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A B S T R A C T

The industry sector has high carbon emissions with a large contribution stemming from metals manufactur-
ing. There is an increasing interest in additive manufacturing (AM) as a manufacturing technique for lean
manufacturing and circular economy (CE), but can it become environmentally sustainable? We propose a
holistic framework to investigate future resource-use efficiency and environmental impact potentials of AM
for metal object production and demonstrate it on an industrial case. The framework has shown potential in
highlighting trade-offs in choosing the best CE strategies and manufacturing technology. The most promising
CE strategies, in this case, were improved propulsive efficiency and closed-loop recycling.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/)
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Fig. 1. Holistic framework to assess product environmental impact (in green) and
resource-use efficiency (in blue). The arrows highlight the iterative nature of the
methodology.
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1. Introduction

Over the previous decade, there has been a steep increase in inter-
est in additive manufacturing (AM) by companies and researchers
within the manufacturing sector for its potential in product shape
complexity, lead-time, and resource-use reduction [1,2]. Companies
and researchers have recognized the importance of environmental
sustainability from a product life cycle and circular economy perspec-
tive [2] amongst other due to the industry sector contributing to 30%
of total annual global CO2 emission (i.e., 12 Gt) [3]. A significant con-
tributor is steel production, which in 2019 was about 3 Gt CO2 emis-
sion, corresponding to 8% of the yearly worldwide CO2 emissions [3].
Circular economy aims to maintain the value of materials for as long
as possible. In this study, the aim is to assess how Additive
Manufacturing (AM) and circular economy strategies can influence
flows and stocks of primary and secondary materials used for a prod-
uct fabrication, and their impact in the future taking an absolute sus-
tainability perspective.

In this study, the focus is on a specific product, a boat propeller
with the diameter of 2 m for use in fishing vessels. This is assumed to
be produced using casting (as conventional manufacturing tech-
nique) or multi-material Wire-Arc Additive Manufacturing (WAAM).
The latter is an AM technique in which layers of different metallic
wires are deposited and an electric arc is used as a heat source to per-
form layer-by-layer welding [4]. WAAM has become increasingly
popular for producing large metallic spare parts requiring complex
shape fabrication and topology optimization, enhanced by the multi-
material use [4], and depending on the supply chain can potentially
reduce typical lead times up to about 75% (see Table S.2 in Supple-
mentary materials (SM)).
2. Methodology

Fig. 1 illustrates a scheme of the framework used in this study,
which is based on the combination of dynamic Material Flow Analysis
(MFA) with Absolute Environmental Sustainability Assessment
(AESA) to evaluate the potential application of multi-material WAAM
under Circular Economy (CE) strategies [5,6]. Previous works empha-
sized the need of a more holistic approach to assess manufacturing
for sustainability by combining concepts of Life Cycle Engineering
and Industrial Ecology [7,8].
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2.1. Goal and scope definition

To quantify potential changes in the environmental impact that
WAAM can bring to boat propeller manufacturing, different scenarios
for the global demand of boat propellers for fishing vessels, which
currently are produced with bronze alloy casting, were investigated.
Table 1 briefly describes each scenario and the circular economy (CE)
strategies considered. The CE strategy applied in each scenario is
decided based on: (i) manufacturing process design possibilities and
(ii) likely circular economy strategy application.
Table 1
Scenario definition and addressed circular economy (CE) strategies using the frame-
work defined by Kirchherr et al. [10]. A detailed explanation of assumptions is in Table
S.2 in SM.

Scenario 1 (BAU 1) 2 (BAU2) 3 (WAAM)

Business-as- usual 1
(BAU1) with cast-
ing and open-loop
recycling

Business-as-usual 2
(BAU2) with cast-
ing and closed-
loop recycling

Multi-material WAAM
gradually substi-
tutes casting from
2020 to 2050
(annual increase
rate of 1.5%)

Circular
Economy
strategies

RECYCLE: process
metal for other
products line
(open-loop)

RECYCLE: process
metal for the
same product line
(closed-loop)

RETHINK: 9 years pro-
longed lifetime

REDUCE: fuel con-
sumption reduced
by 0.1%

RECYCLE: process
metal for other/
same product line

Table 2
Recycling yields from the literature [11].
YNS = yield recycled new scrap (assumed to be
100%); YPC = yield recycled post-consumer
scrap; YIS = yield secondary material as metal
production input.

Alloy YNS YPC YIS

value [%]

Aluminium bronze 100 45 35
Steel (355) 53 42
Inconel 625 100 47.5
Stainless steel 53
The functional unit (FU) used in the study was defined as “global
average propulsion of average fishing vessels from 2010 to 205000. “Aver-
age” considers the propulsion of fishing vessels in year 2015, with an
average fishing vessel of 100 tons and a boat propeller of roughly 2
tons (see Supplementary materials (SM) chapter S.2).

The temporal and geographical scope were set to be from 2010 to
2050 and global, respectively. Fig. 2 illustrates the generic cradle-to-
grave system boundaries for the fishing vessels propeller life cycle.
For scenarios 1 and 2 (BAU1, BAU2) boat propellers are produced by
casting of Al-bronze alloy (see in SM in Fig. S.1 and S.2), and for sce-
nario 3 (WAAM) two alloys: steel S355 and inconel 625 are utilized
(see Fig. S.3 in SM). System expansion was applied whenever there
were multifunctional processes (see Fig. 2) [9].
Fig. 2. System boundaries for fishing vessels propellers life cycle. The boxes with the
dotted boundaries represent system expansion. Transportation, fuel production and
electricity use are not represented, but they are considered in the AESA model.
SimaPro9.4.0.2 and ecoinvent3.8 consequential were employed as
software and database in the study, respectively. The latter was cho-
sen as it is recommended for predictive studies [9].
The four main assumptions of the study are: (1) constant annual
increase rate in the boat propellers market; (2) fixed composition of
the grid mix for electricity generation; (3) constant recycling yields
over time; and (4) increased propulsive efficiency and extended life-
time of propeller in theWAAM scenario thanks to reduction of cavita-
tion erosion damage and increased hardness (see Table S.2 in SM).
Moreover, the study considers that the boat propeller is finished and
assembled into a fishing vessel, and the metal chips from milling are
collected for open or closed-loop recycling.
2.2. Dynamic material flow analysis (MFA)

In the last decade, there has been extensive research on historical
and prospective dynamic Material Flow Analysis (MFA) [5]. Dynamic
MFA is a tool commonly used in life cycle engineering where its in-
stock modelling approach allows to assess flows and stocks of materi-
als for a specific system. This study’s intended use is to investigate
how the gradual introduction of WAAM will affect the worldwide
demand for fishing vessels boat propellers. The focus is mainly on the
assessment of the type and amount of primary and secondary materi-
als, and the effects of closed- or open-loop recycling on the scrap
stocks (see details in the SM in the chapter S.5). In this study, exoge-
nous flows (e.g., primary bronze from global market) were calculated
in connection to flows with annual constant value (e.g., new built
boat propellers) and recycling yields from the literature [11] (see
Table 2) through mass-balance equations modelled in Python 3.9.11.
2.3. Absolute environmental sustainability assessment (AESA)

The concept of absolute sustainability introduces the need to
develop a prosperous society in respect of the Earth�s carrying capac-
ity [6]. The main advantage for decision-makers is that this holistic
framework simultaneously considers several planetary environmen-
tal pressures and provides measurable targets, which can be used to
take actions. The PB-LCIA methodology developed by Ryberg et al.
[12] was applied to the calculated dynamic material flows for this
study to predict the impact change with the introduction of WAAM
to support the future global demand of boat propellers for fishing
vessels. In this study, only one of the eight impact categories included
in the PB-LCIA is presented. This is “Climate change � CO2 concentra-
tion”, which represents the CO2 emissions from the product system.
The occupied safe operating space for the anthropogenic activities
linked to the life cycle of boat propellers for fishing vessels was deter-
mined with two different sharing principles [12]: Gross Value Added
(GVA) (see eq. S.5 and S.5a in SM), and grandfathering (see eq. S.6 in
SM). The first principle is based on the GVA for propellers for fishing
vessels manufactured with either casting or WAAM in proportion to
the total global gross value added. The second principle is based on
the current contribution to environmental impacts from the global
demand for boat propellers for fishing vessels.

2.4. Sensitivity analysis

A simple sensitivity analysis was performed for: (i) a 25% increase
in the annual substitution rate of WAAM (from 1.5% to 1.88%), (ii) a
25% reduction of the lifetime extension for boat propellers produced
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with WAAM, and (iii) an optimized propulsive efficiency for the boat
propeller manufactured with WAAM. The first two were one-at-time
parameter perturbations, and the third is a scenario sensitivity analy-
sis. More details on the equation used to determine the sensitivity of
the model are available in Supplementary Information chapter S.6.

3. Results and discussion

Fig. 3 shows the cumulative material flows and stocks from 2010 to
2050 and the annual evolution of the three scenarios for the future
production of fishing vessels boat propellers. In scenario BAU2
(Fig. 3b1) it is noticed that 4/5 of the secondary bronze is provided by
the recycled bronze thanks to closed-loop recycling. Additionally,
Fig. 3b2 shows that the scrap stock and the secondary bronze follow a
similar trend - when the scrap stock from dismissed boat propellers is
not sufficient, scrap from the global market is sourced. Fig. 3c1 illus-
trates that with the introduction of WAAM there is an overall reduc-
tion in materials needed for the casted boat propeller. The gradual
substitution rate of WAAM is relatively low (1.5% increment per year),
nevertheless the values for “Manufacturing”, “New built”, “Increase in-
use” and “Dismissed” are a couple of kilotons lower relative to BAU1
and BAU2. This is linked to the advantage of the prolonged lifetime of
the boat propellers produced withmulti-material WAAM (see Table 1),
which contributes to a reduction in the demand for new spare parts.
Additionally, the demand of bronze in the WAAM scenario is reduced
by roughly 8% (see Fig. 3a). All of that demonstrates the potential of
WAAM in the reduction of the overall need of materials to satisfy the
worldwide demand of fishing vessels boat propellers. Furthermore, it
is worth to mention that the cumulative losses of metals in this study
are about 80 kt in all three scenarios. This reflects the material recy-
cling yield, which is based on the literature is assumed to be about 50%
(see Table 2). It is also worth to mention that in the WAAM scenario
the recycling of the boat propeller into stainless steel represents a case
of down-cycling as stainless steel has a lower value than inconel.
Fig. 3. On the left side there are Sankey diagrams with cumulative values of material flows
mated yearly evolution of the material flows and demands for boat propellers for fishing ve
Usual 2 (BAU2), and (c1�2) Wire-arc Additive Manufacturing (WAAM). “Casting NS” and “WA
ers the net increase of in-use new produced boat propellers.
Fig. 4 shows environmental impact of the considered scenarios
(“Life cycle”) and for the separate stages, “Material&Manufacturing”,
“Use”, and “Disposal” for the impact category “Climate change � CO2

concentration”. Table S.1 in the SM reports the characterized results
also for all the other PB-LCIA impact categories. Fig. 4b shows that
the global propulsion of boat propellers for fishing vessels in the
WAAM scenario never exceeds the planetary boundary (PB) for "Cli-
mate change - CO2 concentration", but the life cycle does after 2035.
BAU 1 and 2 instead, go beyond the PB ten years earlier, in 2025. In
addition to that, Fig. 4b shows that WAAM impact score has a slower
incremental increase from 2020 to 2050 compared to the other two
scenarios. This is due to the fact that the impact score of propulsion
in WAAM is about one order of magnitude smaller than BAU1 and
BAU2 (see Table S.1 in SM). All of this illustrates that the circular
economy strategy applied to the boat propeller produced with
WAAM (i.e., reduce) lead to evident benefits when GVA is taken into
account.

Furthermore, it is interesting to notice that negative impact scores
are connected to disposal in Fig. 4. This is due to modelling approach
that consider avoided primary material thanks to recycling of post-
consumer scraps. The difference in the results between the two shar-
ing principles stems from the fact that their downscaled share of safe
operating space (SoSOSPB) differs by about 1 to 2 orders of magnitude.
This illustrates problems of using grandfathering for a new technol-
ogy like WAAM.

The two sensitivity analyses considering one parameter (i.e., sub-
stitution rate and product lifetime extension) showed to be insignifi-
cant. In contrast, further fuel efficiency optimization during the use
of the boat propeller showed to be relevant when Gross Value Added
is considered (see SM in chapter S.6). As the study presents several
assumptions, and future technological developments for recycling or
energy sources were not taken into account, it is recommended to
test the model further with a more extensive sensitivity and uncer-
tainty analysis.
and stocks from 2010 to 2050, and on the right side are line-graphs showing the esti-
ssels for the analysed scenarios. (a1�2) Business As Usual (BAU1), (b1�2) Business As
AM NS” are bronze and inconel new scrap, respectively. “Increase in-use stock” consid-



Fig. 4. Absolute Environmental Sustainability Assessment (AESA) for the global
demand for fishing vessels boat propeller, derived from dynamic material flow analysis
from 2010 to 2050 using (a) grandfathering, and (b) Gross Value Added (GVA) com-
bined with PB-LCIA method [12] for "Climate change - CO2 concentration". The green
area represents the “safe” space in which the product system is absolute sustainable.
The yellow section (“Increasing risk”) is the area of uncertainty related to the product
system sustainability. The red area expresses “high risk” and the product system is
very likely not absolute sustainable. The golden dotted line represents the planetary
boundary for the global demand for fishing vessel propellers. The graphs show the
“Materials&Manufacturing” stage, the “Use” stage, the “Disposal” stage and the sum of
the three (“Life cycle”) for each of the three scenarios. Results are reported in logarith-
mic scale.
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4. Conclusions

Overall, this holistic framework showed the potential to aid deci-
sion-making for companies to be used as a support tool for holistic
production planning by avoiding burden-shifting and highlighting
trade-offs in choosing the best circular economy strategies and
manufacturing technology. In particular, the circular economy strat-
egy “rethink” (i.e., product extended lifetime) showed potential for
resource-use efficiency, while “reduce” (i.e., improved propulsive
efficiency) appeared to lead to significant advantages in terms of
environmental impact for the planetary boundary "Climate change -
CO2 concentration". However, none of the scenarios resulted to be
absolute sustainable for the impact category considered throughout
the whole study. The closed-loop recycled scrap for the conventional
boat propeller will be enough to cover the majority of the demand
for secondary material in BAU2. Thus, it is recommended to imple-
ment circular economy strategies that could incentivize closed-loop
recycling (i.e., take-back program). Lastly, the study also demon-
strated that the choice of sharing principle is challenging and is rele-
vant to consider when drawing conclusions in this case. Thus, the
authors recommend considering several sharing principles when
performing Absolute Environmental Sustainability Assessment
(AESA).
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