48.2994 16.0990 | 10.5033
9 1.3596 3.6572 4.2828 12.6780 4.7704 1.7704 0.2747 1.9276 2.4606 10.9468 2.9947 1.7064
10 | 1.3817 5.5345 8.6389 31.0323 10.3305 5.8294 0.3403 3.6046 6.6064 29.1981 8.7523 6.1471
11 1.3939 5.5743 8.6370 21.7807 9.0933 4.0961 0.3372 3.7797 6.7598 22.9267 7.9149 4.8554
12 [ 1.4343 4.8585 5.3956 12.3545 5.2610 2.0278 0.3037 2.9652 3.4257 9.6986 3.6294 | 2.0515
13 | 1.4519 4.8314 5.6443 11.8509 5.7660 1.8579 0.3571 3.0919 3.3661 10.6310 3.6132 1.5345
14 | 1.3672 4.4915 5.0008 13.2670 5.4524 1.9233 0.3037 2.7970 3.0335 11.7739 3.3337 1.5229
15 | 1.4183 4.5525 5.1362 13.2326 5.5571 1.6108 0.2853 2.8290 3.2098 10.9483 3.5945 1.4311

Table 1. Statistical summary of current values for each printing job.

Source Process rate (kg/h) | SEC (kWh/kg)
10.2% BAAM: 1.2%
Literature 22.68-29.48% FDM/FFF:
36.28%¢ 11.4-78.0%%
Our measurement 9.5-32 0.1-0.5

Table 2. Reported process rates and specific energy consumption values from the literature for comparison
with our measurements.

0.6

04

18.83

Value

0.0

Process rla’(e (kg/h) SEC (kIWh/kg)

Fig. 4 (a) Process rate of BAAM and (b) Specific energy consumption of BAAM. In each panel, the right side
shows the boxplot, and the left side shows the data distribution. Boxplots indicate 50% of the results, whiskers
show the 10 and 90" percentile, black bars within the boxes represent medians, and squares denote the means.

which are controlled by the program. Therefore, we averaged the calculated values of electricity usage, derived
from the current values obtained from both clamps, to provide a more accurate measure of overall electricity
usage for each print job (see Eq. 1).

Finally, we calculated the process rate and SEC values, with their distribution shown in Fig. 4. These metrics
were then compared with the ranges reported in existing literature (Table 2). Due to variations in part geometry
and feedstocks for different printing jobs, the calculated process rates ranged from 9.5 to 32kg/h, with a median
of 18.83kg/h. This range aligns with the values reported in the existing literature. Similarly, the calculated SEC
values ranged from 0.1 to 0.5 kWh/kg, with a median of 0.24 kWh/kg. Notably, all our SEC values are lower than
those of desktop or small-scale FDM/FFF systems and are also less than the only reported value for BAAM in
the existing literature, which is 1.2 kWh/kg from a 2014 study®. In the 2014 BAAM study, the measurement
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system boundary was not clearly defined, and the data was outdated. Our lower SEC values may be attributed to
technological advancements since then, such as increased system energy efficiency.

Through the above analyses and validation procedures, we confirmed that our datasets were reliable and
accurate.

Usage Notes

The geometry of the parts, selected feedstock material, and operational parameters, such as nozzle size, screw
speed, and temperature setting, can substantially affect the electricity use of the BAAM system. Our datasets
could serve as a cornerstone for further BAAM energy consumption analysis. Researchers may utilize our data
to break down energy consumption by components in greater detail, such as through Fourier analysis. This can
enhance our understanding of BAAM subcomponents, pinpoint energy consumption hotspots, and improve
overall energy efficiency.

Similar to the study conducted by Gutowski*, these datasets can be used to derive empirical models that
explore the relationship between energy intensity and process rate across different feedstocks. Such models ena-
ble comparisons between the BAAM system and other manufacturing processes, helping practitioners identify
the most appropriate manufacturing approach for specific needs. Furthermore, assessment tools that support
decision-making, such as LCA and TEA, are heavily reliant on data. Our study fills the existing data gap in
energy requirements for LFAM. Practitioners can use our database to verify the economic feasibility of BAAM
and compare its environmental impact with conventional manufacturing methods for the same product.

It is important to note that the data collected for BAAM in this study was not obtained from a controlled
experiential setup. Instead, it reflects the actual electricity usage in industrial production, determined by
customer-specific requirements and encompassing varying geometries. The measurements for 15 print jobs
represent a typical range of customer orders in real-world scenarios. Data users can refer to the geometry fig-
ures provided in the data repository to better understand the range of geometries and make informed decisions
accordingly.

One limitation of this study is that we were not able to collect data for printing the same shape while system-
atically varying operating parameters, such as printing trajectories, gantry travel speed, extrusion parameters
(e.g., screw speed, temperature), number of layers, layer thickness, and nozzle size. Addressing this limitation
in future research could provide deeper insights into how these parameters influence energy consumption.
Additionally, future studies could expand the dataset to include a wider range of feedstocks and design variables
(e.g., part geometries).

While we measured the electricity usage of the desiccant dryer, this data was excluded from our overall
energy usage calculations for BAAM systems due to challenges in standardizing its measurements. In industry
practice, feedstock materials are typically dried for several hours before each print job to minimize moisture
content. At AES, the desiccant dryer runs continuously during printing jobs, with electricity usage determined
as a function of printing time rather than product weight (e.g., SEC). Additionally, variations in moisture con-
tent, such as those caused by storage conditions, further complicate the standardization of measurements.

Similarly, post-processing operations, such as multi-axis CNC machining required to meet final resolution
requirements, were excluded from these datasets. These operations are often necessary due to inherent limita-
tions in the quality, resolution, and consistency of printed parts®. However, post-processing energy usage varies
significantly depending on part geometry and the degree of finishing required, making it challenging to stand-
ardize within the scope of this study.

To provide a more comprehensive perspective, future research could examine the entire advanced manufac-
turing pathway, including processes such as feedstock material drying, LFAM, and post-process CNC machin-
ing. This approach would enable the assessment of both the energy demands of individual processes and the
cumulative energy required to manufacture final parts, contributing to sustainable advanced manufacturing
practices.

Code availability

No code was developed for this work.
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