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ARTICLE INFO ABSTRACT

Keywords: As the environmental mindset became increasingly present in the steel industry, so did the concerns with the
Steel developments of its market. In an attempt to address both sides of this challenge, this article aimed at identifying
Europe how the implementation of different Supply Chain Integration strategies oriented towards raw material self-

Supply chain integration
Circular economy
Closed loop supply chains

sufficiency and resource ownership retention could affect circularity. The European steel industry was used as
case study and the effects of closing material loops via Supply Chain Integration were tested by running si-
mulations on an integrated Life Cycle Assessment and System Dynamics model. The results brought to light that

different approaches can be environmentally and strategically promising, as well as able to drive improvements
in raw material self-sufficiency and in resource ownership retention. Noteworthy were the adoption of vertical
hedging strategies on the supply side, and of horizontal hedging strategies on end-of-life for either recycling,
refurbishing or repair and maintenance services.

1. Introduction

Since the Industrial Revolution, steel has been present in almost all
aspects of modern daily life (Worldsteel Association, 2012a,b; Beddows,
2014). Its life cycle begins in the iron ores extracted from open pit or
underground mines and often ends as either part of long service life
infrastructure or as recyclable scrap (Warrian, 2012; Vaclav, 2016).

In the last couple of decades, steelmakers worldwide have been
giving increasing attention to the environmental aspects of their pro-
ducts’ life cycles, notably in their end-of-life (EoL) stage (D’Costa,
1999). Today, approximately 70 % of European steel is recycled and
most byproducts of its production process are serving as resources to
other industries (Yellishetty et al., 2012; Worldsteel Association,
2017a).

And when compared to the 1980s, the average steelmaking process
now consumes 50 % less energy, and helps final products such as ve-
hicles to become less fuel intensive, to the point of being en-
vironmentally competitive enough to give plastics and aluminum
manufacturers an additional reason to worry (Warrian, 2012;
Worldsteel Association, 2013; Vaclav, 2016).

Nevertheless, the expansion of global markets and the geopolitical
circumstances during the same period gave Chinese, Russian, Brazilian
and Indian steelmakers the opportunity to grow their market shares due

to increasing urbanization and industrialization demands, all the while
developed economies have seen stabilize it or decrease, as seen in Fig. 1
(Ernst and Young, 2014, 2015).

While the former focused on acquiring know-how to maximize
output towards price competitiveness, the latter — most notably North
American and Western European steelmakers — saw the need for re-
structuring as an opportunity to focus on quality and portfolio specia-
lization (D’Costa, 1999; Worldsteel Association, 2013).

The influence of technology as a driver of competitiveness has not
been left aside, though: research and development still play a major role
in the steel industry, helping reduce production costs and improve ef-
ficiency (Reppelin-Hill, 1999). But the once aggressive efficiency-or-
iented strategies adopted during the post-War decades were gradually
replaced by complex and nuanced assessments of quality and portfolio
(Vaclav, 2016; Worldsteel Association, 2017b; Nuss and Blengini,
2018).

This was particularly necessary after the push by Japan, South
Korea and Germany to rejoin the steel market after the Second World
War, which left the United States, the United Kingdom and the re-
maining Western European steelmakers temporarily lagging behind
(Vaclav, 2016; Yellishetty et al., 2012; Warrian, 2012).

It was when wages were raised in developed countries, however,
that steelmaking for scale flourished in the developing nations
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Fig. 1. Apparent steel consumption over time, as function of GDP (adapted from Ernst and Young, 2014).

mentioned above (D’Costa, 1999; Ernst and Young, 2015, 2017). But
wages alone did not cause this shift: over-regulation, increasing tax
burdens and prior currency exchange issues also posed as obstacles for
North American and Western European steel to regain their former le-
vels of market share, reducing their competitiveness in the global
market (Yellishetty et al., 2012; Warrian, 2012).

Previously aggravated by a series of drops in prices from interna-
tional competitors, North American and Western European steel pro-
ducts today see prices rise again and with it the uncertainty regarding
the futures market (Demailly and Quirion, 2008). Consequently, in-
vestments slowed down and the deployment of financial protection
strategies becomes commonplace, especially when facing China’s sub-
stantial hold on market shares (Arik and Mutlu, 2014).

Given these circumstances, one could think that North American
and Western European steelmakers would then focus less on capacity
and more on differentiation, especially when operating at particularly
higher costs than their competition from abroad. This is often not the
case, though: it is common among these steel industries for capacity to
be used as strategic means to flood the market at the expense of profit,
discouraging new entrants and foreign exporters — a move deemed by
many specialists as economically unsustainable (Beddows, 2014; Ernst
and Young, 2015).

With that in mind, and having realized that cutting costs on man-
power alone could stir the European political scene against the steel
industry, Supply Chain Integration (SCI) became an increasingly im-
portant strategy for European steelmakers to avoid compromising
shareholder value (Warrian, 2012).

Thus far, the use of SCI strategies by European steelmakers has
given special attention to resource ownership retention and raw ma-
terial self-sufficiency, both of which are capable of mitigating risks

associated with production and sourcing by closing material loops
along the supply chain (Ernst and Young, 2015).

In light of these developments, this article aimed to identify how the
implementation of different SCI strategies focused on raw material self-
sufficiency and resource ownership retention potentially affect circu-
larity. To do so, five different scenarios that close material loops within
European boundaries were tested by running simulations in the in-
tegrated Life Cycle Assessment (LCA) and System Dynamics (SD) model
developed by Pinto et al. (2019) — further described in Section 2.

1.1. Supply chain integration in European steel today

Supply Chain Integration is most commonly defined as the strategic
collaboration within a supply chain, among its stakeholders, in order to
improve the management of intra- and inter-organization processes
(Shou et al., 2017; Lii and Kuo, 2016; Wiengarten et al., 2016; Van der
Vaart and Van Donk, 2004, 2008).

As per the North American National Research Council’s Committee
on Supply Chain Integration (NRC, 2000: p. 27), “an integrated supply
chain can be defined as an association of customers and suppliers who,
using management techniques, work together to optimize their collec-
tive performance in the creation, distribution, and support of an end
product”.

SCI initiatives aim at effectiveness and efficiency throughout the
chain, encompassing decisions regarding material flows, resource
management, services, information and capital (Bowersox et al., 1999;
Sengupta et al., 2006). These initiatives often driven by the main
manufacturer in the supply chain, which can choose to focus on in-
tegrating processes with its supplier side, with its customer side, or
both, always depending on what said company perceives as its key
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strategic assets (Bowersox et al., 1999; Wiengarten et al., 2016; Shou
et al., 2017).

To properly address costs, performance and risks, the integration
itself requires intense exchange and cooperation with the involved
stakeholders and subcontractors and can be approached in three dif-
ferent manners (Vickery et al., 2003; Wiengarten et al., 2016; Van der
Vaart and Van Donk, 2008; Gunasekaran and Ngai, 2004):

a) Horizontal integration — in which information, strategies, decisions
and flows are shared but ownership and management of each
company in the supply chain remain independent or decentralized;

b) Vertical integration — in which capital, ownership and management
are also shared or centralized by means of mergers, acquisitions and
equity efforts; or

c) Hedging — which can occur either vertically or horizontally, but
focuses mostly on ensuring profitability across markets, by having
different branches of a supply chain’s operation be more or less
active than others so as to adjust to market variations.

European steelmakers are often the key manufacturers in their re-
spective supply chains and tend to focus on supplier side integration —
mostly vertically — due to the commoditization of steel in the global
market. Still, it is not uncommon to see European steelmakers with
horizontal customer side integration, especially when providing goods
to the automotive or to the heavy transportation industry (Meixell and
Gargeya, 2005).

Hedging integration occurs mostly vertically and most commonly on
the supplier side, with European steelmakers controlling many different
operations abroad in order to compensate for ore prices, logistical ex-
penditures, currency exchange rates and geopolitical circumstances
when deemed necessary (Gardner and Buzacott, 1999).

Table 1 summarizes examples of different integration approaches
used in the supply chains of steelmakers operating in Europe, as made
available on their respective institutional websites.

Vertical or vertical hedging SCI strategies that go beyond European
borders and involve assets in developing nations happen mostly for the
transfer of unspecialized portfolio capacity or for the decentralization
of sourcing (D’Costa, 1999). The capacity and the capital that remain in
Europe then tend to be gradually converted into specialized products
better aligned with horizontal integration on the customer side, or into
higher added-value products that contribute to the reduction of overall
steel intensity (Chevalier, 1995; Yellishetty et al., 2012; Shou et al.,
2017).

Although hedging-oriented integration would be theoretically pre-
ferable to vertical integration due to the latter’s vulnerability to prices,
logistics, resource availability and international trade agreements,
many successful examples of these types of integrations currently exist.
In specific cases, even companies based in developing countries have
managed to find profitability in the other direction: by vertically in-
tegrating into Europe (D’Costa, 1999; Ernst and Young, 2014, 2015;
Beddows, 2014).

On what regards horizontal integration, there seems to be a quasi-
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unanimity on the argument that it is largely preferable on the customer
side — as corroborated by results from the industry —, but that nowadays
it would be naive to focus on this side alone (Worldsteel Association,
2013; Beddows, 2014; Chevalier, 1995; Swierczek, 2014).

In order to exemplify the multiple possible outcomes of different SCI
approaches, Fig. 2 shows the results of steelmakers during the
2009-2013 period in relation to their raw material self-sufficiency. In
it, one can see that industries whose shareholders opted for vertical
integration but did not necessarily find a recipe for success, regardless
of capital mobilization (e.g. MMK and Sail).

It also shows that industries that were strategically oriented towards
high added-value products and portfolio specialization can generate
very different results even when focusing on horizontal integration with
some of their customers (e.g. ThyssenKrupp and Hyundai Steel).

Among the outliers - CSN, JSPL, CAP and Severstal —, only
Severstal’s operating margins can be associated with integration stra-
tegies favoring self-sufficiency, as seen in Table 1. The remaining out-
liers had their operating margins boosted by unorthodox business
practices or favorable local political circumstances. In all of these cases,
nevertheless, since 2013, their respective landscapes have changed and
their operating margins have gone down towards the global average.

Additionally, the role of governments can be either constructive or
destructive, especially towards vertical integration. Trade policies and
mining concessions can make or break the cost effectiveness of geo-
graphically decentralizing a steel supply chain, potentially requiring
subsidies during the capital mobilization phase (Worldsteel Association,
2013; D’Costa, 1999; Wiengarten et al., 2016).

Even though integrating a supply chain on the customer side may
require investments that can substantially affect liquidity, cash flow
and indebtment, governments tend to have lower impact on them, often
limited to final product taxation (Ernst and Young, 2014, 2017;
Beddows, 2014).

To ensure that the discussions brought to light thus far do not drift
away from environmental and resource related concerns, the next sec-
tion introduces the concept of circularity as derived from Circular
Economy (CE) and positions it as a driver for SCI to close material loops
in European supply chains.

1.2. SCI towards circularity: closing material loops

Circular Economy aims to promote a transition from linear supply
chains towards ones imbued with circularity, arguing that every eco-
nomic activity should consider (Park et al., 2010; Ellen McArthur
Foundation, 2014a, 2015a, 2016, 2017; Haas et al., 2015; Winans et al.,
2017):

a) using wastes and byproducts as inputs;

b) switching to renewable and clean energy sources;

¢) managing the environmental costs and effects of the operation;

d) safely reinserting end-of-life materials into either other economic
activities or back into the biosphere; and

e) designing outputs in such a way that facilitates collection,

Table 1
Examples of supply chain integration in steel supply chains.
Mining Steelmaking Metalworking Customer End-of-Life or By-product
ArcelorMittal Own + VI + VH Own + VI + VH Own HI Slag (Own)
SSAB VH Own + VI + VH Own + VI HI Repair (V) + Slag (Own)
SIJ Group - Own + VI Own + VI - Scrap (VI)
Severstal Own + VI Own + VI Own + VI - -
Hyundai Steel VH Own + VI Own + VI HH + HI Slag (Own)
Voestalpine VH Own + VI Own + VI HI Slag (Own)
ThyssenKrupp VH Own Own HI Slag (Own)
Tata Europe VH + VI Own + VI + VH VI HH + HI Slag (Own)

VI = Vertical integration; VH = Vertical hedging; HI = Horizontal integration; HH = Horizontal hedging.
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Fig. 2. EBITDA margin vs Self-Sufficiency (Ernst and Young, 2014).

separation, recycling, refurbishing, repair for reuse, redistribution,
maintenance and sharing throughout their lifespans.

CE begins by classifying material resources as either biological nu-
trients or technical nutrients. Biological nutrients originate in and
should eventually reintegrate the biosphere; technical nutrients, on the
other hand, are those biological ones that were transformed by eco-
nomic activities and that circulate in the economy until a product’s end-
of-life phase. At this point it would be ideal to have it return to its
biological form and rejoin nature harmlessly (Pearce and Turner, 1989;
Seager and Theis, 2002; Korhonen, 2004; Ellen McArthur Foundation,
2012, 2013, 2014b; Liao et al., 2012; Tukker, 2015; Geissdoerfer et al.,
2017).

Fig. 3 illustrates these principles as applied to the steel industry. In
it, it is possible to see that despite the traditional linear flow of man-
ufacturing steps, there are multiple opportunities for technical nutrients
to remain longer in circulation.

One way of looking at CE is by understanding how materials enter,
flow and eventually leave the economy (European Commission, 2018).
Whenever a material is reinserted into the economy during its use/
consumption phase or its end-of-life phase, its flow is considered to
have become circular - instead of linear (Zore et al., 2018; Niero and
Kalbar, 2019).

The more a material is imbued with circularity, the more value it
provides during its lifespan and the less pressure is put on nature for
new resources (Pauliuk, 2018; Niero and Kalbar, 2019). Material such
as steel have theoretically infinite circularity due to their recyclability
characteristics, still, its full potential is yet to be achieved (Worldsteel
Association, 2015a; Ellen McArthur Foundation, 2013).

Since in 2012 the European Union and its members have committed
to using CE as their driving economic model, continuously increasing
attention to resource-efficient measures that lead to regenerative pro-
gress towards nature is to be expected (UNEP, 2011; European
Commission, 2012; Su et al., 2013; Kahle and Gurel-Atay, 2014; Ellen
McArthur Foundation, 2015b; Gregson et al., 2015).

With this in mind, improving circularity can be achieved by de-
veloping Closed Loop Supply Chains (CLSC), focusing precisely on re-
capturing the value of materials after their consumption or use
(Govindan and Soleimani, 2016; Gaur et al., 2017; Hosoda and Disney,
2018; Lewandowski, 2016).

To do so, CLSCs can monitor and manage the flows of materials
during their use/consumption and EoL phases in order to direct them
back to different stakeholders in a supply chain - using reverse logistics

(RL) (Jayaram and Tan, 2010; Cardoso et al., 2013). They can also
define the most effective means to reinsert those materials back into the
operation, be it via reuse, repair, refurbishment or recycling (Islam and
Huda, 2018; Golroudbary and Zahraee, 2015; Prosman et al., 2017).

Furthermore, deciding whether to centralize, decentralize or out-
source different steps of reverse logistics can have significant impact on
lead-times, raw material self-sufficiency, resource ownership retention,
environmental performance, and even on demand-related risks (Braz
et al., 2018; Miao et al., 2017; Bhattacharyya et al., 2017; Wang et al.,
2018; Cannella et al., 2016; Hey, 2017; Xu and Wang, 2018).

Fig. 4 not only summarizes the SCI strategies introduced in the
previous section, but also presents where in the European steel supply
chain the authors of this article see integration strategies aimed at
circularity taking place to close material loops, learning from both ends
of the strategic spectrum.

As discussed earlier, vertical or hedging integration strategies tend
to be more effective in dealing with raw material self-sufficiency and
resource ownership retention (Van der Vaart and Van Donk, 2004).
Thus, choosing these approaches would better address material loops
that go as far back as possible in the European steel supply chain, to the
point of fully or partially replacing primary inputs (Wang et al., 2018;
Prosman et al., 2017).

Considering that the recycling and refurbishing of end-of-life steel
products and the recycling of steelmaking byproducts often occur out-
side of the steelmakers’ realm of direct control, vertically integrating
such activities could give steelmakers increased ownership of a raw
material alternative to iron ore (Prosman et al., 2017; Wang et al.,
2018). In the long-term, it could even push the operation away from
iron ore as a whole due to either technical or economic scarcity of high-
grade iron ores (Pinto et al., 2019) and, depending on the character-
istics of the installed capacity, potentially risk overall output and force
portfolio migration (Prosman et al., 2017; Wang et al., 2018).

However less conducive to directly increasing ownership and self-
sufficiency, hedging these activities would enable ore-based operations
to have a finer control over inputs from scrap or byproducts, which
could allow for efficiency or cost related adjustments depending on
market circumstances. Nevertheless, the more horizontal the hedging
integration, the stronger third-party reverse logistics become as a de-
cision-making factor and the least favorable its environmental perfor-
mance (Cannella et al.,, 2016; Xu and Wang, 2018; Cardoso et al.,
2013).

When it comes to the collection, sorting, repair for reuse, main-
tenance, and redistribution of technical nutrients - as seen in Fig. 3 —,
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Fig. 3. Circular Economy framework applied to the steel industry (Pinto et al., 2019).

steel products in end-of-life do not configure a direct input to steel-
making, but in fact reducers of overall steel demand (Pinto et al., 2019).
Furthermore, business-wise, these activities stray away from the main
scope of steelmaking and closer to the service sector. As such, vertical
or hedging integration strategies for these processes would pose as
significant investments with questionable returns (Schultmann et al.,
2006; Bhattacharyya et al., 2017; Golroudbary and Zahraee, 2015).
Horizontally integrating these services, however, could be strate-
gically advantageous from the perspective of long-term resource own-
ership retention, reverse logistics and environmental performance.
Although not directly controlling these activities, a steelmaker could (a)

better keep track of its steel as it moves through the economy - ideally
recycling it back into the same operation —, (b) reduce reverse logistics
costs by having influence or leverage over its decision-making, and (c)
actively manage the amounts of EoL steel that flows between servicing
and steelmaking (Wang et al., 2018; Schultmann et al., 2006;
Bhattacharyya et al., 2017; Islam and Huda, 2018).

Even when direct competitive advantage cannot be obtained due to
regulatory frameworks regarding pricing, the benefits of resource
ownership retention for a theoretically infinitely recyclable material are
clear from the environmental perspective. It is to say that, if CE would
rather reduce the overall consumption of natural resources, it would be

Customer side integration

Supplier side integration (

’ Mostly vertical or hedging ‘

N

N

q Material flow
—} Financial flow

Mostly horizontal ‘

Circular integration }

Vertical or hedging:
Recycle

Horizontal: collect, sort,
repair & reuse, refurbish

Fig. 4. Supply chain integration approaches considered by the authors.
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Fig. 5. Iron module’s flow chart interface diagram.

strategically interesting to have as much control as possible over the
circulation of the resources already supplied to the economy so as to
accrue the most value before reinsertion into the biosphere is necessary
(Schenkel et al., 2015; Ellen McArthur Foundation, 2015a).

2. Methodology

Given the ensemble of aforementioned developments facing the
European steel industry, the authors deemed the following question
worthy of exploration: how can the implementation of different Supply
Chain Integration strategies focused on resource ownership retention
and raw material self-sufficiency affect circularity?

In order to answer this question, the authors looked inside the
Industrial Ecology toolbox and identified Life Cycle Assessment (LCA)
and Material Flow Analysis (MFA) as potential methodological candi-
dates. However, neither LCA nor MFA independently provided a hol-
istic view of the dynamics at play in the European Steel Industry in the
long-term.

In the search for a solution, the authors identified multiple situa-
tions in which LCA and System Dynamics (SD) could benefit from
working together and decided to pursue this approach. A more detailed
description of this integration attempt — from conception to delivery —

can be found in Pinto et al. (2019) — an open access publication.

The present article made use of said integrated LCA and SD model
developed by the authors in Pinto et al. (2019), which has been verified
to successfully address the two main methodological dilemmas that
existed so far when attempting to use LCA and SD together: data ag-
gregation levels and data output formats. This was made possible by
bringing the entire LCA methodology into the SD modelling environ-
ment, resulting in a model not only capable of reproducing the results
of previous studies that used LCA or SD independently, but also of
creating a win-win integration in which both benefit from each other
(Pinto et al., 2019).

Unlike the aforementioned publication - in which the goal was to
use the European Steel Industry as a case study to validate and verify
the model’s capabilities and reliability —, however, the present article
focused on performing simulations and testing the effects of different
Supply Chain Integration strategies as means to close material loops in
European steel supply chains.

2.1. Case study and model

The European Steel Industry was once again chosen as case study
due to its ongoing transition towards environmentally friendlier
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Table 2
Summary of data inputs.
Type Variable Unit Sources
EAF Inputs Scrap, Oxygen, Natural Gas, Coal, Limestone, kg/kg of  Shamsuddin (2016); Worldsteel Association (2012a, b, 2017b, c),
Dolomite, Water, Ore steel European Union (2011); Madias (2013); Cullen et al. (2012);
BFBOF Inputs Ore, Hot Blast, Scrap, Water, Limestone, Coke, kg/kg of  Yellishetty et al. (2011); EUROFER (2017a)
Dolomite steel
Typical Chemical Compositions of the Scrap, Ore, Coke, Natural Gas, Coal, Dolomite, % MINDAT (2018); WEBMINERAL (2018)
Inputs Limestone, Hot Blast
Typical Compositions of Steel Alloys, as UNS S30400, UNS S31600, UNS S43000, UNS % Bringas (2004)
Outputs S17400, UNS S32205, UNS S40900
Typical Slag Composition Ranges EAF Slag, BF Slag, BOF Slag % Yildirim and Prezzi (2011); Adegoloye et al. (2016); EUROSLAG
(2018)
Typical Composition Ranges of Emissions ~ EAF Emissions, BF Emissions, BOF Emissions % Ferreira and Leite (2015); Ramirez-Santos et al. (2018); Uribe-Soto
to the Atmosphere et al. (2017); Schubert and Gottschling (2011)
Stocks in Use Automotive, Construction, Tools & Machinery, tons Pauliuk et al. (2013); European Commission (2017)
Participation of Economic Sectors in Steel ~ Appliances & Electronics, Heavy Mechanical % Worldsteel Association (2017b)
Demand Equipment, Other Transportation
Typical Lifespan and Service Life of Steel years Cooper et al. (2014), European Commission (2017)
per Economic Sector
Recycling and Refurbishment Rates per % NFDC (2012); EUROSTAT (2018); Bjorkman and Samuelsson

Economic Sector (business as usual)

Repair and Reuse Rates per Economic
Sector (business as usual)

Distribution and End-of-Life Losses
Typical Cooling Water Reuse and EAF Cooling Water, BFBOF Cooling Water
Recycling Rates

(2014); BIR (2015); Panasiyk et al. (2016); EUROFER (2017b);
CEDED (2017); Terorde (2006); Eckelman et al. (2014)

% NFDC (2012), EUROSTAT (2017), Dindarian and Gibson (2011);
Truttmann and Rechberger (2006); Bovea et al. (2016); Kissling
et al. (2013); CEDED (2017); RREUSE (2012); Eckelman et al.
(2014); Ter6rde (2006)

% Pauliuk et al. (2017); Johnson et al. (2008)

% Worldsteel Association (2015a,b), WSSTP (2013); Burchart-Korol
and Kruczek (2015)

operations, to its importance for the European economy, and to its trade
and market concerns on the rise of international competitors. The
boundaries of the model were set at the EU28 zone, comprising the
supply chains of all steelmakers members of the Worldsteel Association
therein, which account for 84 % of the entire European Steel Industry.

The model focuses on the biophysical interactions that represent the
average behavior of the European Steel Industry as per the aforemen-
tioned boundaries, and not on a specific firm. As described in Pinto
et al. (2019), it was built in three steps: 1) Business Process Mapping
(BPM) - using the BizAgi BPM software —; 2) Causal Loop Diagraming
(CLD) - using the OmniGraffle software —; and 3) Flow Charting (FC) —
using the ISEE Stella Architect software (ISEE Systems, 2018).

Furthermore, iron was set as the driving chemical element of
steelmaking, steel scrap and iron ore were set as the key raw materials,
and all chemical elements and raw materials present in steelmaking
adopted two different levels of aggregation within the complex pro-
cesses they were a part of. Cradle-to-gate processes were deconstructed
to their simplest interactions and its inputs disaggregated down to
chemical level, while gate-to-cradle processes were disaggregated to
product level. This choice was made in order to give decision-making
granularity without over encumbering macro-level analyses that could
affect policy-making on end-of-life and circularity services.

Additionally, the material needs of the furnaces were used to define
the amounts of raw materials pulled from their respective sources. This
pulling behavior is present in the system until liquid steel becomes an
intermediary output, point in which the system then pushes materials
through the subsequent processes so as to represent the continuous
casting operation. Additionally, attention was given to the feedbacks
that close the loop (e.g. recycling, repair for reuse), so as to enable the
system to operate under the definitions of CE and CLSC.

Modelling was approached modularly and each process was estab-
lished as an individual LCA-based unit, capable of being displaced,
rearranged or replicated with minimal interference in other processes
or modules. This allowed for the model to be as scalable and flexible as
possible for use by any stakeholder involved in a European steel supply
chain, also reducing user interface cluttering.

In total, twenty modules were created — one for each chemical
element involved in the steel supply chain -, all of which used a

functional unit (FU) of 1 ton of steel and were built to be structurally
identical, distinguished only by specific flows necessary to properly
represent their typical operational behaviors.

As exemplified in Fig. 5, individual productive processes were
grouped into macro-processes based on their most common occurrence
in the European steel industry, namely (a) EAF and (b) BFBOF - each
encompassing sintering, pelletizing, degassing, alloying, desiliconiza-
tion, desulfurization, homogenization or dephosphorization, whenever
applicable; (c) Casting — which encompasses all shape, heat and surface
treatments; (d) Metallurgy — which encompasses all forming and me-
talworking processes; (e) Economic Sectors — divided in Construction,
Automotive, Other Transportation, Tools & Machinery, Appliances &
Electronics, and Heavy Mechanical Equipment; (f) Recycling — which
feeds back into the stock of scrap used as input for “a” and “b”; (g)
Repair for Reuse — which feeds back into each economic sector ac-
cording to their share in its demand; and (h) Losses & Landfills - which
configure process-based sinks.

Furthermore, it is important to note that 1) due to the lack of
available disaggregated data, emissions from mining, casting and me-
tallurgy were attributed to the EAF and the BFBOF macro-processes
accordingly; 2) dust and particulate matter generation were in-
corporated into the emissions; 3) no disaggregated emission data was
found for end-of-life and circularity solutions; 4) energy flows were
considered only in the form of amount of fossil fuels consumed, and not
in the form of heat or electricity; and 5) no pricing, costing or spec-
ulative variables were considered.

Consequently, and as per design, inherent behaviors of the model
structure include (a) the gradual transition from BFBOF production to
EAF production as function of steel scrap availability, iron ore quality
decrease and iron ore scarcity over time; (b) the gradual shift towards
consuming steel scrap instead of iron ore as a function of iron content
and availability, still respecting alloying and operational requirements;
and (c) steel scrap downcycling over time due to alloying quality loss
during repeated service lives.

2.2. Parameters and simulation runs

All data inputs used in this article encompassed the interval
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Table 3
Summary of parameters used in the model.
Parameter Value Unit Sources
EAF Tap-to-Tap Time @ 0,8 hours Shamsuddin (2016); Worldsteel Association (2012a,b, 2017b, 2017c), European Union (2011); Madias (2013);
EAF Furnace Capacity 100,00 tons Cullen et al. (2012); Yellishetty et al. (2011b,a), EUROFER (2017a,b)
BFBOF Cycle Capacity 42,00 tons/batch
BFBOF Productivity @ 7 batches/h
Share of EAF Production in the EU28 39,70 % Worldsteel Association (2017b)
Share of BFBOF Production in the 60,30 %
EU28

82 billion tons
92 billion tons
166 billion  tons

Recoverable High-grade Iron Ore
Recoverable Low-grade Iron Ore
Recoverable Very low-grade Iron Ore

Sverdrup and Ragnarsdottir (2014)

As both delay and yield factor.

between 2001 and 2014, and were verified based on the criteria of the
ILCD Handbook (European Commission, 2010) and of 1SO14044:2006
(ISO, 2006), notably on what regarded input data coherence and re-
liability for Life Cycle Inventory and Life Cycle Impact Assessment.
Furthermore, multiple sources were cross-checked — as seen in Table 2 —
and each data point was compared to their equivalent in the Worldsteel
Association’s Life Cycle Inventory Study for Steel Products (Worldsteel
Association, 2017c). The authors also considered adopting Product
Environmental Footprint (PEF) standards (JRC, 2012), however, in its
current state, it presented itself as a less consolidated and less dis-
seminated methodology, with available applications focused mainly in
the construction sector.

As per SD practice and as described in the previous subsection,
deconstructing each complex process to its most simple interactions
allowed for substantial disaggregation, therefore requiring minimal
data parametrization. Any remaining input data that required para-
metrization had it performed according to the dimension and scale of
the case study, using the parameters seen in Table 3.

The model was set to perform annual calculations during a period of
200 years and assume that the demand for steel focused on steel types
UNS S30400, UNS S31600, UNS S43000, UNS S17400, UNS S32205
and UNS S40900. The yield of the EAF and the BFBOF production
macro-processes was set according to their respective capacity and
productivity, as well as to their share of participation in the EU28.

Within the realm of possible scenarios, the authors chose to run five
simulations deemed feasible based on the existing field experience of
the European Steel Industry — exemplified in Table 1. Each simulation
run focused on testing a different integration strategy that could close
material loops, as described in Table 4. All of the testing considered a
phase-in period of 10 years (from 2020 to 2030) and runs were then
compared to the BAU and analyzed in the next section.

In terms of modelling, the following structural adaptations were
performed alongside variable manipulation in order to adequately run
the aforementioned simulations:

e Runs 1 and 2: the flows of alloying elements from EAF and BFBOF
slags that once left the boundaries of the supply chain towards third-
party recycling were entirely brought into the supply chain and fed
back into each operation respectively, following the yields in
Table 4;

e Run 3: the flows of EoL steel from each sector that once left the
boundaries of the supply chain towards third-party refurbishment or
reuse were partially brought into the supply chain according to
types of alloying, and fed back into metallurgy considering the
yields in Table 4;

® Runs 4 and 5: the flows of repaired and maintenance serviced steel
products from third-party services towards each sector remained
outside of the supply chain’s modelling boundaries but were sub-
jected to being deterred or stimulated by the productive variables of
the steelmakers, according to the rates in Table 4.

Finally, all runs — including the business-as-usual (BAU) one — were
subjected to validation by statistical regression, one-factor-at-a-time
(OFAT) analysis, mass and energy balancing, and comparison to his-
torical data and trends.

3. Results and discussion
3.1. Vertical integration of slag recycling for recovery

As previously discussed in Pinto et al. (2019) and seen in Fig. 6, the
model reproduces the long-term trends present in the data, pointing to a
transition from operations based on iron ore (i.e. Blast Furnace and
Basic Oxygen Furnace - BFBOF) — to those based on scrap (i.e. Electric
Arc Furnace - EAF), as well as the consequent impact that such a
transition would impose onto these sources of iron.

From performing simulation runs 1 and 2 it was perceived that both
vertically integrating and vertically hedging slag recycling into the
steelmaking operation would result in reduced consumption of iron ore,
as seen in Fig. 7. In both runs, the endogenous feedback behavior of the
model has also shown that the stimulus to recycle slag increases as a
function of its yield, being also inversely proportional to the decay of
iron content in the ore over time.

The results were naturally more substantial when regarding BFBOF
operations, but better results were achieved by vertically hedging the
slag recycling process. Doing so would enable multiple sources of
BFBOF slag to be used as input (e.g. multiple furnace operations in a
same supply chain); unlike in vertical integration, in which slag re-
cycling would be dedicated to each operation.

More iron was recovered by the vertically integrated slag recycling
solution than by the vertically hedged one - as seen in Fig. 8 —, pointing
to better potential for increasing raw material self-sufficiency. Never-
theless, the flexibility to supply different furnace operations and to be
supplied by multiple sources of slag favors the adoption of a vertical
hedging approach if the strategic priority is to have resource ownership
retention increased throughout the supply chain.

From the perspective of iron ore availability, runs 1 and 2 were also
promising, as seen in Fig. 9. In both cases, the threshold of high-grade
ore technical scarcity was pushed forward in time, from year 2054
(BAU) to 2062 (vertical integration) and 2072 (vertical hedging). This
gives BFBOF operations prolonged viability for either raw material self-
sufficiency or resource ownership retention strategies, especially con-
sidering that currently most slags are directed to third-parties for either
recovery or reuse in other applications, such as built infrastructure.
Furthermore, the better the slag recycling yield becomes over time, the
more it could contribute as an iron input, thus lowering the pressure on
ore and improving these results further.

EAF operations were affected only marginally by runs 1 and 2,
mostly because (a) its operation relies minimally, if at all, on iron ore;
(b) even high yield recycled slags have lower iron content than most
steel scraps; and (c) the increasing availability of steel scrap already
reinforces the behavior of moving away from ore.
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Table 4

Summary of simulation runs.

Variables

Deployment

SCI approach

Circularity driver

Proposition

Run Object

Recycling yields': EAF: 20 to 60% BF: 10 to

20% BOF: 20 to 40%

Direct source of iron

replacing ore

Vertical

Recycling for recovery

Integrate slag recycling into furnace operations, instead of transferring it to

third-party recyclers

Slag

1

Hedged source of iron against

ore
Horizontal hedging  As hedged input against new  Yields"* 0 to 30%

Vertical hedging

Refurbishment and reuse

Integrate steel refurbishment and repair back into metallurgy, instead of

having it be performed by third-party services

End-of-Life steel

products

3

steel

20% deterred

As tracked repaired steel

Horizontal

Repair and maintenance

Integrate third-party EoL services, stimulating or deterring its operation

20% stimulated

1 As iron content output to input ratio, linear increase during the phase-in period.

2 As performed within the steelmaker’s supply chain, being the remainder still performed by a third-party.
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It is important to mention that slag recycling requires the manage-
ment of impurities (e.g. sulfur, silicon and phosphorus) as well as of
other alloying elements (e.g. chromium, zinc, copper and nickel). All of
these elements could be interesting materials to be recovered along
with iron, or to be individually redirected as byproducts to completely
different sectors. Closing the material loops of these elements could also
create new business opportunities for steelmakers, such as a new unit
dedicated to supplying unnecessary or excessive elements to other in-
dustries, a business model already in place often outside of the steel-
makers’ boundaries.

Focusing on iron alone would provide the most benefits for sectors
such as Construction, Heavy Mechanical Equipment, and Tools &
Machinery, not only for their considerable demand — which vertically
hedging BFBOF slag recycling in bulk could better support —, but also
due to their lower alloying requirements. This could pose as a potential
policy on either national or European level. Furthermore, vertical
hedging in this context can also serve as a sound strategy for financial
hedging against ore futures in a European steel market facing pressure
from external players from developing nations.

Sectors like Automotive, Appliances & Electronics, and Other
Transportation (especially aviation and aerospace), on the other hand,
could benefit from vertically integrated EAF slag recycling focused on
recovering not only iron, but mostly the specific elements necessary as
raw materials for precision alloying (e.g. niobium, molybdenum and
cobalt). Due to the lower demands for specialty alloys, this approach
would be more suitable for individual supply chains than for a
European or national policy.

3.2. Horizontal hedging of refurbishment or reuse of EOL steel

In what regards to simulation run 3, the results depicted in Fig. 10
highlight the potential impact of horizontally hedging EoL steel as an
alternative to new steel, notably on the consumption of ore and scrap,
but also in the reduced steel output. The more a same material circu-
lates in the economy before actually being discarded, the less new
materials are required, therefore the more important it becomes to re-
tain resource ownership in order to accrue more value from it as it
circulates, and not only by inputting it into the economy at first.

EAF operations were impacted over twice as much as BFBOF, mostly
due to their direct dependence on the availability of recycled scrap,
which declined as a function of the prolonged circulation of iron in the
economy. Still, this impact was far from being capable of reversing the
trend towards the shift from BFBOF to EAF operations, even if by re-
ducing ore consumption the lifespan of BFBOF operations was length-
ened. Horizontal hedging in this context would also support financial
measures regarding the futures of scrap, but less so regarding the fu-
tures of ore.

As seen in Fig. 11, the amount of iron retained in the supply chain
increases, even if hedged horizontally. Therefore, bringing in or
creating new repair and refurbishment providers within a steelmaker’s
supply chain gives it the strategic possibility to influence the flow of
repairs vs refurbishments and to create new dynamics of exchange with
its metalworking or assembler stakeholders.

This opens the door for an integrated supply chain to deploy new
downstream service-based operations aimed at providing upstream
manufacturing-oriented benefits, a managerial behavior often seen in
agricultural management, but not as often in inorganic commodities
management. Depending on how geographically close and oper-
ationally aligned this horizontal hedging is implemented alongside the
other stakeholders in the supply chain, benefits might even extend to
reverse logistics.

Having analyzed this run, the authors noticed that, particularly in
this case, steelmakers with strong customer side relations in sectors that
are more dependent on specialty alloys could potentially benefit even
further from a vertical hedging approach, instead of a horizontal one.
Focusing on the retention of scarcer alloying elements such as cobalt,
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Fig. 6. Evolution of iron input consumption (tons) over time, per type of production.

molybdenum and niobium within their supply chains, steelmakers
could potentially increase the competitiveness of their alloys aimed at
the Automotive, Appliances & Electronics and Aerospace sectors, while
simultaneously covering the risks of their futures by increasing raw
material self-sufficiency.

3.3. Horizontal integration of repair and maintenance of EOL steel products

Finally, simulation runs 4 and 5 presented horizontal integration as
a double-edged sword strategy for EoL steel maintenance and repair.
Whether via planned obsolescence of the final products or by control-
ling the deployment of warranty coverage — among many other stra-
tegic possibilities —, having enough horizontal influence to deter cir-
cularity (run 4) would increase the demand for new steel and, therefore,
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Fig. 7. Impact of simulation runs 1 and 2 on iron ore consumption over time.
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the consumption of ore and scrap, as seen in Fig. 12. Naturally, the very supply chain, nothing can be done regarding those that are not.

opposite would occur when stimulating circularity (run 5) by, for ex- Therefore, the benefits of either deterring or stimulating circularity as
ample, centralizing or monopolizing maintenance and repair. means of feeding back the desired outcomes to the steelmaker can in
The potential for this integration approach to backfire would always fact create a bullwhip effect. Choosing to close material loops this way
be present because, although influence and control can be exerted on would require close attention to return times, backlogged demand and
third-party EoL service providers that are integrated to the steelmaker’s competitor behavior.
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Fig. 11. Iron retained within the supply chain (kg) as a result of simulation run 3.
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It is to say that, in run 4, undersupplied demand for EoL main- to reduced flow output.
tenance and repair services would be picked up by the competitors These behaviors are easier to visualize by analyzing Figs. 12 and 13
outside of the integrated third-party providers’ boundaries. In run 5, the simultaneously, as it is possible to see that the impacts on the supply
same EoL services if oversupplied by the integration would have a de- side dynamics would be twice as high and begin about a decade earlier
layed feedback and either flood the market with renewed steel or even than the impacts on the EoL side.
scrap, or increase intermediary stocks throughout the supply chain due Fig. 13 also shows that, after the phase-in period, a new equilibrium
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Fig. 13. Impact of simulation runs 4 and 5 on End-of-Life dynamics.
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would eventually be achieved in the long-term, circa 2100, moment in
which landfilling, third-party repair and third-party recycling converge
onwards. As the market readjusts to either a circularity-deterrent or a
circularity-stimulated strategy, two questions for further investigation
arose: which strategy would be economically worth its risks for steel-
makers? And which would better suit the economic or environmental
interests of the nation or of Europe?

To answer these questions, one could look at the Automotive sector
as an example of how decoupling resource ownership from main-
tenance and repair services can allow for EoL horizontal integration.
Nevertheless, it configures a completely different business model
mostly unrelated to steelmaking and subject to different market dy-
namics.

In summary, it would be preferable for most integrated steelmaking
supply chains to either:

a) include these EoL services as part of the product in the form of
support and warranty, as it is often done already by either manu-
facturers or assemblers;

b) develop a new business unit within its control and dedicated to these
dynamics, as per the Automotive example;

c) implement the proposition from run 3 alone and focus on increasing
circularity, a strategy potentially more aligned with en-
vironmentally-oriented policies; or

d) to align the propositions of runs 4 and 5 to those of run 3, so as to
ensure that any EoL steel of which value can no longer be accrued by
reinsertion into the manufacturing actually remains within the
boundaries of the supply chain for repair and maintenance services;
a strategy more likely to economically benefit steelmakers.

4. Conclusions and recommendations

Simulation runs 1 and 2 showed that both vertically integrating and
vertically hedging slag recycling would reduce iron ore consumption,
push the technical scarcity of high-grade ores further into the future,
and that the stimulus to recycle slag in general would grow as a func-
tion of its yield.

If the strategic priority is resource ownership retention, vertical
integration would perform better for iron recovery and allow for better
yields in other alloying elements, especially when supplying clients that
demand specialty alloys. As a policy, vertical integration would there-
fore be more applicable in very local or specific situations, being mostly
of interest for individual supply chains as an investment opportunity.

Vertical hedging, on the other hand, would perform better as a raw
material self-sufficiency strategy due to its results in long-term bulk
supply, notably for BFBOF operations supplying clients that do not re-
quire specialty alloys. Vertically hedging slag recycling would also pose
as an interesting tool for financial hedging against ore futures and, as a
policy, it seemed more suitable for national and European scales than
its counterpart.

Simulation run 3 brought to light that horizontally hedging the re-
furbishment or reuse of EoL steel is an interesting strategy for resource
ownership retention. By influencing the flow of repairs or refurbish-
ments vs a linear flow, a significant impact can be made on the demand
for new steel, on steel output and on the consumption of both scrap and
ore, potentially altering the dynamics with metalworking or assembler
stakeholders as a consequence.

EAF operations were the most affected by the reduced availability of
scrap in the long-term and, although it would not be enough to reverse
the electrification trend, financial protection against scrap futures
would play a large role in this context. Such hurdles could be overcome
with the development of integrated downstream service-based opera-
tions to support upstream manufacturing, potentially making horizontal
hedging even more fruitful. The results of run 3 went beyond the ex-
pectations of the authors and also pointed to a vertical hedging ap-
proach as potentially even more interesting, specifically for steelmakers
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with close customer side relations with clients dependent on specialty
alloys.

Simulation runs 4 and 5 highlighted the paradoxical nature of
horizontally integrating EoL steel maintenance and repair services into
the steelmaking supply chain. Neither resource ownership retention nor
raw material self-sufficiency were substantially benefitted. Whether
using the horizontal influence to deter or to stimulate these services, a
bullwhip effect becomes an ever-present risk.

Mitigating this risk would require carefully monitoring the beha-
viors and reactions of service competitors, so that oversupply does not
clog intermediary stocks and undersupply demand does benefit com-
petitors' market shares. Although the Automotive industry already
manages this type of challenge with warranty and leasing practices,
doing so alongside other sectors would have the higher likelihood of
benefitting steelmakers if it allowed for serviced steel to be hedged
against recycled steel, as per run 3, ensuring a win on the manu-
facturing side even if a loss takes place on the service side.

Overall, understanding the potential effects of SCI approaches to
resource ownership retention and raw material self-sufficiency through
the lens of circularity created new branches of strategic decision- and
policy-making discussion in the European steel industry.

The authors believe that going further into these analysis by em-
pirically addressing the capital requirements for different SCI invest-
ments, the implications to reverse logistics and the specific environ-
mental impacts that result from such strategic shifts could substantially
improve the results already presented thus far.
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