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- ] Summary
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conventional manufacturing Impellers are the core components of turbomachinery in petrochemical and aeronautical
environmental impact engineering. In addition to conventional manufacturing (CM), additive manufacturing (AM)
impeller and remanufacturing (RM) can also be used in impeller production. This article presents a life

life cycle assessment cycle assessment method comparing the environmental impacts of different impeller manu-

facturing methods, including plunge milling (CM), laser cladding forming (AM combined with
CM), and additive remanufacturing (RM). Results show that RM is the most environmentally
Supporting information is linked favorable option, followed by AM and CM, in terms of global warming potential (GWP),

to this article on the JIE website Chinese resource depletion potential (CADP), water eutrophication potential (EP), and
acidification potential. However, AM is not always more environmentally friendly than CM.
The comparison of impeller production by CM and pure AM, in this case, indicates that
the environmental burden of production using pure AM is approximately twice than that
of CM. Compared with CM, the RM of impellers would reduce GWPR, CADP and EP by
64.7%, 66.1%, and 75.4%, respectively. The results of this study contribute to a scientific basis
for the selection of manufacturing methods and the sustainable manufacturing of impeller
production enterprises.

remanufacturing

Introduction Fang 2015). Therefore, mitigating energy-related emissions will
L benefit China and the whole world considering such a level of
The manufacturing industry consumes the largest amount of ) ) :
energy and accounts for a substantial share of 38% for global consumption. Energy shortage, resource depletion, and environ-
carbon dioxide (CO;) emission (Zhu et al. 2015). According to
the International Energy Agency (IEA), China, a major global
economy, is the largest CO; emitter around the world. China
contributes 28% to global CO; emission (IEA 2015). Given

the country’s rapid economy development, the manufacturing

ment deterioration are inevitable obstacles that hinder manu-
facturing activities. Many rigorous policies have been imple-
mented to compulsorily constrain the atmospheric emissions,
effluents, and solid wastes. Cleaner production and circular
economy development are highly advocated to reduce pollu-
tion from sources (NDRC and SEPA 2007). The increase of

sector of China directly or indirectly consumes over 50% fos- ) ) .
public environmental consciousness, legal pressure, and market

sil fuel in electricity utilization and heat generation (Yan and
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competition push manufacturers to seek sustainable develop-
ment. Managers and engineers should consider all the three
aspects: economic, social, and environmental impacts (Zhang
and Haapala 2015).

Many innovative technologies emerged in the impeller man-
ufacturing industry. These technologies aimed to advance sus-
tainable manufacturing. The impeller is a typical difficult-to-
machine component with twisted and thin blades. The design
level and manufacturing quality of the impeller are decisive fac-
tors that influence the operation of the entire equipment. Cur-
rent mainstream impellers production is still CM and has been
studied by many researchers (Chuang and Young 2007; Han
et al. 2015; Young and Chuang 2003). At present, AM is also
applied to impeller production (Calleja et al. 2014; Ferndndez
et al. 2015). Impeller RM has received extensive attention as
well (Bi and Gasser 2011; Wilson et al. 2014). As defined by
the American Society for Testing and Materials, AM is “a pro-
cess of joining materials to make objects from 3D model data,
usually layer upon layer, as opposed to subtractive manufactur-
ing methodologies” (Frazier 2014, p. 1917). The process has
significant potential for improving the efficiency of materials
and reducing environmental impact (Huang et al. 2015). The
comparison of environmental impact between the CM process
and the AM process has been explored by many researchers.
A framework for the evaluation of environmental impact was
proposed to guide commercial vehicle manufacturers in pre-
dicting environmental loads (Burkhart and Aurich 2015). In
order to further develop a design for sustainable additive manu-
facturing, an environmental impact predictive model had been
established (Le Bourhis et al. 2014). Serres and his coauthors
conducted an environmental comparison of direct additive laser
manufacturing and conventional machining through life cy-
cle assessment (LCA); they concluded that the additive laser
manufacturing was time-intensive, but it reduced resource con-
sumption and human health damage by approximately 70%
(Serres et al. 2011). Huang and colleagues estimated the pri-
mary energy demand and the greenhouse gas emission (GHG)
of AM for lightweight aircraft components; they identified the
environmental benefits provided by shifting the manufacturing
model from CM to AM. This shift showed that most of the
energy conservation stems from much less fuel consumption
during usage due to the lighter weight of AM parts, especially
the furnishings and equipment system components. AM also
demonstrates energy and material saving in other areas beyond
airplane parts (Huang et al. 2015).

AM could consume more energy than CM when manufac-
turing the same components (Huang et al. 2013). The specific
energy consumption (SEC) of AM is higher than that of tra-
ditional bulk forming process by approximately 100 times and
is also higher than that of conventional subtractive processes
(Yoon et al. 2014). The comparison of environmental impact
between AM and CM changes significantly with different types
of components (Rajemi et al. 2010; Serres et al. 2011). This
study explores the following questions. [s the superiority of AM,
also called “the third industrial revolution,” overemphasized
from the perspective of environment? What are the influence
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factors of environmental loads on AM? Those questions remain
unanswered.

Only a few reviews on comprehensive environmental im-
pact have compared the impellers manufactured by AM, CM,
and corresponding RM methods. To overcome this research
gap, the present study established an LCA model of differ-
ent impeller production methods and compared their environ-
mental impacts. The assessed production methods include CM
via plunge milling, an AM route combining a blown pow-
der deposition process with machining, and RM. A pathway
in which the entire impeller is manufactured with AM, re-
ferred to in this paper as “pure AM,” is also considered. The
impeller under study is manufactured with titanium alloy ma-
terial and its three-dimensional (3D) model is presented in
figure 1. Results of this article will offer guidance to the de-
signers and engineers to integrate the environmental dimen-
sion into the initial impeller design phase and the manufactur-
ing operation scheduling. It will also provide a scientific basis
for selection of impeller manufacturing methods and poten-
tial improvement of environmental performance of AM, RM,
and CM.

This article is divided into five sections. Following this in-
troduction, the next section illustrates technical backgrounds
on three manufacturing methods (AM, CM, and RM; general
procedures are presented in figure S2 in the supporting infor-
mation available on the Journal’s website) as well as relevant
data on impeller manufacturing. In the section following, the
LCA methodology is applied to determine the environmen-
tal impacts and make comparisons. In the next section, the
environmental impacts of pure AM and CM are compared.
The conclusions and perspectives are summarized in the final
section.

Impeller Manufacturing Methods and
Data

Conventional Impeller Manufacturing

The CM method is still the mainstream for impeller pro-
duction in order to guarantee quality. CM generally refers to
the machining processes in a subtractive way. Before machin-
ing, casting and forging are exploited to obtain the workblank.
Then conventional manufacturing technologies, such as turn-
ing, milling, planing, drilling, and grinding, are utilized to re-
move the extra metallic layers until reaching the form and
position precision by a series of rough and finish machining
processes. The metal removal processes can be implemented
through mechanical force like the cutters exerted on the work-
blank and nonmechanical force such as the optics and elec-
tricity in the laser machining and electrosparking, respectively.
Titanium alloy impeller has wide industrial applications due
to its high strength and corrosive resistance. But the titanium
alloy is recognized as difficult-to-machine material because of
its high chemical activity and low thermal conductivity. On
account of the material removal efficiency and suitability for
complex surface machining, plunge milling is often selected for
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Figure | Impeller selected for this study. mm = millimeters.

the rough machining of impellers (Han et al. 2014). Utilizing
the computer numerical control (CNC) machining center and
dynamometry system, Ren and colleagues conducted a research
on plunge milling process for titanium alloy and established
the empirical model of cutting force calculation based on
an orthogonal experiment with three factors and four levels
(Ren et al. 2010). Plunge milling process comprises four es-
sential elements: milling speed (v.); feed (f;); cutting depth
(ap); and cutting width (w). The materials removal rate of
the plunge milling process is determined by the formula below
(equation 1):

ap X WX v X2 X f,

7 xD (1)

Q:

where Q: removal rate of matter (cubic millimeters per minute
[mm?/min])

ve: milling speed (millimeters per minute [mm/min])

ay: axial cutting depth (mm)

w: radical cutting width (mm)

f.: feed engagement (millimeters per cutter teeth [mm/z])

2 amount of cutter teeth
D: diameter of the cutter (mm)

Given the constraints, such as cutting temperature and al-
lowable deflection of cutter cited from the report of Ren and
colleagues (2010), the related value of milling parameters are
summarized in table 1. In finish milling, finishing allowance
is 0.5 mm for the integral impeller based on analytic comput-
ing (Zeng 2012). The material removal rate of rough milling
and finish milling are determined as 13.9 cubic centimeters per
minute (cm?/min) and 1.6 cm?®/min, respectively, according to
equation (1). Volumes of impeller during the plunge milling
process are obtained through the computer-aided manufactur-
ing (CAD) model. The machining time during the relative
procedure is calculated by dividing the volume difference of
adjacent milling stages by material removal rate. The volume
re presented in

Y

In order to calculate the energy consumed in the milling
process, it requires the milling velocity in three directions and
their relevant cutting force. The empirical model of cutting
force is established according to principles of metal cutting and
curve fitting of experimental data. Cutting forces of plunge
milling for titanium alloy in three dimensions are illustrated
in equation (2) (Ren et al. 2010). Then, the plunge milling
power is determined through the aggregation of each directional
cutting force multiplying corresponding milling velocity in its
orientation. Since the cutting depth is constant for a single
process, the milling velocity in this direction is zero. In addition,
the feed rate is quite small compared with milling speed. Nearly
all the energy consumption is caused by rotation movement
that is the milling speed v, (Liu et al. 2015). Consequently,
only v, and principal cutting force (Fy) are considered in the
present study to calculate the power consumption as indicated
by equation (3).

F, = 986.28ag'861 f10.602 vc—0.073

Fy — 539_51ag.595 fZO.SZSUC—O.OIZ (2)
F, =306 90‘1117.039}(0.2311)—0.045
. X .
p_ F, x v, 3)
n

where, F,, Fy, and F, are principal cutting force, back force,
and feed force; these cutting forces belong to the direction of
Ve, dp, and w, respectively. P is the power of the plunge milling
(cutting unit), and 5 is the energy efficiency of cutting unit,
which generally ranges from 0.5 to 0.9 and it is fixed at 0.7 in
the present study. It also has to be noted that P in equation
(3) is consumed by metal milling alone and accounting for only
10% to 30% of total power of CNC (Li et al. 2014); specifically,
the ratio of energy consumption of cutting unit to that of the
whole CNC machining center is fixed at 10% in the energy
calculation for conservative estimation.

Another important input of milling system beside electricity
is the cooling/lubrication fluid (CLF). The majority of CLFs are
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Table | Data summary related to conventional manufacturing

Categories Parameters Values
Machining parameters Milling speed v, 113.1 m/min
Axial cutting depth a, 4.3 mm
Radical cutting width w 10 mm
Feed engagement f, 0.09 mm/z
Amount of cutter teeth y 2
Diameter of the cutter D @20 mm

Material removal rate Q

13,932.3 mm’/min

Volumes during milling Volume of workblank 8,677.9 cm’
Volume after rough milling 2,858.0 cm?
Volume of final impeller 2,726.6 cm?®
Removal amount of rough milling 5,819.9 cm’
Removal amount of finish milling 131.4 cm’
CLF (Pusavec et al. 2010) Flow rate 4 L/min
CLF usage 1,000 L/annual
Machining hour per year 2,112 h/annual
CLF composition (Pusavec et al. 2010) Qil 20%
Anionic surfactant 9%
Nonionic surfactant 11%
Water 60%
Transportation distance to workshop Remelting site 18 km
CLF supplier 40 km
Workblank supplier 300 km
Machining energy Power of rough milling 14.46 kWh
Power of finish milling 2.27kWh
Time of rough milling 6.96 h
Time of finish milling 59.87h
Total consumed energy 236.55 kWh

Note: CLF = cooling/lubrication fluid; m/min = meters per minute; mm = millimeters; mm/z = millimeters per cutter teeth; mm

3

3 = cubic millimeters;

cm’ = cubic centimeters; L/min = liters per minute; h = hours; km = kilometers; kWh = kilowatt-hours.

produced from nonsustainable crude oil extraction and often
recognized as not biodegradable. CLFs generally contain toxic
additives and may severely damage the soil and water sources
if handled inappropriately (Pusavec et al. 2010; Debnath et al.
2014; Zhang et al. 2012). Both storage and disposal of CLFs are
hazardous and special chemical or physical treatments should
be conducted to eliminate the toxic elements inside (Debnath
etal. 2014; Jiang et al. 2015). The CLF recycling system in CNC
is motivated by a 500-watt pump providing 0.2 megapascals of
pressure and flow rate of CLF in the range of O to 8 liters per
minute (L/min). Compositions of oil-based CLF is presented in
table 1.

The workblank of the impeller is a casting part. And con-
sumed energy in casting process is estimated by multiplying
the SEC with the mass of workblank. As the International
Reference Life Cycle Data System (ILCD) handbook suggests
using information from similar processes or regions with simi-
lar process operation or older data under the condition of data
gaps (IES 2010), SEC of H13 tool steel casting, 1.87 mega-
joules per kilogram (M]/kg) (Morrow et al. 2007), can be used
to replace that of titanium alloy since the difficulty of data

collection. The melting point of titanium alloy is generally
lower than that of pure titanium (about 1,670°C). Given that
H13 (4Cr5MoSiV1) has a high melting point of 1,350 to
1,500°C (Chen 1994), the SEC of H13 tool steel and tita-
nium alloy can be similar considering the detailed elements
and different foundry equipment. All the chips removed from
the workblank in the milling process are transported to nearby
iron and steel plants for remelting. And the distance between
workshop and iron and steel plant is 18 kilometers (km) mea-
sured through an electronic map. We assume the raw materials
are transported from Anshan Iron and Steel Group Corpora-
tion, the largest iron and steel company in northeastern China,
which is 300 km from the workshop.

Additive Manufacturing for Impellers

Unlike the subtractive manufacturing method, AM is fea-
tured with building up components by joining materials layer
and layer (Frazier 2014). It does not require conventional cut-
ting tools, fixtures, and multiple machining processes and en-
ables efficient manufacturing for complex shaped components.

Peng et al., Environmental Comparison of Impeller Manufacturing S219
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Figure 2 (a) Schematic diagram indicating the laser cladding process. (b) Constitution of laser cladding forming.

This characteristic enables AM to greatly alleviate manufac-
turing constraints and significantly broaden the design freedom
(Yang and Zhao 2015). According to the material consumed,
AM can be classified into three types: liquid based, solid based,
and powder based (Wong and Hernandez 2012). In the present
study, impeller was manufactured by laser cladding forming,
which belongs to directed energy deposition (DED) processes.
DED focuses energy into a narrow region to melt material,
which is deposited into the melting pool of substrate (Gibson
etal. 2015). In light of laser cladding forming, the metallic pow-
ders are projected into the laser beam and subsequently fused
and deposited onto the substrates to reach metallurgical bond-
ing between contiguous layers. The substrates can be either a
flat plate or shaped part on which new additional geometries are
fabricated. In this process, a deposition head, typically an inte-
grated combination of inert gas tube, sensors, and powder nozzle,
is utilized to deposit materials. A schematic diagram of inves-
tigated AM is presented in figure 2a to indicate the deposition
process. The constitution of the laser cladding forming is shown
in figure 2b. Laser cladding forming enables near-net-shape pro-
duction so that the shape and size of initial parts are close to
the final net component to avoid rough machining. The ma-
jority of chips during the entire impeller production process are
produced in the rough milling process. The laser cladding sys-
tem is comprised of six primary units: laser device; mechanical
arm; water-cooling machine; compressor; control cabinet; and
powder feeder. Their energy- and materials-related parameters
are tabulated in table 2. It can be seen that the water-cooling
machine and control cabinet are the main contributors to the
energy consumption of AM system. The velocity of nozzle is
6 mm per second (mm/s) when melting the powder while 50
mm/s when not melting. The dimension of one deposition layer
is 4 mm wide and 0.3 mm high. If the height per layer is too
thick, it would influence the bonding strength between layers.
Conversely, if the layer is too thin, it would be energy-intensive
and time-consuming to complete the work. After cladding one
layer, the nozzle will move to the starting point to begin another
layer, which would ensure sufficient cooling of the cladding

$220 Jotrnal of Industrial Ecology

Table 2 Data summary related to additive manufacturing

Categories Parameters Values
Laser cladding system Rated power of laser device 1 kW
Rated power of mechanical 3.2 kW
arm
Rated power of 6 kW
water-cooling machine
Rated power of compressor  0.52 kW
Rated power of control 7.8 kW
cabinet
Rated power of powder 0.09 kW
feeder
Powder feed rate 0.133 gfs
Urtilization ratio of powder  70% to 80%
Flow rate of argon 10 L/min
Powder production Efficiency 92.5%
(Serres etal. 2011)  Time for per kg 3.6 min
Gas flow rate 3m’/h
Blades of impeller Volume of a blade 12.7 e’
Amount of blades 8
Transportation to Workblank supplier 300 km
laboratory Metal powder supplier 12 km
Argon supplier 11 km
Energy consumption  Blades manufacturing 39.7 kWh
Substrate casting 6.1 kWh
Powder production 0.6 kWh
Aftertreatment 31 kWh

Note: kg = kilograms; kW = kilowatts; g/s = grams per second; L/min =
liters per minute; min = minutes; m>/h = cubic meters per hour; cm® =
cubic centimeters; km = kilometers; kWh = kilowatt-hours.

layer. In this nozzle movement process, the laser device and
powder feeder would have a pause.

The primary input material of AM system investigated is
the metal powder. Currently, many methodologies can be used
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for metal powder production, such as molten salt electrolysis,
sponge iron process, metallothermic reduction, and atomiza-
tion. Owing to the high productivity and powder quality, at-
omization is the most commonly utilized technology (Burkhart
and Aurich 2015). In the atomization process, the titanium
alloy is heated until reaching its melting point in the cru-
cible. Then, the drop flow of metallic fluid is disintegrated by
high-speed inert gas (argon) and congealed during its flight
and fall down as metal powder. The SEC with regard to atom-
ization process is studied by many researchers and range from
0.27 kilowatt-hours per kilogram (kWh/kg) to 0.65 kWh/kg
(Serres et al. 2011). Relevant data about 1 kg of powder pro-
duction in atomization process is listed in table 2.

The impeller studied can be decomposed into two parts: an
entity of circular truncated curve cone (substrate) and eight
blades. The former one is produced by precision casting and
blades are cladded on this entity by AM to form a rough im-
peller. Subsequently, the rough impeller should go through a
series of aftertreatment like precision milling and heat treat-
ment. Aforementioned, AM is widely recognized as an efficient
way for complicated or difficult-to-machine components pro-
duction. Considering the complex geometry of blades and the
simple shape of substrate, those two parts are fabricated in sepa-
rately manufacturing methods in which substrate is produced by
CM and blades by AM. Therefore, in this section, the impeller is
actually produced by AM in combination with CM, which, for
the ease of reading, is also abbreviated as AM. Energy consump-
tion of the substrate and aftertreatment are determined by mul-
tiplying the mass with relevant SEC. Casting SEC of foundry
and finish machining SEC in aftertreatment are 1.87 M]/kg
and 600 M]J/kg, respectively (Yoon et al. 2014; Gutowski et al.
2009). Data on workblank of the substrate as well as the re-
moved material in aftertreatment processes are determined by
the CAD model. Additionally, energy for the blades manufac-
turing is roughly calculated by multiplying the working time
with relevant rated power of the six units in laser cladding sys-
tem as depicted earlier. Energy data obtained in this manner are
not quite accurate since the power of the equipment fluctuates
during the working time, but the rough data in this study are
also representative to reflect the energy consumption in LCA
cases (Shi et al. 2015). The nethermost side of table 2 presented
the summary of energy consumption related to AM.

Additive Remanufacturing for Impeller

RM is the process as restoring the degraded component to
the original working performance at least not worse than the
newly manufactured equivalency. Thus, the residual value of
the extraction and refined materials or processes can be retained
(Ijomah et al. 2007). Some typical procedures in RM include
disassembly, cleaning, inspection/sorting, RM restoration, test-
ing, reassembly, and package. Impellers are generally expensive
components, which makes it not cost-effective to manufacture
anew one. However, impellers RM would effectively extend the
life cycle of the waste impellers and the performance specifica-
tions of the remanufactured impeller are at least equal to that of

Peng et al., Environmental Comparison of Impeller Manufacturing
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the newly manufactured impeller. Through the utilization and
recovery of end-of-life (EoL) parts, RM greatly improves the
eco-efficiency and gains many economic and environmental
benefits. RM is a good alternative for waste management strat-
egy and has much better environmental performance compared
with recycling and landfilling (Zanghelini et al. 2014). Compar-
ative environmental impact assessments between manufactur-
ing and RM have been conducted on many devices such as en-
gines, manual transmission, refrigeration, and air-conditioning
compressors (Biswas and Rosano 2011; Liu et al. 2014; Warsen
et al. 2011; Zanghelini et al. 2014). Laser cladding is a com-
mon technology in the RM field and it uses waste components
as workblank to restore their original sizes and shapes. The
performance and quality of remanufactured parts through laser
cladding are even better than the initial ones (Luo et al. 2016;
Liu et al. 2014).

The blades of the investigated impeller are prone to fractur-
ing during operation due to fatigue and abrasion, design errors,
production flaws, and operation outside of design parameters.
Laser cladding is a specific method used in the remanufacturing
industry to repair fractured blades of impellers (presented in
figure S1 in the supporting information available on the Jour-
nal’s website). In the present study, we suppose the impeller
has four fractured blades and 2.5 cm’® defect on average for
each blade. Based on the principle of 3D reverse measuring,
precision 3D scanner is used to understand the shape and size
of the fractured section, which would help to accurately con-
trol the dimension and appropriately select technical param-
eters. Generally, the surfaces of waste impellers are covered
with foulings that are removed by two cleaning periods in-
cluding high-temperature decomposition and liquid blasting.
The former period aims at getting rid of contaminates while
the latter one cleans the metal particle on the surface. Before
the laser cladding, pretreatment of the fracture section should
be conducted firstly. 0.8 kg diesel and 0.54 kWh electricity are
consumed in these remanufacturing cleaning processes. Based
on the field research, the pretreatment processes are comprised
of three parts: obtuse angle grooving (120°), oxidation film
elimination by abrasive paper, cleaning by acetone (10 g) and
ethanol (15 grams [g]). Subsequently, the fractured sections
are restored by laser cladding in which 45 g of alloy powder and
2.6 kWh of electricity are consumed. After the cladding, the re-
manufactured impeller gains its original dimensional precision
through accurate grinding and testing, which utilize 1.5 kWh
and 0.046 kWh of electricity, respectively.

Life Cycle Assessment

LCA is a scientific comparative assessment and analysis of a
process, service, or product system. Its distinctive and intrinsic
features such as “functional unit” and “problem-shift avoid-
ance” distinguish itself from the other environmental assess-
ment methodologies and allow quantification and comparison
of the accumulative environmental impacts involved in fulfill-
ing specific or similar purpose (Klopffer 2014; US EPA 2006).
This science-based approach can greatly help for supporting
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business decisions and making modern environmental policies
with respect to sustainable consumption and production. Ac-
cording to the framework of LCA defined by the International
Organization for Standardization (ISO) 14040 and 14044, LCA

consists of the following four phases:

(a) Goal and scope definition: defines the purpose and ap-
proach of integrating the life cycle environmental im-
pacts into decision making, conduct functional unit def-
inition, and the system boundary division.

(b) Life cycle inventory analysis (LCI): quantifies the energy
and raw materials consumption as well as atmospheric
emissions, effluents, solid wastes, and other emissions all
along in the life cycle of a process or product.

(c) Life cycle impact assessment (LCIA): Inputs and outputs
of elementary flows as identified in LCI are converted
into impact indicators whose results pertain to potential
human health risk, ecological disruption, and resource
depletion.

(d) Interpretation: Results of LCI and LCIA are identified
and checked collectively and are analyzed in terms of
completeness, accuracy, and assumptions throughout the

LCA study.

Goal and Scope Definition

The objective of this study is to quantify and compare
the consumed energy, released emissions, and environmental
impacts of conventional manufactured impeller, additive man-
ufactured impeller, and the additive remanufacturing counter-
part. This LCA method would comprehensively support envi-
ronmental sustainable impeller production and help decision
makers have a comparable selection. The results of this study
would provide possible improvement for sustainable impeller
production. In order to compare the environmental loads of
the impeller production processes through these manufactur-
ing approaches, the functional unit of this study is defined as
“manufacturing a specific titanium alloy impeller.”

In this comparative LCA study, the CM, AM, and RM share
the same aftertreatment, usage, and EoL disposal. Thus, those
processes or stages are removed out of the system boundary.
As shown in figure 3, the cradle-to-gate system boundary starts
from raw materials extraction to complete the impeller pro-
duction. Owing to the systematic complexity, this figure repre-
sents simplified system boundaries of those three manufacturing
methods for impeller production. Processes or flows presented
with dashed lines are not considered in this study.

In the CM system, not only the impeller is produced, but
also the by-product (metal chips) is generated. The environ-
mental credits, or environmental benefit, of the waste metal
transported and remelted in a nearby iron and steel plant are
taken into account. Equipment selected for remelting is a GW-
IT furnace and the electricity consumption for 1 tonne (t) of
steel (alloy) is about 600 kWh (Li et al. 2013), while the waste
metal powder in an AM system is landfilled in the vicinity.
In addition, the metal chips of precision grinding in the RM

$222 Jotrnal of Industrial Ecology

phase is negligible since a modicum of metal powder consumed
to restore fractured blades means an even smaller amount of
chips.

Because of the limitation of data procurement when estab-
lishing an LCI model, two simplifications are made as follows:
(1) All the vehicles related to transportation in this study are
trucks, and the carrying capacity is 2 t, consuming gasoline only;
and (2) transportation distance during the reverse logistics of
waste impeller is supposed to be 400 km, on average, due to the
high uncertainty of service locations.

Raw materials extracted and refined from minerals went
through transportation, various manufacturing, etc., and then
formed a component. All the data involved in its life cycle are
quite numerous and can be classified into two categories: fore-
ground data and background data. Foreground data, referring to
the data of primary concern, are directly related to the impeller
manufacturing processes. The prime data of these manufactur-
ing methods are presented in the section Impeller Manufacturing
Methods and Data. Energy consumed in CM is mainly deter-
mined according to the principles and theories of cutting, while
the amount of materials and energy in AM is estimated with
the combination of laser cladding forming in the laboratory.
The data about RM are mainly obtained from RM practices.
Additionally, in these manufacturing processes, accessory ma-
terials are also consumed, such as CLF and metal powder. Data
about their production process are collected through literature
review. Background data, such as raw material extraction, bene-
ficiation, transportation, electricity, and argon, etc., are gained
from the Chinese Life Cycle Database (CLCD) developed by
Sichuan University. Data of CLCD are from factories, statis-
tics, technical literature, and the China Pollution Source Cen-
sus, which represent the average technology in the Chinese
market.

Life Cycle Inventory Analysis

The inputs of these three manufacturing systems are simply
electricity, powder or workblank, and some accessories. How-
ever, both the CM and AM have by-products (metal chips).
Thus, there is an allocation issue between the original manu-
facturing system and the RM system.

> is almost an inevitable

Allocation, also called “partition,’
issue encountered in LCA practices. To solve the multifunc-
tionality of processes, the ISO 14044 indicates a hierarchy
of approaches to this problem. The first approach is to sub-
divide the multifunctional unit processes, generally regarded as
a black box, to monofunctional single processes, which would
help avoid allocation. The second approach is system expansion
(encompassing the substitution). System expansion, or “system
enlargement,” means to add other specific processes or func-
tions to make two systems comparable, while the substitution,
also called “system reduction”/“crediting,” is to subtract the not
required functions and their related LCI from the analyzed sys-
tem. It is a special method of applying the system expansion
principle. The third approach is partition or allocation. Ac-
cording to the allocation criteria, such as mass, energy, marker
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price, element content, and molar weight, etc., the inputs and
outputs are divided to solve the multifunctionality (ISO 2006;
IES 2010). Notably, the first approach is not suitable for the al-
location between the main product and by-product in the CM
and AM since it is unfeasible for these manufacturing processes
to be further subdivided. As the last recommendation in ISO
hierarchy, the third approach is based on physical causality and
reduces the robustness of the results, while the second substi-
tution approach is optimal for dealing with the allocation issue
in this study. The environmental credit of the remelted alloy,
cited from the CLCD, is taken into account in the LCls of CM
and AM.

Another allocation issue lies in the original manufacturing
of impeller (“preconsumer” system) and the remanufacturing of
the impeller (“post-consumer” system), a cascade two produc-
tion systems, forming a typical open-loop recycling. Basically,
open-loop recycling occurs where: (1) waste energy or materials
related to a product are recycled to anew product system and (2)
recycled energy or materials are introduced from one system to
another application in cascade use (Li et al. 2013). The Society
of Environmental Toxicology and Chemistry (SETAC) once
indicated that no scientifically satisfying method exists to sepa-
rate the subsystems coupled by open-loop recycling and location
should be logical and consistent with the goal of the study. We
apply the 50:50 rule for the case in this study (allocation be-
tween the “preconsumer” system and “postconsumer” system in
aratio of 50:50). More specifically, environmental loads related
to the raw material production and transportation as well as
the waste disposal and recycling are equally undertaken by both
the original manufacturing and RM. This rule can guarantee a
relatively fair distribution of environmental loads and is feasi-
ble within the LCA framework. It also allows the independent
analysisiof thesertworsystemsrandravoidsidouble counting of en-
vironmental burdens related to recycling (Klopffer 1996; Shen
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etal. 2010; Ekvall and Tillman 1997). In this study, we suppose
the waste impeller for RM is produced by CM since the CM is
still the mainstream impeller manufacturing method.

According to the processes within the system boundary
and the allocation rules aforementioned, the foreground data
(data identified in the three manufacturing processes) and back-
ground data (the corresponding data in the LCA database) are
integrated to compile the LCls of CM, AM, and RM tabulated
in table 3.

For the resources consumption, table 3 denotes that CM
contributes the most to coal consumption and RM consumes
the least amount of resources. Raw material extraction, bene-
ficiation, metallurgic process, in particular, the manufacturing
need a great deal of electricity. The majority of the energy
derives from the thermal power plants, which mainly rely on
hard coal for electricity generation. Coal combustion combined
with incomplete combustion releases notably higher CO;, and
life cycle CO; emission of CM is 2.6 times the amount dis-
charged in AM and nearly 7.4 times that of RM. And the coal
utilized to generate electricity is generally not purely contain-
ing many elements like sulfur, phosphorus, and arsenic. Sulfur
dioxide (SO;), phosphate, and hydrogen chloride (HCL) are
emitted even though some desulfuration and HCL control tech-
nologies are integrated into the electricity generation process.
Besides, CLF is also a noticeable pollution source. Production
of CLF, 31.6 L used in CM processes, approximately consumes
115 kWh of electricity, which is an important contributor to
these emissions, while electricity consumed in AM processes is
mainly from two aspects: powder production and laser cladding
forming. Owing to the high efficiency of atomization, it merely
requires a small amount of energy. Further, AM possesses high
material efficiency since only a few chips and CLF are produced
in the final precision milling. By contrast, only a small quantity
of powder and energy is consumed to restore the fractured blades
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Table 3 Main resource consumption and emissions in the life cycle of impeller manufacturing methods

Pollution type Resources/emissions

Conventional manufacturing

Remanufacturing Additive manufacturing

Resource consumption (kg) Coal 339.21 41.92 124.01
Natural gas 0.249 0.081 0.187
Crude oil 0.890 0.899 0.461

Water emission (kg) Ammonia nitrogen 1.69E-03 1.09E-03 1.30E-03
Nitrate 4.98E-05 4.34E-05 8.84E-05
Phospate 1.28E-04 1.13E-04 2.31E-04

Atmospheric emission (kg) CO, 520.58 70.52 197.88
CH, 1.495 0.212 0.550
HCL 0.136 0.012 0.041
HF 0.017 0.002 0.005
NO, 9.37E-03 5.27E-03 1.11E-02
SO, 1.493 0.162 0.498
H,S 6.50E-03 2.74E-03 6.03E-03
NOx 1.391 0.134 0.435
Particles PM2.5 1.34E-04 2.64E-04 2.42E-04
Inhalable particles 4.34E-02 4.24E-02 8.75E-02

Note: kg = kilograms; CO; = carbon dioxide; CH4 = methane; HCL = hydrogen chloride; HF = hydrogen fluoride; NO; = nitrogen dioxide; SO; =
sulfur dioxide; HyS = hydrogen sulfide; NOy = nitrogen oxides; PM2.5 = particulate matter 2.5 micrometers or less in diameter.

and almost negligible chips and CLF are produced in grinding
process in RM.

Life Cycle Impact Assessment

LCIA consists of mandatory steps (classification and char-
acterization) and optional steps (normalization and weighting).
Resources and emissions are categorized from the LCI into dif-
ferent environmental impact indicators through the classifica-
tion step. The environmental impact categories selected in the
present study are all about the currently most concerned envi-
ronmental issues in China: global warming potential (GWP);
Chinese resource depletion potential (CADP); water eutroph-
ication potential (EP); acidification potential (AP); and respi-
ratory inorganics (RI). In the characterization step, the LCI re-
sults are converted into these environmental impact indicators
by multiplying the characterization factors with the individual
inventories data of the LCI. Characterization factors of CADP,
GWP, and RI are consistent with ISCP2010, IPCC2007, and
IMPACT2002+, respectively, and that of AP and EP are re-
ferred from CML2002. Subsequently, normalization, an optimal
step, is to express the impact indicator in a manner that each
impact category is comparable by dividing a reference value as
indicated in equation (4):

Z jS X CFﬂ

N, = )

NF;

where N;j is the normalization result of environmental indicator
J, Qji is the amount of resource or emission i classified in indicator
J, CFji is the corresponding characteristic factor of emission i
classified in indicator j, and NF; is the normalization factor of
indicator j.
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The reference values are selected based on emissions or re-
sources used for China on per capita. Characterization and nor-
malization factors and the results of the normalization are shown
in table 4. It is evident from this that conventional manufac-
turing has distinctively larger environmental impacts in terms
of GWP, AP, CADP, and EP followed by AM and RM. Com-
pared with the CM, RM of the impellers would reduce the
GWP, CADP, and EP by 64.7%, 66.1%, and 75.4%, respec-
tively, and eliminate the majority of the emissions related to
AP and RI. For the RI, CM still has the largest environmen-
tal impact. However, RI of RM is slightly higher than that
of AM.

Interpretation

Interpretation identifies information from the previous three
steps of LCA to find out the environmental hotspot in the life
cycle of impeller production. Environmental impacts of CM,
RM, and AM are tabulated and compared in table 4. Con-
ventional manufacturing has the predominant environmental
impact toward all the selected environmental indicators. Com-
pared with CM, AM exhibits a higher material utilization rate
since AM does not generate swarf and the metal powders used
in AM can be recycled. This stands in contrast to CM, where
a large proportion of material is removed from the workblank,
resulting in a considerable waste stream. Further, CM gener-
ally requires the parts to be moved frequently between opera-
tions during manufacturing, whereas AM is conducted in one
location. Additionally, AM exhibits high time and energy effi-
ciency, especially in the production of components with com-
plex surfaces. RM, as expected, has the least environmental
impacts because of remarkable material and energy conserva-
tion. In order to quantify the contribution of life cycle phases,
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Table 4 Normalization results of three manufacturing methods
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Environmental Normalization  Conventional Additive
impact indicators Substances Characterization factors manufacturing Remanufacturing  manufacturing
GWP CO, 1 kg CO;-eq 7857.45 7.132E-02 8.975E-03 2.518E-02
[PCC2007 CH, 25

N,O 298
AP Ammonia 1.88 kg SO;-eq 27.15 9.698E-02 1.954E-05 4.012E-05
CML2002 HCL 0.88

HF 1.6

H,S 1.88

NO, 0.7

SO, 1

NOx 0.7
CADP Coal 1 kg ce-eq 11532.61 3.173E-02 3.635E-03 1.075E-02
ISCP2010 Natural gas 12.8

Crude oil 26.4
EP Ammonia 035 kg NO; -eq 0.284 2.770E-03 3.373E-04 6.817E-04
CML2002 Nitrogen 0.42

Ammonia Nitrogen 0.33

Nitrate 0.1

Phospate 1
RI Particles PM2.5 1 kg PM2.5-eq 11.935 1.182E-02 2.208E-05 1.962E-05
IMPACT 20024 Inhalable particles 0.536

Ammonia 0.121

NO, 0.127

SO, 0.078

Note: GWP = global warming potential; IPCC = Intergovernmental Panel on Climate Change; AP = acidification potential; EP = eutrophication
potential; CADP = Chinese resource depletion potential; ISCP = International Society for Comparative Psychology; RI = respiratory inorganics; CO;
= carbon dioxide; CH4 = methane; N; O = nitrous oxide; HCL = hydrogen chloride; HF = hydrogen fluoride; H;S = hydrogen sulfide; NO; = nitrogen
dioxide; SO; = sulfur dioxide; NOx = nitrogen oxides; PM2.5 = particulate matter 2.5 micrometers or less in diameter; kg = kilograms; eq = equivalent;

ce= carbon dioxide emission; NO3 ™ = inorganic nitrate.

a contribution analysis is conducted for each impeller manu-
facturing method. For CM, RM, and AM, the environmental
impact of different processes are presented in figure 4 (detailed
numerical comparison is shown in table S1 in the supporting
information on the Web) indicating their relative magnitudes
in terms of each environmental indicator.

With respect to AM, aftertreatment includes the final preci-
sion milling and the disposal of chips in which not much emis-
sions are generated. However, the substrate production is more
responsible for environmental impact loads as shown in figure 4a
because of its larger mass and the high energy consumption
and emissions, which also rightly demonstrates that AM for the
blades of the impeller has less environmental impacts compared
with its substrate production. In RM, the pretreatment, includ-
ing cleaning and testing, is the main contributor of AP. It can
be seen from figure 4b that the transportation and pretreatment
are the predominant factors for EP and RI, respectively. Be-
cause diesel combustion emits substantial ammonia and nitric
oxide, while the production of materials used in pretreatment
phase tends to generate a lot of particles:s Approximately 50%
of GWP is brought by laser cladding forming, which is also the

Peng et al., Environmental Comparison of Impeller Manufacturing
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main contributor of CADP since the large quantities of pow-
der and electricity required for this process release a great deal
of GHG:s such as CO; and methane (CHy). It is evident from
figure 4c that machining in CM contributes the largest to GWP,
AP, and CADP since it has a large amount of energy consump-
tion. And electricity generation in China mainly relies on coal
combustion, which itself is an intense pollution process, while
the materials production process brings more in terms of EP
and RI because metal production is also an energy-intensive
and high-pollution phase including beneficiation and smelting,
etc. In order to decrease a specific environmental impact, taking
measures on the most influential life cycle stages or processes
would drop the environmental loads conspicuously.

Implications for Additive Manufacturing

As has been stated in table 4, impeller manufactured by AM
is environmentally favorable compared with that of CM. AM
enables the design flexibility and is suitable for manufacturing
the components with complicated surfaces. Many constraints
that frequently happen in CM for complex shaped parts include
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various fixtures, multifarious of tools, possible collision, invis-
ible zones, and difficulty of cutter reaching (Gao et al. 2015).
Those manufacturing limitations make CM become not time-
and cost-efficient to manufacture complex shape parts. The AM
aforementioned is actually hybrid additive subtractive manufac-
turing, in which only the blades of impeller with a complicated
shape are produced by laser cladding forming while the substrate
is by turning and milling. However, AM is not always environ-
mentally friendly, in particular when manufacturing parts are
with large size and a simple surface. In this section, we de-
fined pure AM as manufacturing the impeller, both blades and
substrate, completely by laser cladding forming. Applying the
same method presented in the previous section to determine
the environmental impacts of pure AM of the entire impeller
and to compare with that of CM is shown in figure 5 (detailed
numerical values are presented in table S2 in the supporting
information on the Web). Notably, different from hybrid addi-
tive subtractive production, the environmental impacts of pure
AM for the whole impeller have about twice that of CM.

The predominant input material in AM is the powder. The
usage efficiency of powder needs further promotion since AM is
quite a powder-consuming process particularly in manufactur-
ing of large-size products. The sensitivity analysis indicates that,
if the powder usage rate increases 10% in this case, normaliza-
tion results of GWP and CADP would decrease by about 3.3%.
In addition, the increase of the powder usage rate would dis-
tinctly save the cost of AM because of the high price of metallic
powders. Environmental loads of AM would increase if the size
of the component is larger because much more electricity and
powder are consumed to build the part. Meanwhile, CM would
not be that affected since energy consumption would be similar
and environmental impact would just increase slightly (Rajemi
yortant proper-
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Figure 5 Environmental impact comparison between pure AM
and CM. AM = additive manufacturing; AP = acidification potential;
CADP = Chinese resource depletion potential; CM = conventional
manufacturing; EP = eutrophication potential; GWP = global
warming potential; Rl = respiratory inorganics.

combination should be appropriately selected to support sus-
tainable production on the basis of these two properties.

Conclusions and Perspectives

This article developed a comparative LCA for impeller pro-
duction by CM, AM (pure AM and hybrid additive subtrac-
tive manufacturing), and RM. As for the impeller case in the
present study, additive RM has the best environmental perfor-
mance, followed by AM and CM. However, if the impeller is
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produced by pure AM, it would have the largest environmental
burden because of the large amount of electricity and powder
consumption. According to the contribution analysis, the first
priority of CM is to drop energy utilization by optimizing the
processing route and choosing rational cutting parameters. RM
is widely recognized as an environmentally friendly recycling
technology. However, its primary concern is not about further
reduction of environmental load, but warranty for the quality
of remanufactured products. With respect to AM, the main
contribution of environmental impacts is from substrate pro-
duction. Thus, precision casting or forging for the substrate of
impellers would be a great opportunity to decrease life cycle
energy consumption and emissions.

It is notable that impellers manufactured by CM, RM, and
AM would have different technical characteristics or mechan-
ical properties, which would directly influence their service
lives. Through the literature review, we found that almost all
the previous studies associated with comparison of manufac-
turing methods are conducted under the hidden assumption
that manufactured products with different methods possess the
same mechanical behaviors. This assumption is also made in
the present study. Actually, a comprehensive technical eval-
uation of products to represent the mechanical properties by
only one parameter is a big challenge and how to integrate the
technical evaluation results into environmental impact assess-
ment is another issue, which should be explored in future work.
The scope of this study is confined to the simplest situation
and does not consider the transformative potential to substitute
existing parts, the impacts toward supply chain, and poten-
tial hazards. The redesign of one component to replace many
other components by AM would reduce relevant hardware and
indirectly reduce environmental impacts. Through waste elim-
ination and just-in-time manufacturing, AM can significantly
improve the efficiency of the supply chain to reduce material
distribution. The arc light may cause eye irritation and the pow-
der may accidentally spill on skin or trigger respiratory problems.
Those impacts are not considered in this environmental impact
assessment.

Every AM technology has its own specific application areas
and may cause various environmental impacts. And the study
from Huang and colleagues shows that energy consumption
rate for the same AM process has significant variation (Huang
et al. 2013). The energy consumption rates (i.e., kWh of elec-
tricity consumed by per kg of parts produced) of some typical
AM technologies, such as selective laser sintering, selective
laser melting, fused deposition modeling, and stereolithogra-
phy, had been explored by many researchers (Baumers et al.
2010, 2011, 2013; Luo et al. 1999; Sreenivasan and Bourell
2009); the energy consumption rates of different AM processes
with various materials and equipment range from 14.5 kWh/kg
to 346.4 kWh/kg. Therefore, it is necessary to investigate the
uncertainties affecting the energy use in order to obtain rela-
tive accurate environmental assessment results. Additionally,
AM has the potential to revolutionize the landscape of supply
chain of the manufacturing system, which would significantly
reduce logistics cost. However,| AM ‘equipment investment is

Peng et al., Environmental Comparison of Impeller Manufacturing
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quite costly; and life cycle cost assessment is also necessary to
explore whether AM is cost-effective. AM is still constantly
developing and evolving; its environmental impact and cost
assessment will still be subjects of great concern in order to
support sustainable production.
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